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1. (12%) Compound X contains 2.239% hydrogen, 26.681% carbon
and 71.080 % oxygen by mass. The titration of 0.154 g of this B
compound with 0.3351 M KOH produces the curve shown. -
a. Determine the empirical formula of the compound. ] WU N SN SRS SR SRS
. Calculate its molar mass and give its molecular formula. %
¢.  When K,Cr,0; is reacted with X in acidic solution the &
products are chromium(III) ions and carbon dioxide.
Describe the color change that accompanies this LI B R Sl R SR
reaction. el
. o . . . 2 e
. Write a balanced ionic equation for this reaction. e
e. Find the volume of dry carbon dioxide that could be &

@ 2 4 & 3 £ |13

collected at 22 °C and 738 mm Hg when 0.839 g of o 5361 B8 Nud E wtlged sl

compound X is reacted with an excess of K,Cr,0;.

a) convert masses to moles:

2239 g H x| 2L} = 2201 mol (+2.157) = 1.03
1.008 ¢

26.681 2 C x| ™1 | = 2157 mol (+2.157) = 1
12011 g

71.08 gO x(16 ) = 4.443 mol (+2.15) = 2.06
g

These numbers are close enough to whole numbers that the empirical formula must be CHO,

b) Obtain molar mass from titration (estimate endpoint at 10.4 mL)

Mol NaOH = 0.3351 mol/L x0.0104 L. = 0.00348 mol
molar mass = 0.154 g + 0.00348 mol =44.2 g/mol ( x 2 because titration curve is diprotic) = 88.4 g/mol

The molar mass is 88.4 g/mol, the empirical formula molar mass is 45.02. This value is close to half the value of the
experimentally determined molar mass, so the molecular formula must be C,H,0,.
¢) The color change will be from orange for CrZO%’ to green for Cr**.

d) The balanced ionic equation is: Cr,03™ + 3H,C,0, +8H" — 2Cr** +6CO, + TH,0

e) Do the stoichiometry for oxalic acid to carbon dioxide, then calculate volume using ideal gas law.

0.839 g H,C,0, x( 1 mol H,C,0, ) x(6 mol H,C,0,

= 0.0186 mol H,C,0,
90.04 ¢ H,C,0, 3 mol H,C,0,

nRT (00186 mol)(0.0821 L-atm-mol™ -K~')(295 K)

V= =0.464 L
P 1 atm )

738 mmHg x|————
760 mmHg

2. (15%) Coffee cup calorimetry experiments can be used to obtain AH,” for magnesium oxide.
a. Write a balanced equation for the formation of magnesium oxide, whose enthalpy change is AH;’.
b. To determine the heat capacity of the calorimeter, 49.6 mL of 1.01 M HCl are reacted with 50.1 mL of 0.998 M NaOH. The
solution's temperature increases by 6.40°C. Determine the heat capacity of the calorimeter. You may assume the solution's
specific heat capacity is 4.025 J-g™'-°C™" and the enthalpy of neutralization is —55.9 kJ per mole of H,O.
c¢. When 0.221 g of magnesium turnings are added to 49.9 mL of 1.01 M HCI and 49.7 mL of H,O in the same calorimeter, the
temperature increases by 9.67°C. Write a balanced equation for the reaction that occurs and calculate the AH per mole of
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magnesium. (Assume the solution's specific heat capacity is 3.862 J-g™' -°C™" and the calorimeter constant is the value
obtained in b.)

d. When 0.576 g of MgO react with 51.0 mL of 1.01 M HCI and 50.1 mL of H,O in the same calorimeter the temperature rises
4.72°C. Write a balanced equation for this reaction and calculate its AH per mole of MgO using the same assumptions as in
part c.

e. Use the above results and AH;" of H,O(1) (-285.8 kJ-mol™) to calculate AH," of magnesium oxide.

a) Mg(s) + 50, (g) = MgO(s)
b) First, determine the limiting reactant:

Mol HC1 = 1.01 mol/L x0.0496 L = 0.00501 mol HCI
Mol NaOH = 0.998 mol/L x 0.0501 L = 0.0500 mol NaOH , so because it is a 1:1 stoichiometry, NaOH is limiting.

