CHEMISTRY
Section I

Time—1 hour and 30 minutes
50 Questions

CALCULATORS ARE NOT ALLOWED FOR SECTION I.

Note: For all questions, assume that the temperature is 298 K, the pressure is 1.0 atm, and solutions are aqueous
unless otherwise specified.

Directions: Each of the questions or incomplete statements below is followed by four suggested answers or
completions. Select the one that is best in each case and then fill in the corresponding circle on the answer sheet.

1. Which of the following particle diagrams best Samol Mass of Mass of
represents the products when four molecules of amplie Carbon Hydrogen
H,0,(l) decompose into water and oxygen gas at

20,(D) p ygen g A 60. 2 12g
room temperature?
B 72 g 12 ¢
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e 2. The masses of carbon and hydrogen in samples
of four pure hydrocarbons are given above. The
hydrocarbon in which sample has the same

‘ (00) empirical formula as propene, C;Hg ?

(A) Sample A
(B) (B) Sample B
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Substance X Y Z
Melting Point (°C) 1600 650 1418
Electrical Conductivity .
in Solid Phase None High | None
Electrical Conductivity . .
in Liquid Phase None High | High

3. Three substances were studied in the laboratory, and the data in the table above were collected. Based on the

data, which of the following shows the type of bonding in each substance?

Substance X
(A) Network covalent
(B) Ionic

(C) Molecular
(D) Network covalent

Unauthorized copying or reuse of
any part of this page is illegal.

Substance Y
ITonic

Molecular
Network covalent
Metallic

Substance Z
Metallic

Network covalent

Metallic
Tonic
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Compound Name Structural Formula Molar Mass (g/mol)
H H H :0:
ol
Butanal H—C—C—C—C—H 72.10
Ao
H H H H H
Pentane H—le—(lf—C]I—(L—Cl—H 72.15
howom oo
H H :0:
Propanoic acid H—(|Z—(|:—g—0—l—l 74.08
b

4. Based on the information in the table above, which of the compounds has the highest boiling point, and why?

(A) Butanal, because it can form intermolecular hydrogen bonds
(B) Pentane, because it has the longest carbon chain
(C) Pentane, because it has the most C—H bonds

(D) Propanoic acid, because it can form intermolecular hydrogen bonds
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5. A 1.0 L sample of a pure gas is found to have a

lower pressure than that predicted by the ideal gas
law. The best explanation for the observation is
that the molecules of the gas

(A) have a combined volume that is too large to
be considered negligible when compared to
the volume of the container

(B) have a low molecular mass and therefore do
not strike the container walls with as much
force as expected

(C) are attracted to each other and do not exert as
much force on the container walls as they
would if they had no mutual attractions

(D) are attracted to the sides of the container and
strike the container walls with more force
than expected

Unauthorized copying or reuse of
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H,0O molecules are
not shown.

6. Equal volumes of solutions in two different

vessels are represented above. If the solution
represented in vessel 1 is KCl(aq), then the
solution represented in vessel 2 could be an
aqueous solution of

(A) KCl with the same molarity as the solution in
vessel 1

(B) KCl with twice the molarity of the solution in
vessel 1

(C) CaCl, with the same molarity as the solution
in vessel 1

(D) CaCl, with twice the molarity of the solution
in vessel 1
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7. A 20. mL sample of 0.50 M HC,H;0,(aq) is titrated with 0.50 M NaOH(ag). Which of the following best
represents the species that react and the species produced in the reaction?
(A) H*(ag) + OH (ag) — H,O(l)
(B) H*(aq) + C,H;0,(aq) + Na*(aq) + OH (ag) — H,0(/) + NaC,H;0,(aq)
(C) HC,H;0,(aq) + OH (aq) — C,H;0, (ag) + H,O(l)
(D) HC,H;0,(aq) + NaOH(ag) — H,O(/) + Na*(ag) + C,H;0, (aq)
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®

KNOj;(aq) salt bridge
7n(s) Cr(s)
| — [
1.0 M Zn(NOs),(aq) 1.0 M Cr(NOs)s(aq)

8. The standard reduction potentials for the half-reactions related
to the galvanic cell represented above are listed in the table

below.
Half-Reaction E° (V)
Cr’**(ag) + 3¢ — Cr(s) -0.74
Zn**(aq) + 2¢ — Zn(s) -0.76

Which of the following gives the value of E_,;, for the cell?

cell

(A) E,; =150V
(B) E;,; = —0.80V
(C) E5,; = 002V

(D) E°,, = +0.02V

cell
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Ionization Energy
(kJ/mol)
First 730
Second 1450
Third 7700
Fourth 10,500

9. The ionization energies of an unknown element,

X, are listed in the table above. Which of the
following is the most likely empirical formula
of a compound formed from element X and
phosphorus, P ?

(A) XP

(B) X;P

(©) X5P,

(D) X5P,

Unauthorized copying or reuse of
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10. Which of the following correctly compares

periodic properties of two elements and provides
an accurate explanation for that difference?

(A) The first ionization energX of Al is greater
than that of B because Al has a larger

nuclear charge than B does.

(B) The first ionization energy of F is greater
than that of O because O has a higher
electronegativity than F has.

(C) The atomic radius of Ca is larger than that of
Mg because the valence electrons in Mg
experience more shielding than the valence
electrons in Ca do.

(D) The atomic radius of Cl is smaller than that
of S because Cl has a larger nuclear charge
than S does.

GO ON TO THE NEXT PAGE.



HNO,(aq) 2 H*(ag) + NO,(aq) K, = 40x107*

11. On the basis of the information above, what is the

Unauthorized copying or reuse of
any part of this page is illegal.

approximate percent ionization of HNO, in a
1.0 M HNO,(agq) solution?

(A) 0.00040%
(B) 0.020%
(C) 0.040%
(D) 2.0%
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2 NOBr1(g) — 2NO(g) + Br,(g)

12. The equation above represents an elementary step
in a chemical reaction. Which of the following

is the correct expression for the rate law of the
elementary step?

1
(A) Rate = k[NOBr]?2

(B) Rate = k[NOBr]
(C) Rate = k[NOBr]?
(D) Rate = k[NOJ?[Br,]

Unauthorized copying or reuse of
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13. A balloon filled with 0.25 mol of He(g) at 273 K

and 1 atm is allowed to rise through the
atmosphere. Which of the following explains
what happens to the volume of the balloon as it

rises from ground level to an altitude where the
air temperature is 220 K and the air pressure is

0.1 atm?

