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Question 1 


C2H5OH(l) + 3 O2(g)  →  2 CO2(g) + 3 H2O(g) DHcomb  = −1270 kJ/molrxn


Ethanol,C2H5OH, will combust in air according to the equation above. 


(a) Is O2(g)oxidized in the reaction, or is it reduced? Justify your answer in terms of oxidation numbers.


O2 is reduced; its oxidation number changes from 0 in O2 to −2
in CO2 and H2O. 


1 point is earned for the correct answer 
with an appropriate justification. 


(b) When a sample of C2H5OH was combusted, the volume of CO2(g)produced was 18.0 L when measured
at 21.7°C and 1.03 atm. Determine the number of moles of CO2(g) that was produced.


n  =  PV


RT   =  (0.08206 L atm mol  K )((273.15 21.7) K)(1.03 atm)(18.0 L)−1 −1 +   =  0.766 mol CO2 the correct calculation. 1 point is earned for 


(c) Determine the volume of C2H5OH(l), in mL, that was combusted to produce the volume of CO2(g)
collected in part (b). (The density of C2H5OH(l)is 0.79 g/mL.)


2 5 2 5


2


2 2 5


1 mol C H OH 46.07 g C H OH 1 mL
0.766 mol CO × 2 mol CO × 1 mol C H OH × 0.79 g


= 22 mL 


1 point is earned for the correct 
stoichiometry for moles of  


C2H5OH and CO2. 
1 point is earned for the correct 


volume of C2H5OH. 


(d) Determine the amount of heat, in kJ, that is released by the combustion reaction.


q = n ∆H°comb


2


2


1 mol 1270 kJ


0.766 mol CO 2 mol COrxn 1 mol 486 kJ


rxn


q = × × − = −


The amount of heat released is 486 kJ. 


1 point is earned for a correct calculation 
(negative sign is not required). 


The combustion reaction occurred in a closed room containing 5.56 × 104 g of air originally at 21.7°C. 



(2)(e) Determine the final temperature of the air in the room after the combustion.


qair= − qrxn = +486 kJ = +486,000 J


q = mc∆T     ⇒     486,000 J4 8.70 C
(5.56 10 g)(1.005 J/(g  C))


q
T mc


∆ = = =


×






Tfinal = 21.7°C + 8.70°C = 30.4°C


1 point is earned for the 
correct final temperature. 


(f) The boiling points of ethanol and dimethyl ether are provided in the following table. Identify the
intermolecular force that is most responsible for the difference in boiling point. In terms of this force,
explain why the boiling point of ethanol is higher than that of dimethyl ether.


Compound  Structural Formula  Boiling 
Point (°C) 


Ethanol    78 


Dimethyl 


ether  −24


Hydrogen bonding. 


Ethanol can form hydrogen bonds between its 
molecules, whereas dimethyl ether cannot. The 
attractions between molecules are stronger in 
ethanol than in dimethyl ether; therefore, the 
boiling point of ethanol is higher. 


1 point is earned for identifying  
hydrogen bonding as the relevant force. 


1 point is earned for linking the greater strength of 
the intermolecular forces to a higher boiling point. 


One method of producing ethanol is by the reaction of ethene and water, as represented below. 
C2H4(g) + H2O(g)    C2H5OH(g)  ∆H° = −45 kJ/molrxn
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Question 1 (continued) 


(g)  A chemist wants to run the reaction and maximize the amount of C2H5OH(g) produced. Identify two
ways the chemist could change the reaction conditions (other than adding or removing any chemical
species) to favor the formation of more product. Justify your answer.


Decrease the volume of the reaction container. There are 
fewer moles of gaseous product than moles of gaseous 
reactants; therefore, an increase in pressure due to a 
decrease in volume would favor the formation of product. 


Lower the temperature. A lower temperature favors an 
exothermic reaction, leading to the conversion of reactants 
into product.  
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Question 2 


2 H2O2(aq)  →  2 H2O(l) + O2(g)


Hydrogen peroxide, H2O2, decomposes according to the equation above. This reaction is thermodynamically 
favorable at room temperature. 


(a) A particulate representation of the reactants is shown below in the box on the left. In the box below on the
right, draw the particulate representation of all the molecules that would be produced from these four
reactant molecules.


1 point is earned for correctly representing 
products as H2O and O2 molecules. 


1 point is earned for atom balance. 


(b) Shown below is a potential energy diagram for the uncatalyzed decomposition of H2O2(aq).


