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Question 3: Long Answer 10 points 
 

A For the correct diagram:  

  

Point 01 

B (i) For a correct explanation:  Point 02 

Because gas particles are more dispersed (have more microstates) than solids, the entropy 
decreases as the reactants (which include a gas) convert to the solid product. 

 (ii) For the correct answer and a valid justification: Point 03 

Yes. Given that rxn rxn rxnG H T S∆ = ∆ − ∆   , the reaction must have ∆ <G

rxn 0  to be 

favorable. Because the reaction is exothermic, ∆H 

rxn < 0  and enthalpy contributes to 

favorability. ∆S rxn < 0 , so entropy does not contribute to favorability. 

C (i) For the correct calculated value reported with the correct number of significant figures:  Point 04 

(100.1 g)(4.18 J/(g C))(22.38 C 22.00 C)q mc T= ∆ = ⋅° ° − °  

160 J 0.16 kJq = =  

 (ii) For the correct calculated value, consistent with part C (i): Point 05 

0.16 kJrxn surrq q= − = −  

4 10 4 10

4 10 4 10

283.9 g P O 1 mol P O0.16 kJ 450 kJ/mol0.100 g P O 1 mol P O 1 molrxn rxn
rxn

H −∆ = × × = −  

 For the correct sign: Point 06 

−450 kJ/molrxn  

D For the correct answer and a valid justification: Point 07 

Less than. If less 4 10P O  is present, less thermal energy will be transferred to the water 

during the reaction, causing the temperature increase to be less than it was with 0.100 g  
of P O4 10 . 
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E For the correct calculated value: Point 08 

Using Hess’s law: 

5, PCl ( ) 1 2
1  
4f gH H H∆ = ∆ + ∆    

( ) ( )
5, PCl ( )

1 1148 88 375  kJ/mol
4f gH∆ = − + − = −  

F (i) For the correct calculated value:  Point 09 

( )( )
5

3 2

PCl

PCl Cl

4.00 1 0.333
(2.00)(6.00) 3p

P
K

P P
= = = =  

 (ii) For the correct answer and a valid justification: Point 10 

Decrease. The negative value of 2H∆   indicates that the reaction is exothermic. Because 
exothermic reactions favor reactant formation at higher temperature, the value of pK  

decreases. 
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Question 1: Long Answer 10 points 
 
(a)  For the correct circled atom: 

The rightmost hydrogen atom should be circled. 

 

1 point 

(b) For the correct calculated value:   

1 mol(10.22 g) 40.00 g 0.511 0.500 L M

 
 
  =  

1 point 

(c) For the correct p aK : 

3.9 (acceptable range: 3.7 – 4.0) 

1 point 

(d) (i) For the X at the correct point:   

The X should be at a point greater than or equal to 3 mL  and less than 8 mL . 

1 point 

 (ii) For a correct justification:  

More acid particles are present than conjugate base particles, meaning that the titration 
is before the half-equivalence point. 

1 point 

 (iii) For a curve showing the correct equivalence point: 

The equivalence point should be at 8 mL . See example response below. 

1 point 

 For a curve with appropriate initial and final pH  with a correct shape: 

The drawn curve should begin at the same pH , gradually increase, rise sharply at a 

volume different than 16 mL , and end at a pH  similar to the first curve. 

 

1 point 

 Total for part (d) 4 points 
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(e) (i) For the correct calculated value:  

(200.0 g)(4.2 J/(g C))(23.2 C 20.0 C) 2700 Jq mc T= ∆ = ⋅ ° ° − ° =  

1 point 

 (ii) For the correct calculated value: 

2700 J 2.7 kJrxn solnq q= − = − = −  

mol
2.7 kJ 54 kJ/mol(0.100 L)(0.500 mol/L)

rxnq
rxn rxnH −∆ = = = −  

1 point 

 (iii) For the correct answer and a valid justification: 

Agree. The heat lost from the system would result in a lower final temperature, which 
results in values of T∆ , solnq , and H∆  that are smaller than the actual value.  

1 point 

 Total for part (e) 3 points 

 Total for question 1 10 points 
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Question 3: Long Answer 10 points 
 
(a) For the correct balanced equation (state symbols not required):  

Accept one of the following: 

• 2
3 2 2CaCO ( ) 2 H ( ) Ca ( ) CO ( ) H O( )s aq aq g l+ ++ → + +  

• 2
3 3 2 2CaCO ( ) 2 H O ( ) Ca ( ) CO ( ) 3 H O( )s aq aq g l+ ++ → + +  

1 point 

(b) For a correct explanation:  

 Accept one of the following: 

• Even though the concentration of HCl  is greater in trial 5 than in trial 2, the 
reaction time is significantly longer. Both trial 2 and 5 occur under otherwise 
identical conditions. The trend for trial 1 and 4 indicates that the higher 
concentration of HCl  results in a shorter time of reaction. 

• The time of reaction in trial 5, with small chunks of calcium carbonate, is longer 
than trial 6 with large chunks. Both trial 5 and 6 occur under otherwise identical 
conditions. The trend for trials 1, 2, and 3 shows that larger chunks of the solid 
result in longer time of reaction. 

1 point 

(c) For a correct explanation of the effect of surface area on reaction time:  

The time of reaction in trial 2 is shorter than that in trial 3 because the calcium carbonate 
in trial 2 has a larger surface area (meaning that more particles of calcium carbonate are 
exposed to the H+  particles in the solution). 

