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 ABBREVIATIONS AND SYMBOLS  CONSTANTS 

amount of substance n 

ampere A 

atmosphere atm 

atomic mass unit u 

Avogadro constant NA 

Celsius temperature °C 

centi– prefix c 

coulomb C 

density d 

electromotive force E 

energy of activation Ea 

enthalpy H 

entropy      S  

equilibrium constant   K 

Faraday constant F 

free energy G 

frequency  

gas constant R 

gram g 

hour h 

joule J 

kelvin K 

kilo– prefix k 

liter L 

measure of pressure mm Hg 

milli– prefix m 

molal m 

molar M 

molar mass M 

mole mol 

Planck’s constant h 

pressure P 

rate constant k 

reaction quotient Q 

second s 

speed of light c 

temperature, K T 

time t 

vapor pressure                 VP 

volt V 

volume V 

 

 
R = 8.314 J mol–1 

K–1
 

R = 0.08314 L bar mol–1 
K–1

 

F = 96,500 C mol–1
 

F = 96,500 J V–1 mol–1
 

NA = 6.022  1023 mol–1
 

h = 6.626  10–34 J s 

c = 2.998  108 m s–1 

0 °C = 273.15 K 

1 atm = 1.013 bar = 760 mm Hg 

Specific heat capacity of H2O = 

4.184 J g–1 
K–1
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1. [13%] An unknown monoprotic acid contains only the elements C, H, and O.
a. Combustion analysis indicates that the unknown acid contains 40.0% C and 6.7% H by mass.  What is its empirical formula?
b. A 1.000 g sample of the compound is dissolved in 50 mL water and titrated with 0.3000 M NaOH to a phenolphthalein

endpoint, which is observed after the addition of 37.00 mL of base.  What is the molar mass of the acid and what is its
molecular formula?

c. The pH of the titration mixture is measured to be 3.43 after the addition of 10.00 mL of the NaOH solution.  What is the pKa
of the unknown acid?

d. A different monoprotic acid with the same molar mass is titrated under the same conditions and the pH of the solution is
measured after the addition of 40.00 mL NaOH solution.  Explain why this measurement will not be informative about the pKa
of this acid, and estimate the pH at this point in the titration.

e. An aqueous solution of the unknown acid was found to rotate the plane of polarization of plane-polarized light (at the sodium
D line).  Suggest a reasonable structure for the unknown acid.

2. [12%]  Potassium iodate (KIO3, M = 214.0) dissolves to a limited extent in water:

KIO3(s)  K+(aq) + IO3
–(aq) 

To 100.67 g water in a well-insulated container were added small portions of solid KIO3.  After each addition, the mixture was 
stirred extensively until the temperature stabilized.  The temperatures, measured as a function of the added mass of KIO3, are 
shown as solid dots below.  A best-fit line through the data points below 6 g KIO3 added is given for your convenience.  (You 
may assume that the specific heat capacity and density of the solution are the same as that of pure water at all times during the 
experiment and may neglect the heat capacity of the insulated container.) 

a. Calculate Ksp for KIO3 (that is, Keq for the dissolution reaction given above).
b. Calculate ∆Hº for the dissolution reaction of KIO3.
c. Calculate ∆Sº for the dissolution reaction of KIO3.
d. One might expect dissolution reactions of ionic solids to invariably take place with large positive ∆Sº values, since an ordered

solid is forming mobile ions in solution.  In fact, ∆Sº values for such reactions are often small in magnitude and are frequently
negative.  Explain why.
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3. [12%] The amount of chloride in an unknown sample can be determined by potentiometric titration, which uses an
electrochemical cell shown schematically below:

a. During the titration, when some of the 0.200 M AgNO3 solution has been added to the analyte, which half-cell (A or B)
contains the anode of the electrochemical cell?  Explain your reasoning.