(A) The volume will increase because the
decrease in air pressure will have a greater

effect than the decrease in temperature.
(B) The volume will remain unchanged because

of the counteracting effects of the decrease
in temperature and the decrease in air
pressure.

(C) The volume will decrease because the
decrease in temperature will have a greater
effect than the decrease in air pressure.

(D) It cannot be determined whether the volume
of the balloon will increase, decrease, or
remain the same without knowing the initial
volume of the balloon.

GO ON TO THE NEXT PAGE.



Questions 14-17 refer to the following information.

Substance Lewis Diagram Boiling Point
|
CH;OH H—(|:—Q—H 338K
H
I|—I H
-
C,H;OH H—-——(|Z-—-—(|Z—Q—H 351K
H H

Equimolar samples of CH;OH(/) and C,Hs;OH(/) are placed in

separate, previously evacuated, rigid 2.0 L vessels. Each vessel

is attached to a pressure gauge, and the temperatures are kept at
300 K. In both vessels, liquid is observed to remain present at the
bottom of the container at all times. The change in pressure inside
the vessel containing CH;OH(/) is shown below.

0.196 {————--———>

~
=
-
<
~—
o
]
=
2]
2
=
jam
0
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14. Which of the following best describes the change
that takes place immediately after the CH,OH(/)
is introduced into the previously evacuated
vessel?

(A) A chemical change takes place because
covalent bonds are broken.

(B) A chemical change takes place because
intermolecular attractions are overcome.

(C) A physical change takes place because
covalent bonds are broken.

(D) A physical change takes place because
intermolecular attractions are overcome.

15. The value of Kp for the evaporation of CH;OH(/)
at 300 K is closest to

(A) 0.04
(B) 02
© 5
(D) 30

Unauthorized copying or reuse of
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16.

17.

The temperature of the CH;OH is increased from
300 K to 400 K to vaporize all the liquid, which
increases the pressure in the vessel to 0.30 atm.
The experiment is repeated under identical
conditions but this time using half the mass of
CH;OH that was used originally. What will be the
pressure in the vessel at 400 K ?

(A) 0.15 atm
(B) 0.30 atm
(C) 0.40 atm
(D) 0.60 atm

Compared to the equilibrium vapor pressure of
CH;O0H(/) at 300 K, the equilibrium vapor
pressure of C,H;OH(/) at 300 K is

(A) the same, because both compounds have
hydrogen bonding among their molecules

(B) higher, because London dispersion forces
among C,HsOH molecules are greater than

those among CH;OH molecules

(C) lower, because London dispersion forces
among C,H;OH molecules are greater than
those among CH;OH molecules

(D) lower, because of the larger number of
hydrogen bonds among C,Hs;OH molecules

GO ON TO THE NEXT PAGE.



18. Which of the following Lewis electroq—dot Ionic Radius
diagrams represents the molecule that is the most Ion (pm)
polar?
Cl™ 181
(A) :C1—F I- 216
.. .. S?- 184
B) :Br—F:
( ) xS r .o Te2 - 221
(C) S=C=S§ . o
. a 19. Based on Coulomb’s law and the information in
(D) :F—B—F: the table above, which of the following anions is
- . most likely to have the strongest interactions with
:F: nearby water molecules in an aqueous solution?
(A) C1I7
B) I
(C) $*
(D) Te*~

Unauthorized copying or reuse of
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20. For which of the equilibrium systems represented

below will the amount of products) at
equilibrium increase if the volume of the reaction

vessel is increased at a constant temperature?
(A) PCls(g) & PCl5(g) + Cly(g)
(B) 2NO(g) + 05(8) & 2NOy(g)

(C) Ny(g) +04(8) 2 2NO(g)
(D) 2CO(g) 2 C(s) + COx ()

Unauthorized copying or reuse of
any part of this page is illegal.
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AgNO;(agq) + NaCl(ag) = AgCl(s) + NaNOs(ag)

21. In an experiment a student mixes a 50.0 mL

sample of 0.100 M AgNO;(aq) with a 50.0 mL
sample of 0.100 M NaCl(ag) at 20.0°C in a

coffee-cup calorimeter. Which of the following is
the enthalpy change of the precipitation reaction

represented above if the final temperature of the
mixture is 21.0°C? (Assume that the total mass of

the mixture is 100. g and that the specific heat
capacity of the mixture is 4.2 J/(g-°C).)

(A) —84 kJ/mol,,

(B) -0.42kJ/mol,,,

(©) 0.42KkJ/mol,,,

(D) 84kJ/mol,,,

GO ON TO THE NEXT PAGE.



Questions 22-24 refer to the following information.

A group of students was asked to recover Cu(s) from a blue-green aqueous solution containing an unknown
concentration of Cu?*(aq). The students took a 100.0 mL sample of the solution and added an excess of
1.0 M Na;PO,(aq), causing the Cu”*(aq) to precipitate as Cu;(PO,),(s), as shown in step 1 below.

Step 1
+ —_—
Blue-green Colorless Blue-green
Cu2+(aq) 1.0 M Na;,PO4(aq) Cuy(PO ()
3 Cu**(aq) + 2NayPO, (aqg) —  Cuy(POy,(s) + 6 Na'(aq)

The Cu;(PO,),(s) was filtered, dried, and weighed. Then the Cu;(PO,),(s) was dissolved in a 3.0 M HCl(aq)
solution, as shown in step 2 below.

Step 2
J 8- 0
Blue-green Colorless Blue-green
Cus(POy),(s) 3.0 M HCl(aq) CuCl,y(aq) + HyPO,(aq)
Cuz(POy),($) + 6 HCl(aq) — 3 CuCly(aq) + 2 HyPO,(aq)

The students added a strip of Zn(s) to the solution to recover the Cu(s), as shown in step 3 below.

Step 3
+ I:I —— Colorless ZnCl,(aq)
Blue-green Silver-colored Brown
CuCl,(aq) Zn(s) Cu(s)
CuCl,(aq) + Zn(s) —_— Cu(s) + ZnCl,(aq)

Finally, the Cu(s) was filtered, dried, and weighed.

Unauthorized copying or reuse of
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22. If 3.8 g of Cu;(PO,),(s) was recovered from
step 1, what was the approximate [Cu®*] in

the original solution? (The molar mass of
Cu,(PO,), is 381 g/mol.)

