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1. (11%) An organic acid containing only C, H, and O has the elemental composition by mass:

 Element   % by mass 
  C  40.7 
  H    5.1 

a. Determine the empirical formula of this acid.
b. When 1.26 g of the acid is dissolved in 20.00 g of H2O, the solution freezes at –1.0 ˚C. Determine the apparent molar mass of

the compound to the proper number of significant figures. Suggest an appropriate molecular formula for the compound [Kf =
–1.86 ˚C•m–1].

c. When a 4.00 g portion of the solution in b. is titrated with 0.226 M NaOH, 17.8 mL is required to reach a phenolphthalein
end point. Calculate the number of moles of NaOH used and the apparent molar mass of the compound.

d. Use the results from b. and c. to draw a possible structural formula for this compound.
e. This compound is refluxed with excess ethanol in the presence of an acid catalyst. Write a structural formula for the organic

compound formed.
f. Suppose the reaction in e. does not go to completion. Outline a method to separate the organic product from the unreacted

acid.

2. (11%) Pyridine, C5H5N, is a weak base [Kb = 1.78 × 10–9].
a. Calculate the [OH–] and pH of a 0.240 M solution of pyridine.
b. A 20.0 mL portion of 0.240 M pyridine solution is titrated with 0.120 M HCl.

i. Calculate the pH after 20.0 mL of the HCl solution has been added.
ii. Calculate the pH at the equivalence point.

c. If MgCl2 is added to a 0.240 M solution of pyridine, what is the minimum [Mg2+] at which Mg(OH)2 will precipitate?
[Ksp = 5.6 × 10–12]

d. For a solution with [Mg2+] = 0.10 M and [C5H5N] = 0.240M what must the [C5H5NH+] be to just prevent the precipitation of
Mg(OH)2?

3. (16%) Aluminum is a highly reducing metal.
a. The standard reduction potentials for Al3+(aq) and Fe3+(aq) are

Al3+ (aq)  +  3 e–  →  Al (s) E°red = –1.66 V 
Fe3+ (aq)  +  3 e–  →  Fe (s) E°red = –0.04 V 

  and the standard S˚ values for these species are 

species S°(J/mol K)
Al (s) 28 
Fe (s) 27 
Al 3+ (aq) –293.3
Fe 3+ (aq) –313.8

i. Calculate ∆G˚ for the reduction of Fe3+(aq) by Al at 25 ˚C.
ii.  Calculate ∆S˚ for the reduction of Fe3+(aq) by Al.
iii. Calculate ∆H˚ for the reduction of Fe3+(aq) by Al at 25 ˚C.

b. i.   Construct a Born-Haber cycle for the formation of Al2O3 from its elements, showing each step in the process  
4 Al(s) + 3 O2 (g) → 2 Al2O3(s) 

ii. Use the data below to calculate the lattice enthalpy of Al2O3(s) in kJ/mol.

Aluminum IE1  577.6 kJ/mol IE2  1816.7 kJ/mol IE3  2744.8 kJ/mol 
ΔHsub°(Al)     330.0 kJ/mol 
ΔH°f(Al2O3) –1675.7 kJ/mol

Oxygen EA1  141.0 kJ/mol     
NOTE: A positive EA is 
exothermic. 

EA2  –1779.6 kJ/mol 

  BDE (O2)     493.6 kJ/mol 
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4. (12%) Consider the concentration cell consisting of two Cu2+(aq)|Cu(s) half-cells with different molarities. The [Cu2+] in the two
half-cells are 2.0 M and 2.5 × 10–2 M, respectively.   [Cu2+(aq) + 2e– →  Cu(s) E˚ = 0.34 V]
a. State the E˚ value for the concentration cell and explain why it has this value.
b. Calculate the cell potential, E, for the cell with the two concentrations given.
c. Identify the anode of this cell and explain your reasoning.
d. For each half-cell, predict whether the [Cu2+] will increase or decrease as the cell operates.
e. For the half reaction V3+(aq) + e– → V2+(aq), E˚ = –0.26 V.

i. Write a balanced equation for the reaction in a standard voltaic cell made with the V3+(aq)/V2+(aq) and Cu2+(aq)/Cu(s) half-
cells and calculate the E˚ value for this cell. 

ii. Identify the Cu2+(aq)| Cu(s) half-cell (2.0 M or 2.5 × 10–2 M) that would yield the greater E value in combination with the
 V3+(aq)/V2+(aq) half-cell. Explain. 
iii. Write an expression that could be used to calculate the E value for specific [Cu2+], [V2+], and [V3+].

5. (12%) Write net equations for each of the reactions 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.
a. Sodium peroxide is added to water.
b. Barium carbonate is treated with sulfuric acid.
c. Lithium metal is heated in nitrogen gas.
d. Concentrated hydrochloric acid is added to aqueous sodium hypochlorite.
e. 2-methyl-2-propanol is mixed with cold hydrobromic acid.
f. Uranium-238 emits an alpha particle followed by a beta particle.