A saline solution, consisting of NaCl dissolved in 5% dextrose solution, is analyzed using this technique. 100.0 g of
the saline solution is placed in half-cell B and the voltage from the voltmeter is recorded as a function of the volume of added
0.200 M AgNO3:

b. Calculate the mass percentage of NaCl in the saline solution.
c. Calculate the concentration of free silver ion in half-cell B when 10.00 mL of titrant has been added.
d. Calculate the Ksp of AgCl(s).
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4. [12%] The air oxidation of an organoiridium compound (C9H11)3Ir takes place according to the following equation:

(C9H11)3Ir + 0.5 O2 → (C9H11)3IrO 

The reaction was studied with the initial [(C9H11)3Ir] = 1.3 × 10–4 M under two different O2 concentrations (run 1, [O2] = 1.0 × 10–2 M; 
run 2, [O2] = 2.0 × 10–3 M).  The concentration of (C9H11)3Ir was measured as a function of time; below are plotted [(C9H11)3Ir], 
ln([(C9H11)3Ir]), and 1/[(C9H11)3Ir] vs. time. 
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a. Is the order of the reaction in (C9H11)3Ir 0, 1, or 2?  Justify your answer.  (Even if the data are not exactly consistent with an
integer order, pick the closest integer order.)

b. Is the order of the reaction in O2 0, 1, or 2?  Justify your answer.  (Even if the data are not exactly consistent with an integer
order, pick the closest integer order.)

c. Calculate the rate constant for the reaction.
d. The following mechanism has been proposed.  Is the mechanism consistent with the observed rate law?  Explain your

reasoning.

(C9H11)3Ir + O2

k1
k–1

 (C9H11)3Ir(O2)

(C9H11)3Ir(O2) + (C9H11)3Ir 
k2

 2 (C9H11)3IrO 
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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. A solution of acetic acid (ethanoic acid) is added to solid cadmium hydroxide.
b. Phosphorus tribromide and water are mixed.
c. Hydrogen sulfide gas is passed into a solution of nickel(II) perchlorate.
d. A mixture of manganese(IV) oxide and concentrated hydrochloric acid is heated.
e. Calcium carbonate is added to aqueous hydrofluoric acid.
f. A mixture of benzene with concentrated nitric and sulfuric acids is carefully heated.

6. [14%] The binary compounds of lithium LiX (X = H, F, Cl, Br, and I) all crystallize in the cubic lattice known as the rock salt or
NaCl lattice.  One unit cell of this structure (small circles = Li, large circles = X) is shown below.  The length of the edge of the
unit cell is abbreviated a.

a

a. Calculate the density of LiCl, a = 513.6 pm.
b. Carbon-hydrogen bonds are invariably shorter than carbon-fluorine bonds (e.g., 108.7 pm in CH4 vs. 132.3 pm in CF4).

However, the Li–H distances in LiH are actually slightly longer than the Li–F distances in LiF.  Explain why.
c. The a values of the lithium halides increase monotonically but not steadily with increasing period:  The increase from fluoride

to chloride is the largest, with the increase from chloride to bromide the smallest and the increase from bromide to iodide
intermediate in size.  Explain this pattern.  What would you predict about the magnitude of the increase in a from LiI to LiAt?

d. The melting points of the lithium halides (filled circles) and of lithium hydride (open square) are graphed as a function of the
unit cell edge length a below.  Explain the correlation observed among the lithium halides between a value and melting point.
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e. The melting point of lithium hydride deviates from the value expected based on the correlation shown by the lithium halides.
Explain this deviation.

Compound a, pm 

LiH 408.3 

LiF 403.5 

LiCl 513.6 

LiBr 548.9 

LiI 601.9 
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7. [12%] Nitrogen forms a wide variety of binary oxides.
a. What is the bond order in nitric oxide, NO?  Explain your answer.
b. NO has one unpaired electron; is it principally located on nitrogen or on oxygen?  Justify your answer.
c. The ionization energy of atomic N(g) is 1400 kJ mol–1.  Is the ionization energy of NO(g) greater than or less than 1400 kJ

mol–1?  Justify your answer.
d. The molecule N2O3 has been observed in two structurally isomeric forms.  Draw Lewis structures of these two isomers.

8. [13%] Amides are an important class of compounds that can be formed from carboxylic acids and amines.
a. Account for the following two experimental observations on the basis of structure and bonding.

i. Acetic acid, CH3COOH, is a stronger acid than ethanol, CH3CH2OH.
ii. Dimethylamine, (CH3)2NH, is a stronger base than diphenylamine, (C6H5)2NH.

b. When dimethylamine and acetic acid are mixed, they form a solid compound A, which upon strong heating loses water and
forms the amide N,N-dimethylacetamide (B).  What is the structure of the intermediate A?

