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(12%) 0.1152 g of a compound containing carbon, hydrogen, nitrogen and oxygen are burned in excess oxygen. The gases
produced are treated further to convert nitrogen-containing products into N,. The resulting mixture of CO,, H,O and N, and
excess O, is passed through a CaCl, drying tube, which gains 0.09912 g. The gas stream is bubbled through water where the CO,
forms H,CO;. Titration of this solution to the second endpoint with 0.3283 M NaOH requires 28.81 mL. The excess O, is
removed by reaction with copper metal and the N, is collected in a 225.0 mL measuring bulb where it exerts a pressure of 65.12
mmHg at 25 °C. In a separate experiment the molar mass of this compound is found to be approximately 150 g-mol ™.
a. Calculate the number of moles of

i H,O

ii. CoO,

iii. N,
b. Determine the mass in the original compound of

i C

ii. H

iii. N

iv. 0]
¢. Find the empirical formula of the compound.
d. Find the molecular formula.

(13%) The enthalpy of combustion of liquid octane, CgH (1) to gaseous products, is -5090 kJmol ™. Use this value to answer the

guestions below, assuming atemperature of 100 °C.

a. Write a balanced equation for the complete combustion of liquid octane CgHg(1).

b. Determine the molar enthalpy of formation, AH,’, for liquid octane, CgH 4(1).
[AH;" kJ-mol™; CO,(g) -393.5, H,0(g) -241.8]

c. Calculate the value of the internal energy change, AE’, for the combustion reaction.

d. If AG’ for the combustion is -5230 kJ-mol ™ of octane, calculate the value of AS’.  Comment on the sign of AS’ relative to the
equation written above.

e. State whether the heat associated with the combustion of liquid octane in a bomb calorimeter represents AH® or AE’. Explain
your reasoning.

(13%) Phosphoric acid, H;PO,, ionizes according to the equations,

H3POy(a0) = H'(ag) + H,PO, (aq) K,=7.1x10%
H,PO, (ag) = H*(ag) + HPO,*(aq) K,=6.2x 10
HPO,*(ag) = H'(ag) + PO,>(aq) K,=45x 10™

a. Write the equilibrium expression for the ionization of H;PO, and find the pH of a 1.5 M solution of H;PO,.

b. A student is asked to prepare a phosphate buffer with a pH of 7.00. Identify the species that should be used in this solution and
calculate their ratio.

¢. Assume that 50.0 mL of the buffer solution in b. are available in which the more abundant buffer species has a concentration
of 0.10 M. Determine the [H*] in this solution after 2.0 x 10° mol of NaOH are added.

d. Determine the [H*] in a0.20 M solution of NaPO,.

(13%) An electrochemical cell is constructed with a piece of copper wirein a1.00 M solution of Cu(NOs), and a piece of
chromium wirein a1.00 M solution of Cr(NO,) 5.

The standard reduction potentials for Cr**(aq) and Cu?*(aq) are:

Cr¥*(ag) + 3e ---> Cr(s) —0.744V
Cu*(aq) + 2e ---> Cu(s) 0.340V

a. Write a balanced equation for the spontaneous reaction that occursin this cell and calculate the potential it produces.
b. Sketch adiagram for this cell.

i. Label the anode.

ii. Show the direction of electron flow in the external circuit.

iii. Show the direction of movement of nitrate ions. Explain.
c. The cell isalowed to operate until the [Cu?"] = 0.10 M.

i. Findthe[Cr*'].

ii. Calculate the cell potential at these concentrations.
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5. (12%) Write net equations for each of the combinations of reactants below. Use appropriate ionic and molecular formulas and
omit formulas for al ions or molecules that do not take part in areaction. Write structural formulas for al organic substances.
Y ou need not balance the equations. All reactions occur in agueous solution unless otherwise indicated.

Water is added to magnesium nitride.

Excess carbon dioxide is bubbled through a solution of calcium hydroxide.
Acidic solutions of potassium dichromate and iron(l1) chloride are mixed.
Solutions of lead acetate and sulfuric acid are mixed.

Excess concentrated sodium hydroxide is added to a solution of zinc nitrate.
Fluorine-18 undergoes positron emission.