(A) 0.10 M
(B) 030M
©) 1.0M
(D) 3.0M

23. The mass of the Cu(s) produced in step 3 was

slightly more than the mass predicted from the
3.8 g of Cu,(PO,),(s) recovered from step 1.

Which of the following could account for the
discrepancy in the yield of Cu(s) from step 3 ?

(A) All of the Cu;(PO,),(s) dissolved in the
HCl(aq).

(B) Some of the Cu(s) adhered to the side of the
funnel used to filter the solution.

(C) Some unreacted Zn(s) was mixed in with the
Cu(s).

(D) Too much Na;PO,(ag) was added to the
original Cu?*(aq) solution.

Unauthorized copying or reuse of
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H;PO,(aq)

K, |7.5x107
K 6.2x 1078

ap

K, |42x107"

24. The values of the dissociation constants for

H;PO, are given in the table above. Given that
the solution in the beaker at the end of step 2 had
a pH of approximately 1, which of the following
chemical species had the lowest concentration
among the products of step 2 ?

(A) H*(aq)

(B) Hy,PO, (aq)
(C) HPO,* (aq)
(D) PO,*(aq)

GO ON TO THE NEXT PAGE.
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A
&
=
3
2
25. Which of the following most likely describes the o B
solid represented in the diagram above? g
(A) It is soft and is a poor thermal and electrical §
conductor. E
(B) It has a low melting point and is a poor
thermal and electrical conductor as a solid. >
(C) It is a brittle, water-soluble electrolyte that is Molecular Speed
a poor thermal and electrical conductor as a o
solid. 27. The Maxwell-Boltzmann distributions of
(D) It is malleable and is an excellent thermal and molecular speeds in samples of two different
electrical conductor as a solid. gases at the same temperature are shown above.
Which gas has the greater molar mass?
(A) Gas A
. . . (B) Gas B
26. Wthf.l of t.he followmg best h.elps to ‘explaln why (C) Both gases have the same molar mass.
CCl, is a liquid whereas Cl, is a solid when both (D) It cannot be determined unless the pressure of
are at 25°C? each sample is known.

(A) The dipole moment of the CCl, molecule is
larger than that of the CI, molecule because
Cl is more electronegative than 1.

(B) The dipole moment of the CIs molecule is
larger than that of the CCl molecule
because there is stronger repulsion between
electrons in the C—1I bonds compared to the
repulsion between electrons in the C—Cl
bonds.

(C) The London dispersion forces are stronger in
CCl, than in CI, because Cl is more
electronegative than 1.

(D) The London dispersion forces are stronger in
Cl, than in CCl, because CI, has a more
polarizable electron cloud than CCl,.

Unauthorized copying or reuse of
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CaF,(s) 2 Ca**(aq) +2F (aq) AH>O0

28. Dissolution of the slightly soluble salt CaF, is
shown by the equation above. Which of the
following changes will decrease [Ca®*] ina
saturated solution of CaF,, and why? (Assume
that after each change some CaF,(s) remains in
contact with the solution.)

(A) Allowing some of the water to evaporate
from the solution, because more CaF,(s)

will precipitate
(B) Adding 0.1 M HNOs(aq), because some
F~(aq) ions will become protonated
(C) Adding 0.1 M NaNOs;(aq), because
additional liquid will dilute the solution

(D) Adding NaF(s), because the reaction will
proceed toward reactants

Compound K, at25°C

Pb(OH),(s) 1.2x 1071
PbI,(s) 14x 1078
PbF,(s) 4.0x107

29. Equimolar samples of Pb(OH),(s), PbL,(s), and

PbF,(s) are placed in three separate beakers, each

containing 250 mL of water at 25°C. After the

solutions are stirred, solid remains in the bottom

of each beaker. Based on the K, values for the

compounds listed in the table above, a solution of

which of the compounds will have the lowest

[Pb2*] ?

(A) Pb(OH),(s)

(B) Pbl,(s) only

(C) PbF,(s) only

(D) Both Pbl,(s) and PbF,(s) will produce
solutions with the same, lowest [Pb>*].

Unauthorized copying or reuse of
any part of this page is illegal.

30. When a small amount of 12 M HNO;(aq) is

added to a butter solution made by mixing
CH;NH,(aq) and CH;NH;Cl(aq), the pH of the

buffer solution changes from 10.64 to 10.62.

Which of the following equations represents the
reaction that accounts for the fact that the pH does

not change significantly when the HNO5(aq) is
added?

(A) CH;NH,(aq) + H*(ag) — CH;NH;*(aq)
(B) CH;NH;3%(ag) + H'(aq) — CH3NH42+(61(])
(C) NO; (aq) + H*(ag) — HNO5(aq)

(D) OH (ag) + H(aq) — H,O0(0)

31. The pH of a solution made by combining
150.0 mL of 0.10 M KOH(agq) with 50.0 mL
of 0.20 M HBr(aq) is closest to which of the
following?

(A) 2
B) 4
< 7
(D) 12

GO ON TO THE NEXT PAGE.
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Step I:  H,SeO;(ag) & HSeO; (ag) + H(aq) K, =2.1x 1073

Step2: HSeO;(ag) &= Se0;> (aq) + H*(aq) Kq,=53% 107°

32. The step-wise dissociation of selenous acid, H,SeOs(aq), is represented by the equations above. Which of the
following best helps explain why the value of K a, is so much smaller than the value of Ky, ?

(A) The Se atom in H,SeO5(aq) is in a higher oxidation state than the Se atom in HSeO; (ag).

(B) Water is more attracted to HSeO; (ag) ions than to SeO,%~ ions, which drives the step 2 equilibrium
toward the reactant.

(C) The HSeO; (aq) ions produced in step 1 are asymmetrical, but the SeO,>~ ions produced in step 2 are
symmetrical.

(D) Removing the first H" from H,SeO;(aq) requires less energy than removing the second H*, because the

second Ht is removed from a negatively charged species.

Unauthorized copying or reuse of
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Questions 33-36 refer to the following information.
Li;N(s) + 2 Hy(g) & LiNH ,(s) + 2 LiH(s) AH°® =-192 kJ/mol,.,,

Because pure H, is a hazardous substance, safer and more cost effective techniques to store it as a solid for
shipping purposes have been developed. One such method is the reaction represented above, which occurs at 200°C.