Via the enthalpy from the neutralization reaction, HCl(aq) +NaOH(aq) — NaCl(aq) +H,0(I) AH =-55.9 kJ/mol we can calculate,
-559KkJ

1 mol NaOH

Account for heat taken up by the solution, so the rest is taken up by the calorimeter:

0.0500 mol NaOH x( ) = —2795Kk]

Total volume of solution is 49.6 mL + 50.1 mL = 99.7 mL (no information is provided about density, so the simplest assumption is to
use 1.00 g) so we have 99.7 g solution. Using the given specific heat capacity the heat absorbed by the solution is,

heat = 99.7 gx4.025J-g'*C ™' x6.40 °C = 2568 T (heat absorbed by the solution)

Now we can calculate the heat absorbed by the calorimeter: 2795 J — 2568 J =227 J absorbed by the calorimeter.
So the heat capacity of the calorimeter is 227 J / 6.40 °C = 35.5 J- °C™"

¢) The reaction of magnesium with an acid is: Mg+2H" — Mg2+ + H,

Total mass is: 99.6 g solution + 0.221 g Mg = 99.821 ¢
Total heat is heat absorbed by solution + heat absorbed by calorimeter:

heat solution = 99.821 gx3.862J-g'°C ' x9.67 °C = 3728 J

heat calorimeter = 35.5J°C™' x9.67 °C = 343 J

Total heat =3728 J + 343 J =4071J

This is heat given off by 0.221 g Mg (using molar mass): 0.221 g Mg x (1 m%4 3] g) = 0.00909 mol Mg

—407117J

g, —— = 4479%10° J-mol™! =-447.9 kJ - mol™
0.00909 mol

Thu

d) The reaction is: MgO + 2H* — Mg?* + H,0
First determine moles reacted: 0.576 g MgO x (1 mol 40.31 g) = 0.0143 mol MgO

Once again, total heat is heat absorbed by solution + heat absorbed by calorimeter: (and solution mass includes MgO)
heat solution = 101.676 gx3.862T-g'°C™'x4.72°C = 1853 J

heat calorimeter = 35.5J°C"'x4.72 °C = 168 J
Total heat = 1853 J + 168 J =2021]

-202117J

us, ———~ =_1.413%x10° J-mol™! =-141.3 kJ - mol™
0.0143 mol

e) Now construct a series of reactions that when summed are the formation reaction for MgO:
Mg2+ + H,0 = MgO +2H"* AH =141.3 kJ - mol™
Mg+2H* —Mg** +H, AH =-447.9 kJ -mol™’

Summed: These reaction yield:
Mg+H,0 — MgO + H, AH =-306.6 kJ - mol ™

Now combine this reaction with the heat of formation for water to yield the desired result:
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Mg+H,0 — MgO + H, AH =-306.6 kJ - mol ™

H,+),0, = H,0 AH = -285.8 kJ - mol ™
Mg+ 50, — MgO AH =-592.4 kJ -mol ™"

3. (13%) Hydrogen sulfide, H,S, is a weak acid that can be used to precipitate metal ions from solution selectively by controlling

the pH.
Acid Ionization Constants, H,S
K, 5.7x107
a. Write equations to represent each of the ionization steps of H,S. K, 1.3x107"
b. Write an equation to represent the overall ionization of H,S to form S*~ and 2H* Ky
and calculate the equilibrium constant for this process. Bi,S; 1.6x10™"
c. For a solution with [H,S] =0.10 M, with [Bi**] = [Mn**] = 1.5 mM and MnS 3.0x107"

[H"] = 10 mM, give the formula for the metal sulfide which precipitates first and calculate the percentage of it that will
remain in solution at equilibrium.

d. The pH of the solution is raised until the other metal sulfide begins to precipitate. Determine the pH of the solution at which
the second metal sulfide begins to precipitate.