(CH3)2NH + CH3COOH A
∆

– H2O CH3CON(CH3)2
B

c. Experimental measurements such as those using nuclear magnetic resonance (NMR) spectroscopy indicate that all three CH3
groups in N,N-dimethylacetamide are in distinct chemical environments, with exchange between any of these environments
being very slow at room temperature.  Explain this observation.

d. Strong bases deprotonate N,N-dimethylacetamide to give an anion, C4H8NO–, while strong acids protonate N,N-
dimethylacetamide to give a cation, C4H10NO+.  Draw Lewis structures of the conjugate base and conjugate acid of N,N-
dimethylacetamide, including formal charges and all major resonance structures if relevant.
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1. a. 1.000 g of the acid would contain 0.400 g C, 0.067 g H, and (by difference) 0.533 g O. 

0.400 g C/(12.01 g mol-1) = 0.0333 mol C 

0.067 g H/(1.008 g mol-1) = 0.0665 mol H 

0.533 g O/(16.00 g mol-1) = 0.0333 mol O 

  So the empirical formula is CH2O. 

 

b. 0.03700 L titrant  0.3000 mol L-1 = 0.01110 mol NaOH = 0.01110 mol unknown 

 1.000 g unknown/0.01110 mol unknown = 90.09 g mol-1 

  Since the formula mass of CH2O is 30.03 g mol-1, there must be three formula 

units per molecule; the molecular formula is thus C3H6O3. 

 

c. After 10.00 mL base have been added 10.0/37.0 of the acid has been deprotonated, while 

27.0/37.0 remains protonated.  Using the Henderson-Hasselbalch equation: 

pH = pKa + log10([X
–]/[HX]) 

3.43 = pKa + log10(10/27) 

pKa = 3.86 

 

d. Since this acid is also monoprotic and has the same molar mass, the endpoint will also be 

at 37.00 mL added base.  Thus, at 40.00 mL added NaOH, essentially all the original acid 

will have been deprotonated, and the pH will be determined by the amount of excess 

NaOH added. 

 Specifically, 3.00 mL excess base will have been added 

0.00300 L  0.3000 mol L-1 = 9.00  10-4 mol excess OH– 

Total volume = 50 mL original + 40 mL added = 90 mL 

[OH–] = 9.00  10-4 mol/0.090 L = 1.0  10-2 M 

pH = 14.0 + log10[OH–] = 12.0 

 

e. Since a solution of the unknown acid rotates plane-polarized light, the acid must be 

chiral.  An organic acid with a pKa = 3.86 and a formula of C3H6O3 must contain a 

carboxylic acid, –COOH.  The only chiral carboxylic acid with this formula is lactic acid, 

CH3CH(OH)COOH, though of course one cannot determine which enantiomer is present 

from the given data. 

 
  



2. a. The KIO3 stops dissolving when the temperature stops changing, i.e. at the intersection of 

the solid and dashed lines.  The position of this intersection can be found by reading the 

graph, or by setting the equations of the two lines equal to one another: 

19.76 – 0.600x = 15.75 

x = 6.68 g KIO3 to make a saturated solution 

6.68 g KIO3/(214.0 g mol-1) = 0.0312 mol KIO3 

[K+] = [IO3
–] = 0.0312 mol/(0.10067 L + 0.00668 L) = 0.291 M 

 In the saturated solution, the dissolution reaction is at equilibrium: 

Keq = Ksp of KIO3 = [K+][IO3
–] = [0.291]2 = 0.0846 

 

b. qsolution = mCp∆T = (107.39 g solution)(4.184 J g-1 ºC-1)(15.75 ºC – 19.76 ºC) 

qsolution = –1.80 kJ 

∆Hºrxn = qrxn/(mol reacted) = –qsolution/(0.0312 mol) = +57.8 kJ mol-1 

 

c. The temperature is not strictly constant in the experiment, but it is reasonable to use the 

average temperature of the experiment, 18 ºC = 291 K. 

∆Gº = –RTln(Keq) = –(8.314 J mol-1 K-1)(291 K)ln(0.0846) 

∆Gº291 K = 5.98 kJ mol-1 

∆Gº = ∆Hº – T∆Sº 

5980 J mol-1 = 57800 J mol-1 – (291 K)(∆Sº) 

∆Sº = +178 J mol-1 K-1 

 

d. The increase in entropy on dissolving the highly constrained solid is counterbalanced by 

the decrease in degrees of freedom of the solvent.  Ions in aqueous solution are 

surrounded by a solvent shell of water molecules that are strongly oriented by the charges 

on the ions and so have much smaller entropies than bulk water.  This contributes a 

negative term to the overall change in entropy of the dissolution reaction.  (In the case of 

KIO3, the relatively large size and small charges on the ions means that this negative term 

is modest in magnitude; the overall entropy change of this dissolution is indeed rather 

positive.) 