"o Q0 oTw

6. (14%) Account for the following observations about chemical kinetics.
a. Reactionsinvolving molecular chlorine often have nonintegral rate laws.
b. Therates of exothermic reactionsincrease when their temperatures are increased.
c. Two reactions, A and B, have rate constants that are equal at 25°C but the rate constant for reaction A is much greater than
that for reaction B at 35°C.
d. Therates of reactions catalyzed by complex molecules, such as enzymes, increase with an increase in temperature up to a
certain point above which they decrease again.

7.  (12%) The atoms C, N and O can be arranged in three different ordersto form negative ions, i.e. CNO~, CON~, and NCO". Salts
of one of theseions are stable. Salts of one are explosive and salts of one are unknown at this time.

a. Write Lewis electron dot structures for each atomic arrangement.
b. For each arrangement,
i. find theformal charge on each atom.
ii. usetheseformal chargesto identify the most and least stable arrangements. Explain your reasoning.
c. Predict the geometry of the most stable atom arrangement and identify the type of hybridization used by the central atom in
this structure.

8.  (11%) Three compounds; X, Y, Z, have the formula C;HO.

a. Write structural formulas for three different compounds with the formula C;H,O.

b. The boiling points of the compounds are; X 10.8°C, Y 82.4°C, Z 97.4°C. Assign each boiling point to one of the structuresin
part a. and account for these boiling points on the basis of the molecular structures and the types of intermolecular forcesin
each.

c. A fourth compound with the formula C,H,O,, has the same molar mass as the three compounds above and boils at 117.9°C.
Propose a structure for this compound and account for its higher boiling point.

END OF PART Il
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ABBREVIATIONSAND SYMBOLS CONSTANTS
amount of substance n | equilibrium constant K | measure of pressure mmHg wa
ampere A | Faraday constant F | milli- prefix m R=8.314 Jmol~K
atmosphere atm | formula molar mass M | mold m R=0.0821 L -atm-mol1.K-1
atomic mass unit u | free energy G | molar M 1 F = 96,500 C-mol-!
atomic molar mass A | frequency v | mole mol _ 1 i
Avogadro constant Na | gasconstant R | Planck’s constant h 1 F=96,500 JvV—-mol
Celsius temperature °C | gram g | pressure P Na = 6.022 x 10% mol~*
centi- prefix C | heat capacity C, | rateconstant k h=6.626 x 1034 Js
coulomb C | hour h | retention factor R c=2998 x 108 m-s-1
electromotive force E |joule J | second S
energy of activation E, | kelvin K | speed of light C
enthalpy H | kilo- prefix k | temperature, K T
entropy S | liter L [time t

volt \Y
USEFUL EQUATIONS
g g 01 10
E=e°-"Tihg Ink =C=AH00E, Ingligz—a -=f
nF U R Oord k, ROT T,
1 2
H He
1.008 4.003
3 4 5 6 7 8 9 10
Li Be B C N o] F Ne
6941 | 9012 1081 | 1201 | 1401 | 1600 | 1900 | 2018
11 12 13 14 15 16 | 17 18
Na | Mg Al Si P S Cl Ar
22,99 24.31 26.98 28.09 30.97 32.07 35.45 39.95
19 2 | 22 22 23 24 [ 25 26 27 | 28 29 30 | 31 32 33 341 35 36
K Ca| S Ti V Cr | Mn| Fe | Co| Ni Cul Zn| Ga | Ge | As | Se Br Kr
39.10 40.08 44.96 47.88 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.39 69.72 72.61 74.92 78.96 79.90 83.80
37 38 [ 39 40 41 42 | 43 44 45 | 46 47 48 | 49 50 51 52 | 53 54
Rb S Y Zr Nb [ Mo| Tc | Ru| Rh | Pd Ag | Cd In Sn Sb Te | Xe
85.47 87.62 88.91 91.22 92.91 95.94 (98) 101.1 102.9 106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 131.3
55 5 [ 57 72 73 4 75 76 77| 78 79 80 | 81 82 83 84 | 85 86
Cs| Ba| La Hf | Ta | W Re | Os Ir Pt Au | Hg | TI Pb Bi Po | At Rn
1329 | 1373 | 1389 [ 1785 | 1810 | 1838 | 1862 | 1902 | 1022 | 1951 | 197.0 | 2006 | 2044 | 207.2 | 2090 | (209 | (210) | (222)
87 88 | 8 || 104 | 105 | 106 | 107 ( 108 | 109 | 110 | 111 | 112 114
Fr Ra | Ac Rf Db Bh Hs | Mt
(223 | 2260 | 2270 || (261) | (262) | (263) | (262) | (265) | (266) | (269) | (272 | (@77 @17
58 59 60 | 61 62 63 64 [ 65 66 67 | 68 69 70 (71
Ce Pr Nd | Pm | Sm | Eu Gd | Th Dy | Ho| Er | Tm | Yb | Lu
140.1 140.9 144.2 (145) 150.4 152.0 157.3 158.9 162.5 164.9 167.3 168.9 173.0 175.0
90 91 92 [ 93 94 95 % | 97 98 99 | 100 | 101 | 102 ( 103
Th Pa U N Pu [ Am | Cm | Bk Cf Es | Fm | Md [ No | Lr
2320 | 2310 | 2380 | 2370 | (244 | (243 | @4 | @an | @5) | 252 | (257) | (258) | (259) | (260)