a)

H,S <> H' + HS~ K, =57x10"

HS < H*' + §* K,=13x10""
b)

H,S < 2H" + §*~ K=74x10"

¢) Calculate sulfide ion concentration:

+1¥ 2= 2[2-
K= [H ] [S ] = (0‘010) [S ] =7.4x10" 50 [S*]=7.4x107"8
[H,S] (0.1)
Now calculate Q and compare to K for each cation (with sulfide):
Bismuth: K, = [Bi™*’[S* '= 1.6x107"
Q= (1.5x107%*(7.4x107%)* =9.1x107#
Q > K, so there will be a precipitate formed.

Manganese: K, = [Mn**][S*]=3.0x10""
Q=(1.5x107)(7.4x107"%) =1.1x107%°
Q <K, so there will not be a precipitate formed.

Thus — the bismuth is the first metal sulfide to precipitate. Now to calculate what percentage will remain in solution:

, K 1.6x107"
[Bi**] = —L = ( ) =3.95x107" so [Bi*]=6.3x10™"

[SZ*]3 (7.4 10*18)3 )

The percentage can be calculated using the ratio of the amount remaining in solution divided by the original amount:

(6.9x10—”)

r Ix100=42x10"°%
(1.5>< 10‘3)

% =

d) first determine the concentration of sulfide that will result in precipitation:
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) K,  (30x10™") .
[S 7] = [ o =2.0x10" Now plug this value into the equation for K from Part (c):

Mn2+] (1.5x 10‘3)

[sz—] = (2.0 - 10_8) =3.7x107"* and [H+] = 1.92x107 so pH = 6.7

[H+]2= K[H,S] (74x107")(0.10)

4. (10%) A galvanic cell is based on the half-reactions;
Cr*+3¢ - Cr E°=-0.744V
Ni?* + 2¢” = Ni E°=-0236V

Write the balanced equation for the overall cell reaction.

State which electrode increases in mass as the cell operates. Explain your answer.
Calculate E°

Determine the value of AG”® for the cell reaction at 25°C.

Calculate the value of K for the cell reaction at 25°C.

Find the voltage of the cell at 25°C if [Cr**] and [Ni**] are both changed to 0.010 M.

me e T

a) 2Cr + 3Ni** — 2Cr** + 3Ni

b) The nickel electrode increases in mass as the cell operates because Ni?* ions in solution are reduced there (it is the cathode) and
are deposited as Ni(s).

¢) Egyy=Epg +Egy =-0.236 V+0.744 V =0.508 V

d) AG® = —nFE =—(6 mol)(96500 J -mol™" - V™')(0.508 V) = —294000] = —294kJ
AG° =—RTInK

oo nE® 3048/ 51
e) 294100J = —(8314J -mol - K™H(298 K)InK or K =10 /05210 7052 =3 1x10
InK =118.7 and K = 3.62x 10"

2
f) E=E°- &6257111[%] =0.508 V- &6257111(100) V=0.508-0.0197 V=0.488 V
01

5. (12%) Write net equations for each of the combinations of reactants below. Use appropriate ionic and molecular formulas and
omit formulas for all ions or molecules that do not take part in a reaction. Write structural formulas for all organic substances.
You need not balance the equations. All reactions occur in aqueous solution unless otherwise indicated.

Solid ammonium chloride and solid calcium hydroxide are mixed.

Excess carbon dioxide gas is bubbled into a sodium hydroxide solution.

Sodium sulfite is added to a neutral potassium permanganate solution.

Aqueous hydrofluoric acid is placed on a piece of silica.