6. (12%) Account for the following observations about the elements in Group 14 (C - Pb) and their compounds in terms of bonding
principles.
a. Carbon (in the form of diamond) and silicon have the same tetrahedral structure but very pure silicon is a semiconductor while

diamond is an electrical insulator.
b. Carbon and silicon both form tetrachlorides, but while CCl4 does not react with H2O at 25 ˚C, SiCl4 reacts violently with H2O at

25 ˚C.
c. Carbon forms compounds containing chains of carbon atoms but the tendency of the elements in the family to bond to one

another in this fashion decreases with increasing atomic number.
d. Germanium, tin, and lead form stable chlorides in which they exhibit oxidation states of +2 and +4 but the +4 state decreases in

stability relative to the +2 state with increasing atomic number.

7. (12%)  Account for each of the following results of chemical kinetics experiments.
a. When solid Pb(NO3)2 and solid KI are shaken together the mixture slowly turns yellow as PbI2 is formed, but when aqueous

solutions of the two reactants are combined a yellow precipitate of PbI2 forms immediately.
b. For most chemical reactions the initial reaction rate is faster than the rates at later times.
c. 1 M solutions of compounds A and B decompose at identical initial rates at 25 ˚C. At 15 ˚C a 1 M solution of compound B

shows a higher initial decomposition rate than a 1 M solution of compound A at that temperature.
d. The rate equation for the reaction: 2 NO2 + F2 → 2 NO2F does not include a second order dependence on NO2.

8. (14%) Explain the following observations about aromatic compounds.
a. Benzene, C6H6, does not undergo addition reactions as alkenes do despite being highly unsaturated.
b. Benzene is converted to bromobenzene on reaction with bromine. This reaction requires a Lewis acid catalyst.
c. In the presence of a Lewis acid catalyst methylbenzene reacts faster with bromine than benzene does whereas nitrobenzene

reacts more slowly.
d. There are three possible isomers of dibromobenzene, C6H4Br2, of which two are the major products formed when bromobenzene

is reacted with Br2 in the presence of a Lewis acid catalyst. Draw and name each of the three possible isomers, identify the two
major products and account for this behavior.



× 2 = 2 →C21. a. C 40.7 ÷ 12.011 =  3.39 ÷ 3.39 =1                     

× 2 =  3 →H3 H 5.1 ÷ 1.008 =  5.06 ÷ 3.39 =1.5 

× 2 =  2 →O2 O 54.2 ÷ 16.00 =3.39 ÷ 3.39 =  1   

 Empirical Formula: C2H3O2

b. ∆T =km –1.93 =–1.86m m =1.04 

4 6 4

1.20g/mm 1.20/mm 1.20 116
m=  1.04=  M= =116 =2 C H O

kg 0.0100 0.0104 59

Molecular Formula: C4H6O4 

c. (4.00g ÷ 21.26) × (1.26) =0.237g compound
(0.226mol/L) × (0.0178L) =0.00402 mol NaOH

(0.237g ÷ 0.00402mol) =58.9/mol (× 2 =117.8/mol ∴ 2 COOH/mol) 

d. Structural Formula:  HOOC CH2 CH2 COOH

e. Structural Formula

f. Aqueous solution of NaOH is added to mixture. Acid is converted to salt. Organic
solvent (eg. C6H14 or C2H2Cl2) is added to extract product while salt remains in H2O 
phase.  

2 a. 

[ ]

2
+ - -

-9 - -5

b

pyH OH OH
=  1.78 10 = OH =2.07 10  pOH=4.68 

py 0.240

 pH=9.32

K

            × × 
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b. (i).

 

[ ]

+ -

- - -9

b b

(0.240M pyridine) (0.0200L)=0.0048mol pyridine

(0.120M HCl) (0.0200L)=0.0024mol HCl

pyH OH
=  K = OH    OH =1.78 10  pOH=8.75   pH=5.25

py
K

×

×

           ×   

(ii) Equivalence point 
(20.00mL pyridine)(0.240M) + (40.00mL) (0.120M HCl) 
0.0800M pyH+ 

[ ]
2

+ +-14
-6 + -4w

a -9 +
b

H  py HK 1.0 10
K = = =   5.62 10 = H =6.70 10 , pH=3.17

K 1.78 10 0.080pyH

   ×      × × ×   
c. 

2
2+ - - -5

sp

-12
2+ -2

-5 2

K = Mg OH    OH =2.07 10

5.6 10
Mg = =1.3 10

(2.07 10 )

      ×     

×
  ×  ×

d. 