Not valid for use asan USNCO National Examination after April 27, 2003.

Page 4



2003 U.S. NATIONAL

CHEMISTRY OLYMPIAD

KEY FOR NATIONAL EXAM —PART 11
1

Facts from the problem.
* 0.1152 g samplecontains C, H, N, O.
0.0912 g H,,O are recovered.
Conversion of carbon dioxide to carbonic acid has 1 to 1 stoichiometry,
1CO, 2 1H,CO,.
Carbonic acid is titrated with 28.81 mL of 0.3283 M NaOH
. H,CO, + 2 NaOH - Na,CO, + 2 H,0
* Volumeof N, collected is 225.0 mL at 65.12 torr and 25 °C.
» Molar mass of the substance is 150 g/mol
a

i. HO (1 pt)
moles H:0 = 009912 g x ~MHO 5 561 410 mol H.0
18.02 g H-0O
moles CO, = 03283 MOINGOH 5 5681 | soln x-2M9 € _ 4 259 %102 mol cOx
L soln 2 mol NaOH
ii. N, (1pt)
65.12 torr)(0.2250 L
molesNz = PV _ ( orr)( — ) =7.879x10™*mol N2
RT (624 L Corr Cinol™ (K )(298 K)
b. i, c(p
gC = 4729x10° mol cO, x—+MAC ,12019C _ een g
1 molCO, 1 molC
i. H(lpt)
gH = 5501x10° mol H,0 x_2MAH ,1008gH (11100 gH
1 molH,O 1 molH
ii. N (1pt)
gN = 7.879x10% mol N, x 2 MON  1401gN —_ ) or0g g N

1 molN, 1 molN

iv. O(1pt)
gO=gsample-(gC+gH+gN)

= 0.1152 g — (0.05680 g + 0.01109 g + 0.02208 g)
= 0.1152 g - 0.08997 g = 0.02523 g O

c. Find the empirical formula of the compound. (2 pts)
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1mol C

C: 0.05680gC x—————— =4.729x10° / 1576 x10° = 3.001 = 3
1201gC

H: 001109gH x—~MH 1 100x102 / 1.576x10° = 6.980 = 7
1.008gH

N : 002208gN x—~MIN 1 57610% / 1576 x10° = 1.000 = 1
1401gN

0: 002523gN x9N0 _1577x10° / 1576x10° = 1.001 = 1
16.00g O

Therefore the empirical formulais C,H,NO

d. Find the molecular formula. (2 pts)
The molar mass of the empirical formulais 73.10
Compare this molar mass to the measured molar mass.

150 g mol —505=2
73.1 gmol

Therefore the molecular formulais C;H,N,O,

a. Write balanced equations to represent the processes responsible for K, and K.

2C,H, () +250,(g) > 16 CO, (g) + 18 H,O (g) (1 pt)

b. Determine the molar enthalpy of formation, AH:, for liquid octane, CH (1). (4 pts)
AH,,, =8AH; (Coz) +9AH, (H 20) —AH, (C8H18)
~5090 kJ =8(~393.5) kJ +9(241.8) kJ -AH, (C,H,,)
AH, (CgH,g) = -3148 -2176.2 +5090 kJ
=-234.2kJ
c. Calculate the value of the internal energy change, AE’, for the combustion reaction. (4 pts)
AH =AE + AnRT so AE =AH -AnRT

—5090000 J— (4.5 mol)(8.314 J mol* - K )(373 K)
~5090000 J — 13955 J
5104000 =-5104kJ/mol CH_ (1)

d. If AG® for the combustion is -5230 kJ-mol " of octane, calculate the value of AS’.  Comment on the sign of AS’ relative to the
equation written above. (3 pts)

AG° =AH°-TAS®

-5230 kJ - mol™* =-5090 kJ - mol™* — 373 K (AS’)
SO

_ —o090 kJ Cmol™ + 5230 kJ ol ™

373K
=0.375 kJmol*-K™*

Theincreasein AS’ is consistent with the formation of more moles of gas during the reaction.