Chlorobenzene is heated with a mixture of concentrated nitric and sulfuric acids.
Iodine-131 undergoes radioactive decay.

e a0 T

a) NH,Cl + Ca(OH), — CaCl, + NH; + H,0
b) CO, + OH™ — HCO;
¢) SO} + MnO,; — SO + MnO,
d) HF + SiO, — SiF, + H,0
cl
cl
MO

¢) C(H,Cl + H* +NO; — or Uz
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f) 381 — 98+ '3Xe or '3 — He+ ',Sb (for half credit)

6. (12%) The reaction of NO with O, to give NO, is an important step in the commercial production of HNO;.

a. Describe an experiment to measure the rate of this reaction.
b. If the rate equation is found to be Rate = k[NO]*[O,], give the effect on the rate of tripling the concentration of.

i NO ii.O,
c. These two mechanisms have been proposed for this reaction,
I 2NO + 0, ™ 2NO, II 2NO — N,0,

N,0, + 0,—2NO,

i. State and explain which of the two mechanisms is more likely.
ii. State and explain which of the two steps in mechanism II must be the slow step if this mechanism is to be consistent with
the rate law in b.

a) The stoichiometry of the reaction is: 2NO(g) + O,(g) — 2NO,(g) so there is a change in the number of moles of gas as the
reaction goes forward. This reaction can be monitored by measuring the total pressure of the system as a function of time.
Alternatively, the appearance of the red color of NO, can be measured (e.g. with a spectropohotometer.)

b) Because the rate law is Rate = k[NO]*[O,], tripling the concentration of NO will cause the rate to increase by a factor of 9.
Tripling the concentration of O, will cause the rate to increase by a factor of 3.

¢) i. Mechanism is II more likely because mechanism one involves a trimolecular collision. Such a collision is uncommon. By
contrast, IT has a pair of bimolecular reactions which are considerably more likely to occur.

ii. Step 2 must be the slow step because it would have a rate law of Rate=k[N,0O,][O,], but N,0, is an intermediate whose
concentration arises from the first step. With a slow second step, the first step achieves equilibrium, so [N,0,] = K[NO]* and
the overall rate law would be, Rate = k[NO]*[O,].

7. (16%) Account for the following observations,

a. The bond angle in H,O (104.5°) is greater than that of H,S (92°) but less than that in CL,O (110.8°).
b. The bond dissociation energy of Cl, (240 kJ-mol™) is greater than that of F, (154 kJ-mol™) or Br, (190 kJ-mol™).
c. The boiling point of NH; is higher (-33°C) than that of NF; (-129°C) but lower than that of NCl; (71°C).

d. SiF, is tetrahedral while SF, has a see-saw shape and XeF, is square planar.

a) The angle in H-O-H is greater than H-S-H because the bonding pairs in H-S-H are further from the S atom (the atomic orbitals
used in S have electron density that is further from the nucleus) so they can be forced closer together by the lone pair electrons
on the S. The CI-O-Cl bond angle is larger than either of the because the Cl atoms are large which gives rise to steric
interference that forces them apart.

b) The bond in Cl, is stronger than that in F, because the F atoms are sufficiently small that the lone pairs on the F atoms repel one
another weakening the bond. The bond in Br, is weaker than that of Cl, because the obritals in the larger atom (Br) do not
overlap as efficiently.

¢) The boiling point of NH; is higher than that of NF; because NH; molecules can form hydrogen bonds with each other increasing
the attractive forces relative to the dispersion and dipole forces between the NF; molecules. For NCl;, the dispersion forces are
sufficiently large (because of the large, polarizable CI atoms) that they are stronger than the hydrogen bonding in NH;.

d) SiF, is tetrahedral, with four bonding pairs about the central Si atom. SF, has 5 pairs of electrons (4 bonding and 1 lone pair) so it
has a see-saw shape. XeF, has 6 pairs of electrons (4 bonding and 2 lone pairs) so it has a square planar shape.

8.  (10%) There are six different isomers with the formula C,HzO, containing a —CO, group. When added to water two of the six
are substantially more soluble than the other four.

a. Write structural formulas for the two water-soluble compounds and outline how their structures lead to their greater
solubility.

b. State the name of the class of compounds represented by the other four isomers.

c. Draw structural formulas for any three of the four less soluble isomers.

d. Write an equation for the laboratory synthesis of one of these four isomers and name each of the reactants.
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a) The two more soluble forms have —-COOH groups that make them more soluble because that group allows for hydrogen

bonding with water.