33. When 70. g of LizN(s) (molar mass 35 g/mol) 35. Which of the following is the most likely reason

reacts with excess H,(g), 8.0 g of LiH(s) is that the reaction occurs at a significant rate only if
C o the temperature of the reaction mixture is greater

produced. The percent yield is closest to than 200°C?
A) 17% . .
(B) 25% (A) The reaction is exothermic.
(C) 50.% (B) AS° for the reaction is negative.
(D) 100% (C) The reaction has a high activation energy.

(D) AG° <0 when T < 200°C.
34. Which of the following happens to H atoms in
the forward reaction? 36. The amount of H,(g) present in a reaction

(A) H atoms are oxidized only. mixture at equilibrium can be maximized by

(B) H atoms are reduced only. (A)i . . .
- increasing the temperature and increasing the
(C) H atoms are both oxidized and reduced. pressure by decreasing the volume

(D) H atoms are neither oxidized nor reduced. (B) increasing the temperature and decreasing the
pressure by increasing the volume
(C) decreasing the temperature and increasing the
pressure by decreasing the volume
(D) decreasing the temperature and decreasing
the pressure by increasing the volume

Unauthorized copying or reuse of
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H,(¢) +1,(s) = 2HI(g) K, =50. at 600°C

37. Equimolar samples of each of three gases, H,(g), I,(g), and
HI(g), are introduced into a 3.0 L container that is heated to
600°C. According to the information above, which of the
following will occur as the system approaches equilibrium?

(A) More H,(g) will be produced because Q > K...
(B) More I,(g) will be produced because Q < K.
(C) More HI(g) will be produced because Q < K,..
(D) No change will occur because Q= K.

Reaction 1: 4 NH ;(g) +5 0,(g) — 4 NO(g) + 6 H,0()) AG° =-1010 kJ/mol,,,
Reaction2: 2NO ,(g) = 2NO(g) + O,(g) AG° = 70 kJ/mol,,
Reaction3: 4 NO ,(g) + 0,(g) + 2 H,0(l) = 4 HNO;(aq) AG° = —170kJ/mol,,

38. Based on the values of AG° for the three reactions represented above, what is the value of AG° for the reaction
represented below?

4 NH,(g) + 8 0,(g) — 4 HNO 5(ag) + 4 H,0(])
(A) —1040 kJ/mol,_,
(B) —1110 kJ/mol,_,

(C) —1250 kJ/mol _,
(D) —1320 kJ/mol,.,

Unauthorized copying or reuse of
any part of this page is illegal.

GO ON TO THE NEXT PAGE.

_NDA_



HCHO,(aq) + H,0() = H,0%(aq) + CHO, (aq)

39. HCHO,(aq), a weak acid (K, = 2 x 107#), dissociates in water

according to the equation above. Which of the following
provides the best estimate of the pH of 0.5 M HCHO ,(aq)

and identifies the species at the highest concentration
(excluding H,O) in the solution?

pH  Species at Highest Concentration
@ 1 H;0%(aq)
B) 1 HCHO,(aq)
< 2 H;0%(aq)
(D) 2 HCHO,(aq)

X — Products

40. A student studied the kinetics of the reaction represented
above by measuring the concentration of the reactant, X,
over time. The data are plotted in the graph below.

1.0
S 08
>
C 06 \
g ]\
g oal N
g N
g 02 \\
0.0 — S S
0 20 40 60 80 100 120

Time (minutes)

Which of the following procedures will allow the student to
determine the rate constant, k, for the reaction?

(A) Plot In [X] versus time and determine the magnitude
of the slope.

(B) Plot % versus time and determine the magnitude of

the slope.

(C) Run another trial of the experiment with a different initial
concentration, plot the data on the same graph, and see
where the curves intersect.

(D) Run another trial of the experiment at a different
temperature, plot the data on the same graph, and see
where the curves have the same slope.

Unauthorized copying or reuse of
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CH,(g) + Cl(g) — CH,(g) + HCl(g)  AH° =—14kJ/mol ,
NH;(g) + Cl(g) — NH,(g) + HCl(g)  AH° = —36 kJ/mol,,
H,O(g) + Cl(g) — OH(g) + HCl(g)  AH° = +40 kJ/mol, ,

41. Based on the data above, what can be concluded regarding
the strength of the C—H, N—H, and O—H bonds in the
molecules shown?

(A) The C—H bond is the strongest.

(B) The N—H bond is the strongest.

(C) The O—H bond is the strongest.

(D) Nothing can be concluded without knowing the strength
of the H-CI bond.

Reaction eq
1
SO,(8) + 5 0,(8) & SO4(8) K,
2504(3) 2 250,(2) + 0,(¢) K,

42. Which of the following shows the relationship between K,
and K, in the reactions represented above?

(A) Kz = (K1)2

(B) K2=\/E
(C) K :L
2T (K,

1

D) K =—

(D) K

Unauthorized copying or reuse of
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Questions 43-46 refer to the following information.

2NOL(8) 2 N,04)

dark brown colorless

The dimerization of NO,(g), an exothermic

process, is represented by the equation above.

43.

44,

Which of the following experimental techniques
will allow the most accurate determination of the
concentration of NO,(g) at equilibrium?

(A) Paper chromatography
(B) Gravimetric analysis
(C) Titration

(D) Spectrophotometry

The forward reaction is thermodynamically
favored at which of the following temperatures?

(A) All temperatures

(B) Low temperatures only
(C) High temperatures only
(D) No temperature

Unauthorized copying or reuse of
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45. A 0.0300 mol sample of NO,(g) is placed in a

rigid 1.00 L reaction vessel and allowed to reach

equilibrium at a certain temperature. What is the
value of K, at this temperature if 0.00500 mol of
N,0O,(g) is present at equilibrium?

(A) 0.0800
(B) 0.250
(C) 4.00
(D) 12.5

46. A mixture of NO,(g) and N,O,(g) is at

equilibrium in a rigid reaction vessel. If the

temperature of the mixture is decreased, then
(A) [NO,] will increase and the mixture will turn

a darker brown
(B) [N,0O,] will increase and the mixture will

turn a lighter brown
(C) [N,O,] will decrease and the mixture will

turn a lighter brown
(D) no change will be observed

GO ON TO THE NEXT PAGE.