AS®
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e. State whether the heat associated with the combustion of liquid octanein abomb calorimeter represents AH® or AE". Explain
your reasoning. (1 pt)

Heat in a bomb calorimeter is AE° (g at constant volume) - no credit unlessthereis a discussion of zero
work under constant volume.

a.  Write the equilibrium expression for the ionization of H,PO, and find the pH of a 1.5 M solution of H_PO,. (1 pt for
equation, 1 pt for solution)

[ [H.PO,T]
K =L 4JL " 4
[H;PO,]
for a1.5 M solution, assuming no initial concentration of reactants and that the amount of phosphoric
acid that reacts is small compared to the origina volume,

2

71x10° =2
15

Solving for x, x=+/1.5(7.1x10"%) =0.103.
Use successive approximations to check that the amount of reacting phosphoric acid doesn’t change the
answer... plug in 1.397 (1.5-0.103=1.397) rather than 1.5,

X= \/1.397(7.1 x10™%) =0.100 the changeis small enough to accept this answer.

b. A student is asked to prepare a phosphate buffer with apH of 7.00. Identify the species that should be used in this solution and
caculate their ratio. (1 pt for correct identification of salts, 1 pt for solution of ratio)

To obtain apH of 7the K, should be closeto 7. Inthisgaseit would be K,. Thus the species that would
be present in this buffer should be H PO (aq) and HPO (aq).
The ratio can be found by the equatlon

HPO,>| L HPO,”
6.2><10‘8:1.0><10'7g—[andtherat|0|s M:o.ez or 0'—fz

H:PO. I [HFo]

c. Assumethat 50.0 mL of the buffer solution in b. are availablg in which the more abundant buffer species has a concentration
of 0.10 M. Determine the [H ] in this solution after 2.0 x 10 mol of NaOH are added. (1 pt for correct calculation of
each concentration)

H2P04_(aq) is the more abundant speciesin the buffer from part b.

0.050L x 0.10 mol [L™* H,PO,” =0.0050 mol H,PO,” initialy

0.0020 mol of OH"is added SO the amount of H PO (aq) left is (1 to 1 stoichiometry)
0.0050 — 0.0020 = 0.0030 mol H,PO, (aq)

If the concentration of H 2PO (aq) isD.10 M the ratio calculated earlier indicates that the initial
concentration of HPO (aq) must be 0.62 x 1 = 0.062 M, O

0.050L x 0.062 moI[I].lHPO = =0.0031 mol HPO,” initially ,
and 0.0020 mol are formed in the reaction so there is 0.0051 mol HPO, (aq) present.
Calculating the amount of hydrogen ion present,

6.2x10° =[H ]%, solving for [H*] gives, 3.65 x 10° M
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d.

4.

Determine the [H] in a0.20 M solution of Na,PO,. (1 pt for determining K, 1 pt for noting the need for successive
approximation in the calculation of phosphateion, 1 pt for final solution)

PO,> +H,0 > HPO,> + OH" and

=Ky J10x10™ o,
* K, 45x10%

Obtain concentration of hydroxide, initially assume no reaction of phosphate and let x = [OH],
2

0.0222 = OX20 so x=[OH] =6.67x107 now for phosphate, 0.20 —0.0667 = 0.1333
) 2
0.0222 = of@% s0 x =[OH| =5.44 %10 now for phosphate, 0.20-0.0544 = 0.1456
. 2
00222=—> __ s x= [OH"] =5.70x10"* now for phosphate, 0.20-0.0570 = 0.143
0.1456
2
0.0222= 0);43 SO X= [OH‘] =5.63x102 which is acceptably close to the previousiteration, now use
Kw to calculate [HT,
—14
[H] = L0x107 1 77x10
5.63x10

a. Write abalanced equation for the spontaneous reaction that occursin this cell and calculate the potential it produces. (3 pts)

