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Instructions

Enclosed are 15 multiple-choice questions and 3 free-response questions. For the multiple-
choice questions, respond with the letter of the correct choice. Explanations are not
required. For the free-response questions, type up your full solutions. Submit your
response via the provided form or to

iChOOContest@gmail.com

with your full name, member code, age and grade. For each multiple-choice question,
a correct answer will earn you 3 points, an incorrect answer will be penalized by 1
point, and leaving it unanswered will give you 0 points. For each free-response question,
depending on your steps and correctness of your work, you will get a score between 0
and 10 points, inclusive. Thus, the maximum possible score is 75. The top 3 will receive
IChOO T-shirts, courtesy of Brilliant.org.

Although you have a week for this, you should be able to complete this entire set within
2 hours. Plus, it’s holiday season so relax and have fun; happy holidays! Note that
the next two pages contain useful information you may need on the contest. Further
information should not be looked up.
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Periodic Table of Elements
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Multiple-Choice Questions.

1. Nitric acid is an important inorganic acid. A major industrial method for pro-
ducing nitric acid is through the multi-step Ostwald process. The first step of the
process involves heating ammonia, in the following unbalanced chemical equation:

NH3 + O2 → NO + H2O.

What is the sum of the coefficients when the equation is balanced with the smallest
integer values?

(A) 7 (B) 14 (C) 19 (D) 38

2. Which of the following statement(s) is/are true?

I. Esterification of carboxylic acids produces the hydroxyl functional group
II. Esterification of alcohols produces the carbonyl functional group
III. Esterification to yield alcohols produces the carboxyl functional group

(A) I only (B) I and II only (C) II and III only (D) I, II, and III

3. In an experiment I was able to produce liquid oxygen in a test tube. Using test
tube clamps, I poured the oxygen between 2 poles of a magnet. Instead of seeping
through, some of the liquid oxygen was caught in between the poles of the magnet.
What property of O2 best explains this phenomenon?

(A) O2 molecules are polar
(B) O2 molecules are paramagnetic
(C) O2 molecules bind strongly with magnets
(D) O2 molecules are diamagnetic

4. Fill in the missing particle:

α+ 197
79 Au→ ? + D,

where D is a Deuterium nucleus.

(A) 198
79 Au (B) 198

80 Hg (C) 199
80 Hg (D) 200

80 Hg

5. Which reaction involves an increase in entropy?

(A) CaCO3 (s)→ CaO (s) + CO2 (g)
(B) 2H2 (g) + O2 (g)→ 2H2O (g)
(C) C (s) + O2 (g)→ CO2 (g)
(D) H2 (g) + 1

2O2 (g)→ H2O (l)
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6. X-rays of wavelength 154 fm strike an aluminum crystal. The rays are reflected at
an angle of 19.3 degrees. Calculate the minimal spacing between the planes of the
lattice of aluminum atoms responsible for this angle of reflection.

(A) 108 fm (B) 233 fm (C) 324 fm (D) 466 fm

7. The molecular shape of PO−3
4 can best be described as

(A) bent (B) tetrahedral (C) trigonal bipyramidal (D) trigonal pyramidal

8. Consider the equilibrium equation

A (g) + 3B (g) 
 C (g) + D (g)

that is completely balanced and A, B, C, and D are gaseous compounds or elements.
The reaction is exothermic, with ∆H = −201.3 kJ/mol. Consider the following
changes on the reaction.

I. Increasing the concentration of B
II. Decreasing the concentration of D
III. Decreasing the temperature of the surroundings

Which of the above changes will make the equilibrium state tend towards the same
direction (forwards / backwards) as increasing the pressure on the system?

(A) I only (B) I and II only (C) I, II, and III (D) None

9. One way of producing NO2 is by the decomposition of dinitrogen pentoxide. The
equation for this reaction is

2N2O5 → 4NO2 + O2.

The decomposition of N2O5 is a first order reaction with rate constant 5.1×10−4 s−1

at 45 degrees celsius. If the initial concentration of N2O5 is 0.50 M, what is its
concentration after 6.4 minutes?