NO(g) + NOs(g) = 2NOy(g) N,0O(g) + CO(g) — Ny(g) + CO,(8)

47. The reaction between NO(g) and NO5(g) is 48. The rate of the reaction represented above

represented by the equation above. Which of the increases significantly in the presence of Pd(s).
following orientations of collision between NO(g) Which of the following best explains this

ion?
and NO,(g) is most likely to be effective? observation’
(A) Pd increases the activation energy of the

reaction.
‘ N (B) Pd absorbs the heat produced in the reaction.
(C) One of the reactants binds on the surface of
O 0 Pd, which introduces an alternative reaction
pathway with a lower activation energy.

(D) One of the products binds on the surface of

(A) Pd, which increases the reaction rate by
‘D decreasing the concentration of products in
the mixture.
: @
—_—
©)
C’ —_— -

D) Q—»«C@
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49. Which of the following particulate representations 50. A 50.0 g sample of Fe at 100°C is added to

shows a process during which the entropy of the 500.0 mL of water at 35°C in a perfectly insulated
system decreases? container. Which of the following statements
is true?
Before After (A) The temperature of the water will decrease
A) [— — (B) The temperature change of the Fe will have
P o o) O the same magnitude as the temperature
o0 % —— 0~ 0 change of the water.
8 oo O (C) The heat energy lost by the Fe will be less
Q) o O than the heat energy gained by the water.
— — (D) The heat energy lost by the Fe will be equal
B) > < to the heat energy gained by the water.

000
00
00°

C)O
OO
@)

©

) C‘;D —
p _
S &
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CHEMISTRY
Section I1
Time—1 hour and 45 minutes

7 Questions
YOU MAY USE YOUR CALCULATOR FOR THIS SECTION.

Directions: Questions 1-3 are long free-response questions that require about 23 minutes each to answer and are
worth 10 points each. Questions 4—7 are short free-response questions that require about 9 minutes each to answer
and are worth 4 points each.

Write your response in the space provided following each question. Examples and equations may be included in

your responses where appropriate. For calculations, clearly show the method used and the steps involved in arriving

at your answers. You must show your work to receive credit for your answer. Pay attention to significant figures.
S—S

S/ \S

| |
N e

S—S

1. Elemental sulfur can exist as molecules with the formula Sg. The Sg molecule is represented by the incomplete
Lewis diagram above.

(a) The diagram of Sgz shows only bonding pairs of electrons. How many lone pairs of electrons does each S
atom in the molecule have?

(b) Based on your answer to part (a), determine the expected value of the S—S—S bond angles in the Sg
molecule.

(c) Write the electron configuration for the S atom in its ground state.

(d) The complete photoelectron spectrum for the element chlorine is represented below. Peak X in the spectrum
corresponds to the binding energy of electrons in a certain orbital of chlorine atoms. The electrons in this
orbital of chlorine have a binding energy of 273 MJ/mol, while the electrons in the same orbital of sulfur
atoms have a binding energy of 239 MJ/mol.

A
e
: ¥
Z 5
v 9
2 /M X
= I I I
2 . Wi Wi ,
1000 100 10 1 0.1

Binding Energy (MJ/mol)
(i) Identify the orbital and explain the difference between the binding energies in terms of Coulombic
forces.

(i) Peak Y corresponds to the electrons in certain orbitals of chlorine atoms. On the spectrum shown,
carefully draw the peak that would correspond to the electrons in the same orbitals of sulfur atoms.
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In an experiment, a student studies the kinetics of the reaction represented above and obtains the data shown in

the following table.

3S4+80H — 8S; +4HOOH

Experiment Initial [Ss] | Initial [OH"] Rea(I:Itli?IfllRate
) (M) MIs)
Trial 1 0.100 0.0100 0.699
Trial 2 0.300 0.0100 2.10
Trial 3 0.300 ? 4.19

(e) Use the data in the table to do the following.

(i) Determine the order of the reaction with respect to Ss. Justify your answer.

(i) Determine the value of [OH™] that was used in trial 3, considering that the reaction is first order with

respect to OH™. Justify your answer.

The next day the student conducts trial 4 using the same concentrations of Sg and OH™ as in trial 1, but the
reaction occurs at a much slower rate than the reaction in trial 1. The student observes that the temperature in

the lab is lower than it was the day before.

(f) Using particle-level reasoning, provide TWO explanations that help to account for the fact that the reaction

rate is slower in trial 4.
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2. Answer the following questions relating to HCI, CH;Cl, and CH;Br.

(a) HCl(g) can be prepared by the reaction of concentrated H,SO,(ag) with NaCl(s), as represented by the

following equation.

(i) A student claims that the reaction is a redox reaction. Is the student correct? Justify your answer.

(ii) Calculate the mass, in grams, of NaCl(s) needed to react with excess H,SO,(aq) to produce 3.00 g of
HCl(g). Assume that the reaction goes to completion.

HClI(g) can react with methanol vapor, CH;OH(g), to produce CH;Cl(g), as represented by the following

equation.

CH;0H(g) + HCI(g) == CH;CI(g) + H,0(g)

(b) CH;0H(g) and HCl(g) are combined in a 10.00 L sealed reaction vessel and allowed to reach equilibrium at
400 K. The initial partial pressure of CH;OH(g) in the vessel is 0.250 atm and that of HCl(g) is 0.600 atm.

(i) Does the total pressure in the vessel increase, decrease, or remain the same as equilibrium is

K, =

H,S0,(aq) + 2 NaCl(s) — 2 HCI(g) + Na,SO,(aq)

4.7 x 10° at 400 K

approached? Justify your answer in terms of the reaction stoichiometry.

(i) Considering the value of K,,, calculate the final partial pressure of HCI(g) after the system inside the

vessel reaches equilibrium at 400 K.

(iii) The student claims that the final partial pressure of CH;OH(g) at equilibrium is very small but not

exactly zero. Do you agree or disagree with the student’s claim? Justify your answer.

(c) The table below shows some data for the compounds CH;Cl and CH;Br.

Molar Mass | Dipole Moment | Boiling Point vaporizati
C d vaporization
ompoutl (g/mol) (D) (K) (kJ/mol)
CH,Cl1 50.5 1.87 249 18.9
CH;Br 94.9 1.81 277 22.8

(i) Identify all the types of intermolecular forces that exist among molecules in CH;CI(/).

(ii) In terms of intermolecular forces, explain why the boiling point of CH;Br(/) is greater than that of

CH,CI()).