(i) According to the diagram, is the decomposition reaction exothermic or endothermic? Justify your
answer.


This reaction is exothermic because the products have lower 
potential energy than the reactants. Thus, the system has lost 
potential energy, releasing heat. 


1 point is earned for indication that the 
reaction is exothermic, with a valid 
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Question 2 (continued) 


(ii) Manganese dioxide, MnO2(s), is an insoluble substance that acts as a catalyst for the decomposition
reaction. On the diagram above, draw a curve to represent the reaction as it occurs in the presence of
MnO2(s).


The curve for the catalyzed reaction has the reactants and products at the same energy 
levels as the original curve, and a lower activation energy than the original curve. 


1 point is 
earned for a 
correct curve. 


A student investigates the decomposition reaction in the laboratory. The student prepares two small beakers,  
adding 20.0 mL of 9.77 M H2O2(aq) to each one. Each beaker is placed on an electronic balance. The student 
adds 0.10 g ofMnO2(s) to the second beaker and records the mass of each beaker and its contents at 
10-second intervals for one minute. The beakers and the data are shown below. 


Time 
(seconds) 


Mass of Beaker 1 + H2O2(aq) 
(grams) 


Mass of Beaker 2 + H2O2(aq) + MnO2(s) 
(grams) 


0  43.09  43.19 


10  43.09  43.06 


20  43.09  42.94 


30  43.09  42.83 


40  43.09  42.73 


50  43.09  42.65 
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Question 2 (continued) 


 (c) For beaker 2 during the 60-second period, calculate the following. 
  (i)  The number of moles of O2(g) that was produced 


  mass O2  =  43.19 g − 42.58 g  =  0.61 g 


  moles O2  =  0.61 g O2 ×1 mol O32.00 g2  =  0.019 mol O2


1 point is earned for the correct answer. 


  (ii)  The mass of H2O2(aq)that decomposed 


2 2 2 2


2 2 2 2 2


2 2 2


2 mol H O 34.02 g H O


mass H O = 0.019 mol O × 1 mol O × 1 mol H O =1.3 g H O for the correct answer. 1 point is earned 


(d)  The student continues the experiment for an additional minute. For beaker 2, will the mass of H2O2(aq)
consumed during the second minute be greater than, less than, or equal to the mass of H2O2(aq)


consumed during the first minute? Explain your answer referring to the data in the table. 
  Less than. 


  The decrease in mass becomes smaller over every 
subsequent 10-second interval.  This decreasing trend 
would continue in the second minute. 


1 point is earned for the correct choice 
with a valid explanation. 


(e)  Based on the data, the student claims that the catalyzed reaction has zeroth-order kinetics. Do you agree 
with the student’s claim? Justify your answer. 


  Disagree. If the reaction were zeroth-order, the rate of mass loss 
(which corresponds to the rate of reaction) would be constant 
until the reactant was consumed. However, the data show that the 
rate of mass loss from beaker 2 is not constant. 


1 point is earned for disagreement 
and a valid justification. 


(f)  A second student did the experiment using larger volumes of 9.77 M H2O2(aq). The student noticed that 
the reaction in beaker 2 proceeded extremely rapidly, causing some of the liquid to splash out of the 
beaker onto the lab table. The student claims that as a result of the loss of the liquid from the beaker, the 
calculated number of moles of O2(g) produced is greater than the actual number of moles of O2(g)
produced during the first 60 seconds. Do you agree with the student? Justify your answer. 


  Agree. The calculated amount of O2 produced is based on 
the change in mass, and in this case some of the change in 
mass is due to loss of solution rather than production of O2. 
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Question 2 (continued) 


 (g) The hydrogen peroxide used in this experiment can be prepared by the reaction of solid ammonium  
peroxydisulfate, (NH4)2S2O8, with water. The products are hydrogen peroxide (H2O2) and ammonium 
bisulfate (NH4HSO4). Write the balanced equation for the reaction. 


(NH4)2S2O8 + 2 H2O  →  H2O2 + 2 NH4HSO4


OR 


(NH4)2S2O8 + 2 H2O  →  H2O2 + 2 NH4+ + 2 HSO
4−


OR 


S2O82− + 2 H


2O  →  H2O2 + 2 HSO4−



(8)
2019 SCORING GUIDELINES 



Question 3 


    Sulfur trioxide, SO3, is commercially produced on a massive scale for use in manufacturing. It is also 
produced as a by-product of burning fossil fuels and is an air pollutant involved in the formation of acid rain. 