 

 

3. a. The concentration of Ag+ ion will always be smaller in half-cell B than it is in half-cell A 

(it cannot exceed 0.2 M!).  Oxidation of the Ag electrode will take place in the half-cell 

with lower Ag+ concentration, so the anode is in half-cell B. 

 

b. The endpoint of the titration takes place at 18.8 mL added AgNO3, so  

mol Cl– = (0.0188 L)(0.200 mol L-1) = 3.76  10-3 mol 

(3.76  10-3 mol NaCl)(58.44 g mol-1) = 0.220 g NaCl 

(0.220 g NaCl)/(100.0 g saline)  100% = 0.22% saline solution 

 

c. At 10.00 mL added titrant, the absolute value of the cell potential is 0.470 V.  From the 

Nernst equation: 

E = Eº – (0.0591/n)log([Ag+]sample/[Ag+]ref) 

0.470 V = 0 V – 0.0591•log([Ag+]sample/[1]) 

[Ag+] = 1.12  10-8 M 



 

d. At the point where 10.00 mL AgNO3 has been added, essentially all the added silver ion 

(0.01000 L  0.200 mol L-1 = 2.00  10-3 mol) has reacted to form AgCl(s) (since, 

according to part c, only about 10-9 mol Ag+ is still present in solution).  Thus the 

remaining chloride ion concentration is 

[Cl–] = (3.76  10-3 mol – 2.00  10-3 mol)/(0.100 L + 0.010 L) = 0.016 M 

 Since at this point there is some solid AgCl present, then 

Ksp = [Ag+][Cl–] = [1.12  10-8][0.016] = 1.8  10-10 

  Of course, there is nothing special about the 10.0-mL point in the titration; any 

point where the [Ag+] can be determined (from the cell potential) and the [Cl–] can be 

determined (from the un-precipitated amount) will work.  But 10.0 mL is convenient 

since we already figured out [Ag+] in part c. 

 

 

4. a. In each run, [O2] >> [(C9H11)3Ir], so [O2] is effectively constant during each run.  So the 

order in Ir can be determined by seeing whether the [Ir] changes linearly with time 

(zeroth-order), whether ln([Ir]) changes linearly with time (first-order), or whether 1/[Ir] 

changes linearly with time (second-order).  Clearly it is only the last of these that is true; 

the reaction must be second-order in (C9H11)3Ir. 

 

b. Since rate = k[O2]
n[(C9H11)3Ir]

2, we can see how the slope of the second-order plots 

(which are equal to k[O2]
n) change with [O2].  The slope of run 1 ([O2] = 1.0  10-2 M) is 

280 M-1s-1, while the slope for run 2 ([O2] = 2.0  10-3 M) is 31 M-1s-1.  A decrease of 

[O2] by a factor of 5 results in a 9-fold decrease in rate.  This is not particularly close to 

either n = 1 (should be a 5-fold decrease) or n = 2 (should be a 25-fold decrease), but it is 

closer to n = 1.  (Numerically, n = log(9)/log(5) = 1.37; as directed by the instructions, 

this should be considered as the closest integer, n = 1.) 

 

c. If we use the data from run 1, k[O2] = k[1.0  10-2 M] = 280 M-1s-1.  So k for this overall 

third-order reaction is 2.8  104 M-2s-1.  (Using run 2 gives k = 1.6  104 M-2s-1.) 

 

d. If step 1 is rate-determining, then Rate = k[O2][(C9H11)3Ir], which gives the wrong order 

in iridium.  If step 2 is rate-determining, then Rate = k[(C9H11)3Ir]
2[O2], which is 

consistent with the experimental data.  So this mechanism is consistent with the data if 

the second step is rate-limiting (i.e., k2[(C9H11)3Ir] << k-1). 

 

 

5. a. CH3COOH(aq) + Cd(OH)2(s)  Cd2+(aq) + CH3COO–(aq) + H2O(l) 

b. PBr3(l) + H2O(l)  H3PO3(aq) + H3O
+(aq) + Br–(aq) 

c. Ni2+(aq) + H2S(aq)  NiS(s) + H+(aq) 

d. MnO2(s) + HCl(aq)  Mn2+(aq) + Cl2(g) + H2O(l) 

e. CaCO3(s) + HF(aq)  CaF2(s) + CO2(g) + H2O(l) 



f.