(d) A 2.00 mL sealed glass vial containing a 1.00 g sample of CH;CI(/) is stored in a freezer at 233 K.

(i) Calculate the pressure in the vial at 298 K assuming that all the CH;CI(/) vaporizes.

(i) Explain why it would be unsafe to remove the vial from the freezer and leave it on a lab bench

at 298 K.
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3 Cu*(aq) + Au**(ag) — 3 Cu?*(aq) + Au(s)

3. A student studying the reaction represented above constructs a voltaic cell as shown in the diagram below. The
cell contains an Au(s) electrode in a beaker containing 1.00 M Au(NO;);(ag) and a Pt(s) electrode in a beaker
containing 1.00 M CuNO ;(ag) and 1.00 M Cu(NO ;),(aq).

Au(s) Pt(s)
N KNO; (aq) 4

> >
& by

\_f_);y_)

1.00 M Au(NO5)4(aq)  1.00 M CuNO(ag) and
1.00 M Cu(NO5),(aq)

The standard reduction potentials associated with the cell are given in the following table.

Half-reaction E° (V)
Cu**(aq) + ¢ — Cu*(aq) 0.16
Au*t(aq) + 3¢ — Au(s) 1.50

(a) Calculate the value of the standard cell potential, E°.

(b) Does the mass of the Pt(s) electrode increase, decrease, or remain the same as the cell operates? Justify your
answer.
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An expanded view of the Au half-cell before the reaction occurs is shown in box A below. An expanded view
of the Au electrode after the cell operates for a period of time is shown in box B below.

o NO,(ag)
O Au(s)

O Avag)

Cell O
Operates O Cg) & ng (ﬁ)

Box A Box B
(c) Assuming that the representation in box A is accurate, explain what is wrong with the stoichiometry
represented in box B.
(d) After the cell has operated for 30.0 minutes, 0.185 g of Au(s) is deposited on the Au electrode.
(i) Calculate the number of moles of Au(s) deposited.
(ii) Calculate the average current that passed through the cell during the deposition of Au(s).
The student adds some NaCl(s) to the half-cell that contains Cu*(ag) and Cu**(ag), and a precipitate forms.

(e) Based on the information in the following table, determine the identity of the precipitate. Justify your answer
with a calculation.

Compound | Solubility (mol/L) Ky,
CuCl ? 1.7x 1077
CuCl, 52 ?

(f) Write the net ionic equation for the formation of the precipitate.

(g) The student predicts that the cell voltage will increase after the precipitate forms. Do you agree with the
student’s prediction? Justify your answer.
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4. To spectrophotometrically determine the mass percent of cobalt in an ore containing cobalt and some inert
materials, solutions with known [Co?*] are prepared and the absorbance of each of the solutions is measured at

the wavelength of optimum absorbance. The data are used to create a calibration plot, shown below.

Absorbance

0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

N
-/
pd
pd
/'
P
yd
)
0 0005 0010 0015

Concentration (M)

A 0.630 g sample of the ore is completely dissolved in concentrated HNO;(ag). The mixture is diluted with
water to a final volume of 50.00 mL. Assume that all the cobalt in the ore sample is converted to Co**(aq).

(a) What is the [Co**] in the solution if the absorbance of a sample of the solution is 0.74 ?

(b) Calculate the number of moles of C02+(aq) in the 50.00 mL solution.

(c) Calculate the mass percent of Co in the 0.630 g sample of the ore.
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3 Ag(s) + 4 HNO,(ag) — 3 AgNO 5(ag) + NO(g) + 2 H,0(])

5. A student investigates the reaction between Ag(s) and HNO;(aq) represented by the equation above.
(a) Predict the sign of the entropy change, AS®, for the reaction. Justify your answer.

(b) Use the information in the table below to calculate the value of AHin, the standard enthalpy change for the
reaction, in kJ/mol_,,.

Substance HNO;(ag) | AgNOs(aq) NO(g) H,0()
Standard Heat of Formation,
AH/? (kJ/mol) -207 -101 90. —286

(c) Based on your answers to parts (a) and (b), is the reaction more likely to be thermodynamically favorable
at 25°C, or at 95°C? Justify your answer.

(d) The student runs the reaction using a 3 to 4 mole ratio of Ag(s) to HNO;(ag). Suggest a method the student
can use to isolate solid AgNO; from the other products of the reaction.
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6. A student is asked to determine what mass of butane, C,H,(g), needs to burn in order to raise the temperature of
a 1650 g beaker of sand by 180.°C. The student is provided with the equipment shown below.

«——Thermometer

N K «——Beaker of Sand

Butane Burner

(a) Calculate the amount of heat energy needed to raise the temperature of the beaker of sand by 180.°C.
Assume that all the heat energy from the burner is transferred to the beaker of sand and that the specific heat

capacity of the beaker and sand together is 0.810 J/(g-°C).

The student runs the experiment and collects the data shown in the table below.

Mass of the beaker and sand 1650 g
Mass of butane burner before combustion 22526 g
Mass of butane burner after combustion 21820 g
Initial temperature of the beaker of sand 20.°C
Final temperature of the beaker of sand 200.°C

(b) Calculate the number of moles of butane that was used in the experiment. Report your answer to the
appropriate number of significant figures.

The combustion of butane is represented by the equation below.

CH,x(g) + % 0,(g) — 5H,0(g) +4 CO,(g) AH?, = -2659 kJ/mol,,,,

(c) Using the balanced equation for the combustion of butane and AHixn, determine the amount of heat energy
produced by the combustion of butane in the experiment.

(d) The student claims that some of the heat energy produced by the combustion of butane was lost to the air
surrounding the system. Do your answers to parts (a) and (c) support the student’s claim? Explain.
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Solution X 100 mL of 0.10 M NaOH(ag) is mixed with 100 mL of 0.10 M HBr(aq)

Solution Y 100 mL of 0.10 M NaBr(agq) is mixed with 100 mL of 0.10 M HBr(aq)

Solution Z 100 mL of 0.10 M HC,H;0,(aq) is mixed with 100 mL of 0.10 M NaC,H;0,(aq)

7. A student prepares three solutions, X, Y, and Z, as described in the table above. The values of K, for the acidic
species in the solutions are given in the table below.

Species K,
HBr(aq) >>1 (very large)
HC,H;0,(aq) 1.8 x 107

(a) Using the information above, write the letters of the solutions in the boxes below to rank the solutions in
order of increasing pH. Explain your reasoning for the ranking.