HHy
e NI
TG P o

b) The less soluble isomers are esters.

¢) Any 3 of these four structures could be shown.

o HdA
i
S0 N A NS O SO IO 1 Pt
H—ﬂ—ﬁ—ﬂ—c—ﬁ H—G—E—E—E—'IIJ:;—H H—G—G—E—E—E—H " | "
d) An example reaction would be:
; QK
HaC—C-OH + H-O-CCHy —> HGCL-OL—GH +HO
- h oA
ethanal acetic acld
END OF PART II
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ABBREVIATIONS AND SYMBOLS CONSTANTS
amount of substance n | equilibrium constant K | measure of pressure mmHg
ampere A | Faraday constant F | milli- prefix m R=8.314 J-mol-"-K~!
atmosphere atm | formula molar mass M | molal m R =0.0821 L-atm'mol~!-K-!
atomic mass unit u | free energy G | molar M 1 F =96,500 C-mol™!
atomic molar mass A | frequency v | mole mol _ L 11
Avogadro constant Na | gas constant R | Planck’s constant h 1F=965007 Vn molJ
Celsius temperature °C | gram g | pressure P Ny =6.022 x 10 mol
centi- prefix ¢ | heat capacity C, |rate constant k h=6.626 x 1034 Js
coulomb C | hour h | retention factor R; c=2.998 x 108 m-s~!
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 \4
USEFUL EQUATIONS
o RT -AH\ (1 k, E (1 1
p-ro-Xing ok () (L) e ln(_) =_(___)
nk R T k R\T T,
PERIODIC TABLE OF THE ELEMENTS
1 2
H He
1.008 4.003
3 4 5 6 7 8 9 10
Li Be B C N (0] F Ne
6941 | 9.012 1081 | 1201 | 1401 | 1600 | 1900 | 20.18
11 12 13 14 15 16 17 18
Na | Mg Al Si P S Cl Ar
2299 | 2431 2698 | 2809 | 3097 | 32.07 | 3545 | 39.95
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti v Cr | Mn | Fe Co Ni Cu [ Zn | Ga | Ge As Se Br Kr
39.10 | 4008 | 4496 | 47.88 | 5094 | 5200 | 5494 | 5585 | 5893 | 58.69 | 63.55 | 6539 | 69.72 | 7261 | 7492 | 7896 | 79.90 | 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb [ Mo | Tc Ru | Rh Pd Ag | Cd In Sn Sb Te I Xe
8547 | 87.62 | 8891 | 9122 | 9291 | 9594 | (98) | 1011 | 1029 | 1064 | 1079 | 1124 | 1148 | 1187 | 1218 | 1276 | 1269 [ 1313
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba La Hf | Ta W Re Os Ir Pt Au | Hg Tl Pb Bi Po At Rn
1329 [ 1373 | 1389 |[ 1785 | 1810 | 1838 [ 1862 | 1902 | 1922 | 1951 | 1970 | 2006 | 2044 | 2072 | 2090 | 09) | @10) | (222)
87 88 89 || 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 114 116 118
Fr Ra Ac Rf | Db Sg Bh Hs Mt Ds Rg | Uub Uuq Uuh Uuo
223) | @26) | @ || esn | @62 | 263) | @62 | (265 | @66) | @269 | 712 | @m 277 277 277
58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr Nd [ Pm | Sm | Eu | Gd | Tb Dy | Ho Er | Tm | Yb Lu
140.1 | 1409 | 1442 [ 45 | 1504 | 1520 | 1573 | 1589 [ 1625 | 1649 | 1673 | 1689 | 1730 [ 1750
90 91 92 93 94 95 96 97 98 99 | 100 | 101 | 102 | 103
Th Pa U Np Pu | Am | Cm | Bk Cf Es | Fm | Md | No Lr
2320 | 2310 | 2380 | 2370 | @4 | @43 | e | e4n | @5y | @52 | esn | @58 | @59 | @60
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