   

 

 

6. a. Volume of one unit cell = a3 = (513.6 pm)3 = (513.6  10-10 cm)3 = 1.355  10-22 cm3 

 Mass of one unit cell = 4 LiCl = 4(42.39 g mol-1)/(6.022  1023 mol-1) = 2.816  10-22 g 

 Density = (2.816  10-22 g)/(1.355  10-22 cm3) = 2.078 g cm-3 

 

b. A neutral hydrogen atom is somewhat smaller than a neutral fluorine atom (hence the 

smaller C–H bond compared to a C–F bond).  However, Zeff for F is much greater than 

for H, so addition of an electron to form H– causes a much greater increase in size than 

addition of an electron to F to form F–.  LiH and LiF are both largely ionic, with H– and 

F– anions, respectively.  The H– ion is thus slightly larger in size than the F– ion. 

 

c. As the principal quantum number n increases, the size of an atom or ion increases, though 

the effect generally diminishes in magnitude as n increases.  The outlier in this general 

trend in the lithium halides is thus the LiCl vs. LiBr (n = 3 to n = 4), where the increase is 

smaller than expected.  This is due to the inclusion for the first time of the d block 

elements (Z = 21 to Z = 30).  The addition of these ten extra protons, which are not 

completely shielded by the ten extra electrons, causes the 4p elements to be anomalously 

contracted. 

 This effect is also expected with the astatide ion At–, due to the intervention of the 4f 

elements (the “lanthanide contraction”).  So the increase in size from LiI to LiAt is 

expected to be rather small, similar to or even smaller than the increase in size from LiCl 

to LiBr.  While data are not available for astatides, this trend is seen in structures of 

polonides. 

 

d. In these ionic crystals, the interionic attractions are proportional to 1/r, where r is the 

separation between ions.  So as a is smaller, the cohesive forces are stronger, which leads 

to higher melting points. 

 

e. H is much less electronegative than F, so LiH is much less ionic than LiF.  Since the 

cohesive energies are proportional to q1q2/r, and the charges on Li and H in LiH are 

smaller than those on Li and F in LiF, LiH has a lower melting point. 

 

 

 

 

 

 

 

 



7. a. The valence molecular orbital configuration for NO is 2s
2*2s

2π2p
42p

2π*2p
1; the bond 

order is thus ½(8 – 3) = 2.5.  (One could also interpolate between NO+, with a triple 

bond, and NO–, with a double bond, to get a bond order of NO of 2.5.) 

 

b. The π* orbital in NO is made up of an antibonding combination of N 2p and O 2p 

orbitals.  It is composed predominantly of the atomic orbital to which it is closer in 

energy.  Since it is higher in energy than either atomic orbital, then the higher-lying N 2p 

orbital makes a greater contribution to it. 

 

c. Since the π* orbital is higher in energy than the N 2p atomic orbital, an electron in it will 

be more easily ionized than an electron in a N 2p orbital.  (Since both orbitals are singly 

occupied, the electron-electron repulsion terms should be similar.)  The experimental 

ionization energy of NO, 9.26 eV, is indeed smaller than that of N. 

 

d.

  

 

 

 

8. a. i.  The conjugate base of acetic acid is strongly stabilized by resonance, while the 

conjugate base of ethanol is not.  Since the conjugate base is stabilized, this makes it 

easier to remove H+ from acetic acid.  (The inductive effect of the C=O group is also 

significant.) 

 
 ii.  Diphenylamine is stabilized by resonance delocalization of the nitrogen lone pair into 

the benzene rings.  Since this delocalization is lost when the nitrogen is protonated, it is 

more difficult to protonate diphenylamine, so it is a weaker base. 

 

 

 



b. A is the ionic compound dimethylammonium acetate, [(CH3)2NH2][CH3COO]. 

 

c. N,N-dimethylacetamide is a flat molecule (all the nonhydrogen atoms are in the same 

plane).  This is because both the carbonyl carbon and the nitrogen atom are sp2 

hybridized, with their unhybridized p orbitals parallel to each other in order to allow for π 

overlap that is required in the minor resonance structure of the amide.  If the molecule 

twists out of planarity, this overlap, and hence the resonance stabilization, is lost, which 

costs a significant amount of energy.  In the flat structure, the two CH3 groups on N are in 

different environments—one is cis to the oxygen and one is trans to it. 

 

 

 

 

 

 

 

 

 

d. Conjugate base: 

 

 

 

         Conjugate acid: 
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