Lowest pH Highest pH

< | <

(b) Does the pH of solution Y increase, decrease, or remain the same when 100 mL of water is added? Justify
your answer,

(c) The student adds 0.0010 mol of NaOH(s) to solution Y, and adds 0.0010 mol of NaOH(s) to solution Z .
Assume that the volume of each solution does not change when the NaOH(s) is added. The pH of
solution Y changes much more than the pH of solution Z changes. Explain this observation.
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AP® CHEMISTRY EQUATIONS AND CONSTANTS

Throughout the exam the following symbols have the definitions specified unless otherwise noted.

L, mL = Iliter(s), milliliter(s) mm Hg = millimeters of mercury
g = gram(s) J,kJ = joule(s), kilojoule(s)
nm = nanometer(s) A% = volt(s)
atm = atmosphere(s) mol = mole(s)
ATOMIC STRUCTURE
E = energy
E=hv v = frequency
¢=Av A = wavelength
Planck’s constant, & = 6.626 x 1074 J s
Speed of light, ¢ = 2.998 x 10 ms~!
Avogadro’s number = 6.022 x 10%* mol™!
Electron charge, e = —1.602 x 107! coulomb
EQUILIBRIUM
c d
K. = %, where aA+bB &= ¢cC+dD Equilibrium Constants
Al"[B
[ATLBI d K, (molar concentrations)
(Po)* (Pp)
K = %= -2° K (gas pressures)
SRR ’ -
(Pp)" (g K, (weak acid)
k. = [H'AT] K, (weak base)
¢ = [HA]
K, (water)
- +
K, = [OH 1HB"]
[B]
K, = [H*][OH] = 1.0 x 10~'* at 25°C
= K(l X Kb
pH = —log[H*], pOH = —log[OH]
14 = pH + pOH
- [A”]
pH = pK, + log [HA]

pK,=-logK,, pK, =—logk,

KINETICS
In[A], — In[A], = —kt

= kt

0.693

k = rate constant
t =time
11, = half-life



GASES, LIQUIDS, AND SOLUTIONS

PV = nRT

moles A
P, = x X,, where X, = ————
A total A A" total moles

PTOtal:PA+PB+PC+"'

n—ﬂ
M
K =°C+273
D=2

\%4

KE per molecule = % mv?

Molarity, M = moles of solute per liter of solution

A =abc

pressure
volume

temperature

= number of moles
= mass

= molar mass
density

kinetic energy

velocity
absorbance

molar absorptivity

path length

mwa><§UE§3'ﬂ<’v
I

= concentration

Gas constant, R = 8.314 J mol ' K~!
= 0.08206 L atm mol ! K™!
= 62.36 L torr mol™! K™!
760 mm Hg = 760 torr
STP = 273.15 K and 1.0 atm
Ideal gas at STP = 22.4 L mol ™!

1 atm =

THERMODYNAMICS/ELECTROCHEMISTRY

q = mcAT
AS° = ZSO products — ZSO reactants

AH° = ZAH; products — ZAH]? reactants

AG°

ZAG]? products — ZAG]? reactants

AG° = AH° — TAS®
= —-RTInK
= —nFE°

4q
t

q = heat
m = mass
¢ = specific heat capacity
T = temperature
S° = standard entropy
H° = standard enthalpy
G° = standard Gibbs free energy
n = number of moles
E° = standard reduction potential
I = current (amperes)
q = charge (coulombs)
t = time (seconds)

Faraday’s constant, F = 96,485 coulombs per mole
of electrons

1 joule

I volt = 1 coulomb



APPENDIX - ANSWERS

AP CHEMISTRY 2018

Multiple-choice key transcribed from the matching supplied source.

Question Answer Question Answer Question Answer
1 D 18 B 35 C
2 B 19 36 B
3 D 20 A 37 C
4 D 21 A 38 D
5 C 22 B 39 D
6 D 23 C 40 A
7 C 24 D 41 C
8 D 25 C 42 C
9 C 26 D 43 D
10 D 27 A 44 B
11 D 28 D 45 D
12 C 29 A 46 B
13 A 30 A 47 D
14 D 31 D 48 C
15 B 32 D 49 D
16 A 33 B 50 D
17 C 34 C

This supplied modified practice paper contains 50 MCQs and 7 FRQs.

Matching original FRQ scoring material follows in this appendix.




AP® CHEMISTRY
2018 SCORING GUIDELINES

Question 1
S—S
T /
S
N\

Elemental sulfur can exist as molecules with the formula Sg. The Sg molecule is represented by the

incomplete Lewis diagram above.

(a) The diagram of Sg shows only bonding pairs of electrons. How many lone pairs of electrons does each S

atom in the molecule have?

Two

1 point is earned for the correct answer.

(b) Based on your answer to part (a), determine the expected value of the S—S—S bond angles in the Sg

molecule.

109.5°

Acceptable range: 104° < angle < 110°.
(The experimentally determined angle is 107.8°)

1 point is earned for an angle
in the acceptable range.

(c) Write the electron configuration for the S atom in its ground state.

15%25%2p°®3s23p* OR

[Ne]3s%3p*

1 point is earned for a correct configuration.

(d) The complete photoelectron spectrum for the element chlorine is represented below. Peak X in the
spectrum corresponds to the binding energy of electrons in a certain orbital of chlorine atoms. The
electrons in this orbital of chlorine have a binding energy of 273 MJ/mol, while the electrons in the same
orbital of sulfur atoms have a binding energy of 239 MJ/mol.

© 2018 The College Board.
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Question 1 (continued)
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Binding Energy (MJ/mol)

(i) Identify the orbital and explain the difference between the binding energies in terms of Coulombic
forces.

Peak X represents electrons in a 1s orbital. A ClI atom has
one more proton in its nucleus than does a S atom; therefore,
the electrons in CI are more strongly attracted to the nucleus,
and the binding energy of the 1s electrons in the Cl atom is
greater than that of the 1s electrons in the S atom.

1 point is earned for identifying
the orbital as 1s.

1 point is earned for a valid explanation.

(i) Peak Y corresponds to the electrons in certain orbitals of chlorine atoms. On the spectrum shown,
carefully draw the peak that would correspond to the electrons in the same orbitals of sulfur atoms.

See example of a correct response
(dashed peak) above.