(a)  In the box below, complete one of the valid Lewis electron-dot diagrams for the SO3 molecule. Be sure 
to include all valence electrons, including lone pairs.


OR 


(OR equivalent resonance form) 


1 point is earned for any valid Lewis electron-dot 
diagram.  


(b)  Predict the shape of the SO3 molecule based on the diagram you completed above.  


Trigonal planar 1 point is earned for the shape that is consistent with 
the answer to part (a). 


    Under some conditions, SO3(g) decomposes to produce SO2(g) and O2(g), as represented by the equation 
below.
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Question 3 (continued) 


(c)  Under what temperature conditions will the reaction be thermodynamically favored: high temperatures, 
low temperatures, all temperatures, or no temperatures? Justify your answer in terms of the change in 
enthalpy and the change in entropy during the reaction. 


The reaction will be thermodynamically favored only at high 
temperatures. 


The reaction will be thermodynamically favored when ∆G° is negative 
(∆G° = ∆H°−T∆S°). ∆H° for this reaction is positive, so at low 
temperatures (when the value of T∆S° is small), ∆G° is positive and the 
reaction is not thermodynamically favored.  


Because ∆S° for this reaction is positive, high-temperature conditions 
give a large positive value for T∆S°. This will result in a negative ∆G°, 
and the reaction will be thermodynamically favored. 


1 point is earned for correctly 
linking ∆H° to unfavorability at 


low temperatures. 


1 point is earned for assigning 
the correct sign to ∆S° and 
linking it to favorability at high 


temperatures. 



(10)
2019 SCORING GUIDELINES 



Question 3 (continued) 


  (ii)  Describe the change that was made to the system attime t1. 


Additional SO2(g) was injected into the reaction 


vessel. 1 point is earned for the correct answer. 


(iii)   After the change was made attime t1, the partial pressure of SO3(g)increased while the partial 
pressure of O2(g)decreased. Explain this observation.  


The increase in the partial pressure of SO2 perturbed the 
equilibrium, which responded by consuming O2 and producing 
more SO3 as new equilibrium concentrations were established. 
OR 


At equilibrium (before t1), the reaction quotient Q is equal to K. 
Additional SO2(g) increases PSO2, increasing the value of Q such 
that Q > K. The reaction proceeds in reverse to reestablish 


equilibrium, consuming O2 and producing more SO3 . 


1 point is earned for a correct 
explanation. 


(e)  Use the information above to answer the following. 


(i)  Write the expression for the equilibrium constant, Kp, for the reaction. 


Kp  =   2 2


3


2
SO O


2
SO


( ) ( )


( )


P P


P 1 point is earned for the correct Kp expression. 


 (ii)    Determine the value of Kp for the reaction. 


Kp  =  (0.33) (0.17)2 2


(0.50)   =  0.074 


OR 


Kp  =  (0.41) (0.14)2 2 0.072


(0.57) =


1 point is earned for substituting  
appropriate values from the graph. 
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HClO(aq) + H2O(l)    H3O+(aq) + ClO(aq)


The reaction between hypochlorous acid and water is represented above. 


(a) Identify one of the conjugate acid-base pairs in the reaction.


HClO and ClO−    OR   H2O and H3O+ 1 point is earned for a correct answer. 


(b) Shown in the graph below is the titration curve that results when 25.0 mL of 0.200 M HClO is titrated
with 0.200 M NaOH. Carefully draw a second curve on the graph that would result from the titration of
25.0 mL of 0.200 M HClO4 with 0.200 M NaOH.


See dashed curve above. 


The curve starts below the HClO curve, rises 
slowly from 0 to 20 mL, then steeply reaches 
equivalence at pH 7 and 25 mL of NaOH 
added. 


1 point is earned for a curve that has the shape of a 
titration curve, that starts at a pH below the first curve, 


and that ends above pH 7. 


1 point is earned for a curve that shows an equivalence 
point at 25 mL. 


(c) A student proposes creating a buffer by dissolving 0.010 mol of NaClO4(s)in 100. mL of 0.100 M
HClO4. Explain why the resulting solution would not be a buffer.


A buffer solution contains a large concentration of both members in a weak 
acid/weak base conjugate pair. This solution would not be a buffer because 
HClO4 is a strong acid, therefore ClO4− is negligibly basic and cannot react with
added H3O+.
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Question 5 


Half-reaction  E° (V) 
O2  + 4 H+ + 4 e−  →  2 H


2O + 0.815


NAD+ + H+ + 2 e−  →  NADH  −0.320


In human cells a compound known as NADH is involved in a reaction that generates an electrical potential. 
The reaction is based on the two half-reactions shown in the table above. The balanced equation for the 
overall reaction is shown below. 