2Cr(s) + 3 Cu*(aq) — 2 Cr¥*(aq) + 3 Cu(s)
E =E, +E,=0744+0.340=1.084 V

b. Sketch adiagram for thiscell. (5 ptsfor sketch with proper labels. Pointstaken of for incorrectly labeled components, etc.)

i. Label the anode.
ii. Show the direction of electron flow in the externa circuit.
iii. Show the direction of movement of nitrate ions. Explain.

r- _(voits)
electronj \ ) l
Cr
~
+
A I u |
node
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c. The cell isallowed to operate until the [Cu2+] =0.10 M.
i. Findthe[Cr ]. (2 pts)
ii. Calculate the cell potential at these concentrations. (3 pts)

[Cu*] goesfrom 1.0 M to 0.10 M, so A[Cu*] is—0.90
A[Cr*] =0.90x 2/3=0.60 so, [Cr*] = 1.60
plug these values into the equation,

3+12LC
_po RTHCT] ¢

TR

2]
E =1 084 - 20257 Ek1.60)3 105V
6 [0.10°Q

5. (Note that balanced chemical equations are note required.)

(1 pt for each reactant and 2 points for products (usually 1 for each product) then the total point value was
multiplied by 2/3 to scale to 12 pts)

a Mg;N, +H,0 > Mg(OH), + NH,

b. CO,+ OH - HCO,"

c. Cr,O”+Fe"+H+>Crr+Fe" +H0

d. Pb*+C,H,0, +H"+S0O,” > PbSO, + HC,H,0,

e. Zn*+ OH - Zn(OH),>

f. GFI G0+ B

6.
a. (3pts) Cl, often dissociates to Cl atoms, which react individually. If these atoms participate in the rate
determining step the overall rate equation is proportional to [Cle] = [Cl,]"
b. (3 pts) All reactions increase in rate with an increase in temperature due to an increase in the collision
frequency and the increase in fraction of species with high velocities. Higher velocity particles impart
more energy to collisions in which they participate so those collisions are more likely to exceed E,. The
exothermicity or endothermicity of areaction has no bearing on its kinetics or the effect of temperature.
c. (4 pts) Reactions A and B must have different activation energies. When thelog (or In) of therateis
constant for areaction is plotted versus 1/T the lopeisthe Ea. Reactions A and B have different slopes
which cross at 25 °C. The E_ for reaction A is greater because an increase in temperature affects it’s rate
constant more.
d. (4 pts) Reaction rates increase with higher temperature because of an increase in collision rate and an
increase in the fraction of molecules that have the necessary energy to react. At till higher temperatures
the enzyme is denatured so that it no longer is an effective catalyst.
7. (1 pt for each correct Lewis structure (3 total)

1 pt for correct formal charges on each Lewis structure (3 total)

1 pt for correct identification of most stable structure/ 1 pt for correct reasoning
1 pt for correct identification of least stable structure/ 1 pt for correct reasoning
1 pt for correctly identifying the structure as linear

1 pt for correct hybridization.)
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a.

[:CEN_‘:’::]_ [:CEO—ZN?]_ [ in==c—5:]
rommn—ti] [romo—i]  [veme—gi]

ii. N C Oisthe most stable arrangement because the formal charges are the lowest in this structure.

C O N isthe least stable structure because the formal charges are the greatest
in this structure

c. N C O asdrawn would be linear because there are two charge centers around the
central atom. The central atom will be sp hybridized.

a. The structural formulas would be, (1 pt for each)
X (b.p. 10.8 °C) CHs—CHz/O\CHs
CH3—CH—OH
Y (b.p. 82.4°C) CHg
Z (b.p. 97.4°C) CHz—CH;—CH—OH

Compound Y and Z would have hydrogen bonding where compound X would not. Therefore X would
have the weakest intermolecular forces and the lowest boiling point (of 10.8 °C) (2 pts)

b. Thelinear shape of compound Z would alow for stronger dispersion forces than compound Y.
Therefore Y should have alower boiling point than Z. (4 pts)

c. The possible Lewis structures include,

0 o O OH OH
CHs—C// lcl: OH CH Ic o=c
3
/.~ / / \
oH  H® CH DT H

All of these would have increased hydrogen-bonding relative to the three compoundsin part a.
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