(A) 0.032 (B) 0.187 (C) 0.338 (D) 0.442
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10. Aniline reacts, in presence of Br2/CCl4 to produce 2,4,6-tribromoaniline, a white
precipitate. Consider a specimen of aniline of volume 20 mL, which reacted with
50 mL of a Bromine solution to produce 3.3 mg of the white precipitate. If x is
the concentration of the aniline solution in Molar, and y is the concentration of
the Bromine solution in Molar, then

(A) x = 5× 10−6, y = 6× 10−6

(B) x = 10−5, y = 6× 10−6

(C) x = 5× 10−4, y = 6× 10−4

(D) x = 10−5, y = 6× 10−4

11. The pKw of water at 50◦ C is 13.26. What is the pH of a 1.00 · 10−6 M Ba(OH)2
solution at this temperature?

(A) 7.26 (B) 7.56 (C) 8.00 (D) 8.30

12. How many different electronic states are possible for a given principal quantum
number, n?

(A) n (B) 2n (C) n2 (D) 2n2

13. Which of the following species exists in the most stereoisomeric forms?

(A) [Pt(NH3)4ClBr]+ (B) Pt(NH3)3Cl2Br
(C) [Pt(NH3)4Cl2]

+ (D) [Pt(NH3)2ClBr]+

14. Which of the following reactions produces o-nitro aniline as the major product in
a good yield and in an efficient manner?

(A) PhNH2 + HNO3 + H2SO4
0−5◦C−→ ?

(B) PhNH2
Ac2O−→ ?

HNO3/H2SO4−→ ?
H2O−→ ?

(C) PhNO2 + HNO3 + H2SO4
0−5◦C−→ ?

Fe/HCl−→ ?

(D) PhNO2 + HNO3 + H2SO4
0−5◦C−→ ?

Cu/HBr−→ ?

15. Which of the following organic transformations cannot happen in basic solution?

(A) Alkene Hydration (B) Amide Hydrolysis
(C) Epoxide ring-opening (D) Aldol Condensation

¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯
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Free-response.

Problem 1 (Producing Hydrogen). About 75% of hydrogen is produced by the
steam-reforming process. In this process, a mixture of methane and water is reacted at
high temperatures to form carbon monoxide and hydrogen. This reaction is carried out
in two stages. In the primary stage, a mixture of steam and methane at about 30 atm
is heated over a nickel catalyst at 800◦ C to produce hydrogen and carbon monoxide.
The secondary stage is carried out at approximately 1000◦ C to convert the remaining
methane to hydrogen. The ∆H value in the primary reaction is 206 kJ, while the ∆H
value in the secondary reaction is 35.7 kJ.

(a) Write the balanced equation for the primary and secondary stage using the smallest
whole coefficients (You do not need to indicate their physical states)

(b) Under what conditions would favor the formation of products in both the primary
and secondary stage? (Think in terms of temperature and pressure)

(c) The equilibrium constant (Kc) for the primary stage is approximately 18 at 800◦ C.
Calculate Kp for the reaction.

(d) Given the partial pressures of methane and steam were both 20 atm at the start,
use your answer in (c) to find what the pressure of CH4 is at equilibrium.

Note: If your answer in part c is incorrect however your answer for part d using your
wrong answer from part c is “correct,” then you may still receive full credit for part (d).

¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

Problem 2 (Equilibrium Dissociation of CO2). When iron (II) oxide, FeO, is
heated at 1000 K, the equilibrium oxygen pressure over the compound is 4.10 · 10−16 Pa.

(a) Write the overall reaction that occurs. Calculate the equilibrium constant (Kp) and
∆G◦ for this reaction at 1000 K.

Now, an equilibrium mixture of CO2 and CO gases over FeO at 1000 K and atmospheric
pressure contains 60% CO by moles.

(b) Write the overall reaction occurring. Calculate the equilibrium constant of this
process (Kp).

(c) What is Kd for the dissociation of CO2 to oxygen and carbon monoxide under these
conditions (1000 K, 1 atm)? Assume 1 mole of O2 is produced.

(d) Estimate the degree of dissociation of CO2 to oxygen and carbon monoxide under
these conditions.
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(e) What is the degree of dissociation of CO2 when the pressure is increased to 10 atm?

(f) Is it possible to calculate the dissociation constant at 600 K and 1 atm? If yes,
calculate the value. If not, indicate what additional data is needed.

¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

Problem 3 (Solution of Benzoic Acid).
(a) A solution of 0.15 moles of benzoic acid (PhCOOH) is treated with 0.01 moles of
NaOH in 500 mL of water. Write the net ionic equation that occurs.

(b) The pKa of benzoic acid is 4.2. Determine the concentrations of each of the following
species in solution once equilibrium is established in part (a):

(i)[Na+], (ii)[PhCOOH], (iii)[PhCOO−], (iv)[OH−].

(c) Calculate the pH after an additional 0.04 moles of NaOH are added. Assume volume
change is negligible.

(d) You hope to buffer the solution at pH = 9.0. How much additional NaOH (in moles)
needs to be added to achieve this pH? Will it be an effective buffer? Explain.

(e) A different buffered solution is made by adding a small amount of NaOH to a mixture
of acetic acid (pKa = 4.8) and benzoic acid. The final pH measured by calomel electrode
is 4.60. Determine the ratios of [PhCOOH] to [PhCOO−] and [AcOH] to [AcO−] in the
solution.
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