O2 + 2 H+ + 2 NADH  →  2 H


2O + 2 NAD+ 


(a) How many moles of electrons are transferred for each mole of O2 that reacts? Justify your answer in
terms of the balanced equation and the change in oxidation number of oxygen.


Four moles of electrons are needed to convert the two 
moles of O atoms in one mole of O2 from the zero 
oxidation state to the −2 oxidation state. 


1 point is earned for the correct answer. 


(b) Calculate the electrochemical potential of the overall reaction.


cell


E   =  +0.815 V ‒ (‒0.320 V)  =  +1.135 V 1 point is earned for the correct answer. 


(c) Calculate the value of∆G° for the overall reaction.
 ∆G° =  −nFE° 


=   4 mol  96,485 C 1.135 J


1 molrxne 1 mol e 1 C


−


−


− × ×


=  ‒4.380 × 105 J/mol


rxn  =  ‒438.0 kJ/molrxn


1 point is earned for the correct answer. 


(d) When the concentration ofNADH increases while the concentration of NAD+ decreases, will the
electrochemical potential increase, decrease, or remain the same? Justify your answer.


Increase. 


The highly negative ∆G° indicates that the value of K for this reaction is 
very large, so decreasing Q causes the system to deviate further from 
equilibrium, thus increasing the magnitude of the electrochemical 
potential. 


1 point is earned for the 
correct answer with a valid 
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Question 6 


    Some building materials contain small capsules filled with paraffin wax to improve the insulating properties  
of the materials. The melting and freezing of paraffin inside the capsules in the material helps to regulate 
temperature. Paraffin wax begins to melt at 37°C. 


(a)  While the wax is melting, is the net flow of thermal energy from the wax to the surroundings or from the 
surroundings to the wax? Justify your answer. 


  Thermal energy flows from the surroundings to the wax. Melting 
is an endothermic process that requires the flow of thermal 
energy into the material for the phase change to occur. 


1 point is earned for the correct 
answer with justification. 


(b)  Calculate the amount of thermal energy, in kJ, that is required to melt 15.2 grams of solid paraffin wax 
when the temperature of the surroundings is above the melting point of paraffin. (The molar mass of 
paraffin is 282.62 g/mol, and its molar heat of fusion is 48.78 kJ/mol.) 


1 mol 48.78 kJ


15.2 g× 282.62 g × 1 mol  = 2.62 kJ  


1 point is earned for the correct answer. 


(c)  When paraffin wax melts, its density decreases. Provide a particle-level explanation of this observation. 


In liquid paraffin, the average distance between 
molecules is greater than in the solid state. Thus, the 
same number of molecules occupies a larger volume, 
and the density decreases. 


1 point is earned for citing the greater average 
distance between particles. 
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Question 7 


    A student is given a solution of phenol red of unknown concentration. Solutions of phenol red are bright pink 
under basic conditions.


(a)  The student uses a pH probe and determines that the pH of the solution is 11.20. Calculate the hydrogen 
ion concentration, [H+], in the solution of phenol red. 


  [H+]  =  10−pH  =  10−11.20  =  6.3 × 10−12M 1 point is earned for the correct answer. 


    The student analyzes a sample of the solution using a spectrophotometer set at a wavelength of 559 nm, the 
wavelength of maximum absorbance for phenol red. The measured absorbance of the phenol red solution at  
559 nm is 0.35. 


(b)  Based on the calibration curve shown below, what is the concentration of the solution in micromoles per 
liter (µM) ? 


  5.4 µM   


(values between 5.2 µM and 5.6 µM are acceptable)  1 point is earned for a correct answer. 


(c)  If the student mixed 10 mL of distilled water with 10 mL of the sample, would this diluted solution have 
an absorbance greater than, less than, or equal to the absorbance of the original solution? Justify your 
answer. 


Less than.  


The diluted solution will have a lower concentration and 
therefore a lower absorbance, in accordance with Beer’s law. 


1 point is earned for the correct answer 
with a valid justification. 


(d)  If the student measured the absorbance of the solution at a wavelength of 650 nm, would the absorbance 
be greater than, less than, or equal to the absorbance of the solution at 559 nm? Justify your answer. 


Less than. 


559 nm is the wavelength of maximum absorbance. The 
absorbance at any other wavelength will be lower. 
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