 

-12
2+ - -6

+ -6

-9

+ -5

5.6 10
Mg =0.10 OH = =7.48 10

0.10

pyH 7.48 10
1.78 10 =

0.240

pyH =5.71 10

×
    ×   

   ×   ×

  × 

3. a. (i). 0 0 0

red oxE =E E− E0 =0.04V− (-1.66V)   E0 =1.62V 

∆G0 = -nFE0 ∆G0 = -3×(96500J/mol V)×1.62V  ∆G0 = -468990J 

(ii). 3+ 3+

0 0 0 0 0

Fe AlAl Fe
∆S =S +S S +S −  
∆S0 = -293.3 + 27 – [28-313.8]
∆S0 = -266.3− [-285.8] 
∆S0 =19.5J/K 

(iii). ∆G0 =∆H0−T∆S0 
∆H0 = -468990J + 298×(19.5J/K) 
∆H0 = -463.2kJ 

b. (i).
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 4Al3+

4IE
3

 4Al2+

IE
2  6O2-

 4Al+  6EA
2  LE

4IE
1  6O-

 4Al 6EA
1 

 6O 
∆H

sub
3BDE 

4Al + 3O2
∆H

f 

 2Al2O3

 (ii). 2 ∆Hf =4 ∆Hsub + 4(IE1+IE2+IE3) + 3BDE − 6(EA1+EA2) − LE 
2(-1675.7kJ) =4(330.0) + 4(5139.1) + 3(493.6) − 6(141) + 6(1779.6) –LE 
-3351.4 =1320 + 20556.4 + 1480.8 – 846 + 10677.6 – 2LE 
LE =3351.4 + 1320 + 20556.4 + 1480.8 + 9831.6 
=36540.2kJ × 2mol 
=18270kJ/mol 

4. a. E0 is 0 because the 2 half-cells have the same material. 
b. 

 ( )
2+

-2
0 d

2+

c

CuRT 0.0257 2.5 10 -0.0257
E = E ln  E=0 ln  E= -4.38 =0.056V

nF 2 2.0 2Cu

  × − − ×
  

 

c. The anode is the half-cell with [Cu2+] =2.5×10-2. Oxidation occurs more readily in
this half-cell because the [Cu2+] is lower. 

d. [Cu2+] will increase in the half-cell with [Cu2+]init =  2.5×10-2M and decrease in half- 
     cell with [Cu2+] =2.0M 

e. (i). 2V2+ + Cu2+→ 2V3+ + Cu E0 =0.034V−(-0.26V) E0 =0.60V 
(ii). Because Cu2+ is undergoing reduction in this cell (and Cu2+ is a reactant) the

higher [Cu2+](2.0M) will give the greater E value.

(iii). 

2
3+

0

2
2+ 2+

V0.0257
E = E ln

2 V Cu

  −
      

5. a. Na2O2 + H2O →2Na+ + O2H
- + OH-

b. BaCO3 + 2H+ + SO4
2- → BaSO4 + H2O + CO2

c. 6Li + N2 → 2Li3N

d. OCl- + 2H+ + Cl- → Cl2 + H2O

e. H3CCOH(CH3)2 + H+ + Br- → H3CCBr(CH3)2 + H2O

f. 238 4 234 234 0

92 2 90 91 -1U  He + Th Pa + β→ →

6.  a. Electrons are held in covalent bonds between C atoms in diamond. Electrons in Si 
(with a lower IE) can be excited to move through lattice. Valence band (fully 
occupied) and conduction band (empty) are widely separated in energy. In Si the 



energy gap between the occupied valence band and the empty conduction band is 
small enough that some electrons are excited at room temperature.  

b. The carbon atom in CCl4 is protected from H2O attack by the Cl atoms. C has no
orbitals available to bond with H2O. Si is larger, allowing H2O access and has d 
orbitals available to bond with H2O molecule in addition to having a more polar bond 
(Si-Cl vs. C-Cl) 

c. C-C bonds are very strong because of the substantial overlap of the orbitals. Bond
strength decreases down the family because the larger orbitals do not overlap as 
efficiently leading to weaker bonds.  

d. +2 and +4 oxidation states result from the involvement of electrons from p or s+p
orbitals, respectively. Electrons in s orbitals become less available for bonding as  
atoms become larger due to penetration of s orbitals and their greater attraction to 
higher charged nuclei. 

7.  a. Lead and iodide ions in the two solids react when they come into contact with one 
another, which occurs only infrequently so the reaction is slow. When dissolved in 
H2O the ions are free to move and react quickly when the solutions are mixed. 

b. Reaction rates are typically proportional to the concentration of reactant. Because
[Reactant] decreases as the reaction proceeds the rate will decrease also. 

c. Decomposition of A and B has different activation energies which leads to
different variations with temperature. The two rate vs. temperature lines cross at  
25°C giving the same rates. Since B has a higher rate at 15°C its Ea must be lower 
than that for compound A. 

d. The ratio of atoms in the stoichiometric equation often has little to do with the
order in the rate equation. The mechanism apparently has at least one NO2 that 
participates in the reaction after the rate determining step.  

8.  a. The π  electrons in C6H6 are delocalized so that sites do not exist where addition 
could occur. 

b. C6H6 can undergo substitution reactions by an electrophilic mechanism.
Interaction of Br2 with a Lewis acid catalyst (such as FeBr3) produces FeBr4

- and Br+.
The Br+ can attack the electron-rich C6H6  ring, leading to substitution.

c. A CH3
 group contributes electron density to a C6H6 ring relative to a H atom.

Higher electron density in ring leads to faster substitution. A NO2 group withdraws 
electron density from a C6H6 ring (relative to H) producing a slower reaction. 

d. Br is an ortho-para director increasing electron density more at those positions so
substitution occurs there preferentially. 
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