1 point 

 For a correct explanation of the effect of particle collisions on reaction rate:  

The larger interface between the two reacting substances means there will be more 
collisions between the particles in a given amount of time, and thus, a higher frequency of 
successful collisions in which the particles react to form the products. 

1 point 

 Total for part (c) 2 points 

(d) For the correct answer and a valid justification:  

Accept one of the following: 

• Disagree. If the reaction was zeroth order with respect to HCl , then changing the 
concentration of HCl  would not affect the rate of reaction, and the time of reaction 
would be the same for trials in which the only difference was [HCl] . The student’s 
data for trials 1 and 4 (likewise for 3 and 6) show that changing [HCl]  
significantly alters the time of reaction. 

• Disagree. The reaction appears to be first order, not zeroth order, with respect to 
[HCl] . Tripling [HCl]  results in a reaction time that is 1/3 of that when [HCl]   = 
1.00 M, which means the reaction rate has also tripled, indicating a first-order 
process. 

1 point 
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(e) For the correct calculated moles of HCl reacted (may be implicit):  

3 3

3
3

1 mol1.00 g CaCO 0.00999 mol CaCO100.09 g
2 mol HCl0.00999 mol CaCO 0.0200 mol HCl reacted1 mol CaCO

× =

× =
 

1 point 

 For the correct calculated [HCl]  remaining, consistent with the number of moles reacted:  

1.00 mol HCl0.0500 L 0.0500 mol HCl initially present1 L
0.0500 mol 0.0200 mol = 0.0300 mol remaining
0.0300 mol 0.600  HCl remaining0.0500 L M

× =

−

=

 

1 point 

 Total for part (e) 2 points 

(f) For the correct answer and a valid justification: 

Exothermic. The solution temperature increases as the reaction proceeds. 

1 point 

(g) (i) For the correct calculated value (sign not required):  

J
g °C(51.0 g)(4.0 )(21.90 C 21.20 C) 140 Jsurrq mc T ⋅= ∆ = ° − ° =  

1 point 

 (ii) For the correct calculated value, consistent with (g)(i), and the correct sign, consistent with 
(f): 

3
3

3 3

140 J 0.14 kJ
1 mol CaCO 1 mol1.00 g CaCO 0.00999 mol100.09 g CaCO 1 mol CaCO

0.14 kJ 14 kJ/mol0.00999 mol

sys surr

rxn
rxn

rxn rxn
rxn

q q

H

= − = − = −

× × =

−∆ = = −

 

1 point 

   Total for part (g) 2 points 

 Total for question 3 10 points 
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Question 1 
 



rxnHD

 

 
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Question 1 (continued) 



 



   ‒  






  

rxnHD
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Question 1 (continued)





rxnHD


   rxnHD

mol  

 

rxnHD

 By doubling the volumes, the number of moles of the reactants are 

doubled, which doubles the amount of energy produced.

 OR 

 In the second experiment, D  
2 Δ

2

mc T

n
 

Δmc T

n
D . 

Thus the magnitude is the same as calculated in the first experiment  

     
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Question 2 



( ) 

298HD  298SD  298GD  

   
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Question 2 (continued) 

 

 K = /G RTe D-  

 K = 
1 1

870 J/mol

(8.314 J mol  K )(298 K)- -
-

e  

 K = 0.70

NOP 2NOP 2 3N OP

2 3N OP


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Question 2 (continued) 

 

 

 
1 point is earned for a valid diagram. 

1 point is earned for the correct answer.  

  
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Question 2 (continued) 


0.100 mol KOH

1000 mL KOH



20.0020 mol HNO

0.100 L




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Question 3 

 1 point is earned for a correct electron configuration. 

.

1 2

2

 q q
F

r
µ

.



 

  1 point is earned for the correct half-reaction. 
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Question 3 (continued) 

4

0 0350
17 48 0 000612

1000
´ =

2
2

4
4

5 mol Fe
0.000612 mol KMnO 0.003059 mol Fe

1 mol KMnO

+
+´ =

2+

1 point is earned for calculating the 

number of moles of KMnO

. 

 

1 point is earned for the correct  

concentration of . 

  

  

 The volumetric flask is designed to contain only 25.00 mL precisely. 
1 point is earned for 

a valid explanation. 
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Question 3 (continued)

2 3
2 3 2 3

2 3

1 mol Fe O
7.531 g Fe O 0.04716 mol Fe O

159.70 g Fe O  
´ =

2 3
2 3

2 mol Fe
0.04716 mol Fe O 0.09431 mol Fe

1 mol Fe O  
´ =

55.85 g Fe
0.09431 mol Fe 5.267 g Fe

1 mol
´ =

5.267 g Fe
100 78.33%

6.724 g sample
´ =
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Question 4 



1 1- -
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 Question 5  







0 0350






( )2 40 00455
6 81 10

0 0304

-
-´== =
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Question 5 (continued) 

1 1

2 2
1

2

-

1

2


0 035

2
-

 



 

0 0175 -


2

0 0175
 

0 00345

0 0175

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Question 6
 

 



 

 

cellE

  

cellE (cathode) (anode)red redE E-



 

redE


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Question 6 (continued) 

 

( )96 485 1 54D
-

-

æ ö æ ö
- - ç ÷ç ÷ è øè ø

   
   
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Question 7 

 

1 2

0 693 

     



0- 

10 069 -

-

-
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