1 point is earned for a peak that is to the right
of peak Y and that has the correct height.

3S¢+80OH" — 8S;”+4 HOOH

In an experiment, a student studies the kinetics of the reaction represented above and obtains the data shown
in the following table.

Experiment nitial [S] | Initial (OH"] Reailtlii(gﬁﬂRate
(M) (M) Mis)
Trial 1 0.100 0.0100 0.699
Trial 2 0.300 0.0100 2.10
Trial 3 0.300 ? 4.19
© 2018 The College Board.
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Question 1 (continued)

(e) Use the data in the table to do the following

(i) Determine the order of the reaction with respect to Sg. Justify your answer.

the initial reaction rate.
OR

rate,  (MSsTTOH P
rate; (k]S ]'[OH T')

2.10 M/s _ k(0.300)"(0.0100)”

0.699 M/s  [(0.100)*(0.0100)”

The reaction is first order with respect to Sg. Comparing trials 1 and 2,
tripling [Sg] while keeping [OH] constant results in the tripling of

= = 3.00 = 3.00*

1 point is earned for the correct
order and a valid justification.

x=1

(ii)) Determine the value of [OH™] that was used in trial 3, considering that the reaction is first order

with respect to OH™. Justify your answer.

Comparing trials 2 and 3, [Sg] is kept constant and the
initial reaction rate doubles. Since the reaction is first
order with respect to OH™, the concentration of OH™ in
trial 3 must be 2 x 0.0100 M = 0.0200 M.

1 point is earned for the correct concentration
of OH™ and a valid justification.

The next day the student conducts trial 4 using the same concentrations of Sg and OH™ as in trial 1, but the
reaction occurs at a much slower rate than the reaction in trial 1. The student observes that the temperature in

the lab is lower than it was the day before.

(f) Using particle-level reasoning, provide TWO explanations that help to account for the fact that the

reaction rate is slower in trial 4.

energy to react.

speeds, the reactant particles collided less frequently.

The temperature was lower on the second day so the average
kinetic energy of the reactant particles was lower. Therefore,
there were fewer collisions between particles with sufficient

Since the temperature was lower, the kinetic energy was lower
and the average speed of the particles was lower. At the lower

1 point is earned for a valid
explanation that addresses the effect
on energy of collisions.

1 point is earned for a valid
explanation that addresses the effect
on frequency of collisions.
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Question 2

Answer the following questions relating to HCI, CH;Cl, and CH;Br.

(a) HCI(g) can be prepared by the reaction of concentrated H,SO,(ag) with NaCl(s), as represented by the
following equation.

H,S0,(ag) + 2 NaCl(s) — 2 HCl(g) + Na,SO,(aq)

(i) A student claims that the reaction is a redox reaction. Is the student correct? Justify your answer.

1 point is earned for indicating the
student is incorrect and for providing
a valid justification.

No, the student is not correct. None of the oxidation numbers of
the elements change (H=+1,S =+6,0=-2,Na=+1,Cl =-1).

(ii) Calculate the mass, in grams, of NaCl(s) needed to react with excess H,SO,(aq) to produce 3.00 g
of HCI(g). Assume that the reaction goes to completion.

1 point is earned for determining
the number of moles of HCI(g)

1 mol HCI _ 2 mol NaCl _ 58.44 g NaCl (may be implicit).
3:00 g HOl x < e HICT * 2 mol HCI T mol NaCl
= 4.81 g NaCl 1 point is earned for calculating a mass
of NaCl based on the number of moles
of HCl(g).

HCI(g) can react with methanol vapor, CH;OH(g), to produce CH;Cl(g), as represented by the following
equation.
CH;0H(g) + HCl(g) == CH;Cl(g) + H,O(g) K, = 4.7 x 10° at 400 K

(b) CH;OH(g) and HCI(g) are combined in a 10.00 L sealed reaction vessel and allowed to reach
equilibrium at 400 K. The initial partial pressure of CH;OH(g) in the vessel is 0.250 atm and that of
HCl(g) is 0.600 atm.

(i) Does the total pressure in the vessel increase, decrease, or remain the same as equilibrium is
approached? Justify your answer in terms of the reaction stoichiometry.

The pressure will remain the same. The reaction
stoichiometry shows that two moles of gaseous
reactants produce two moles of gaseous products.
Because the number of moles of gas does not change,
the pressure does not change.

1 point is earned for the correct
answer and a valid justification.
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Question 2 (continued)

(ii) Considering the value of K,,, calculate the final partial pressure of HCl(g) after the system inside

the vessel reaches equilibrium at 400 K.

The value of K|, is large, so the reaction will proceed to the right until the limiting
reactant is essentially used up. Thus practically all of the CH;OH(g) will react and
the final pressure of HCI(g) is 0.600 — 0.250 = 0.350 atm.

OR
CH,OH(g) HCI(g) CH;Cl(g) H,0(g)
I 0.250 atm 0.600 atm 0 0
C —X —-X +Xx +Xx
E 0250 -x=0 0.600 —x = 0.350 +x = 0.250 +x = 0.250

The final pressure of HCl(g) is 0.350 atm at equilibrium.

1 point is earned
for the correct
answer.

(iii) The student claims that the final partial pressure of CH;OH(g) at equilibrium is very small but not
exactly zero. Do you agree or disagree with the student’s claim? Justify your answer.

Agree. The large value of K, means that the partial pressure of the limiting
reactant at equilibrium will be extremely small, but some CH;OH molecules must
exist for the system to be in dynamic equilibrium.

OR

p p
_ PcuyaPuyo C 47 %103 = (0.250)(0.250)

B (Pcr;0n)(0.350)

The partial pressure of CH;OH(g) is very small but is not zero.

-5
= = pCH OH = 3.8 x 107 atm
P PenyonPuc 3

1 point is earned for
the correct choice and
a valid justification.

(c) The table below shows some data for the compounds CH;Cl and CH;Br.

Compound Molar Mass | Dipole Moment | Boiling Point vaporization
(g/mol) (D) (K) (kJ/mol)
CH,Cl 50.5 1.87 249 18.9
CH;Br 94.9 1.81 277 22.8
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Question 2 (continued)

(i) Identify all the types of intermolecular forces that exist among molecules in CH;CI(]).

London dispersion forces and dipole-dipole forces | 1 point is earned for identifying both types of forces.

(ii) In terms of intermolecular forces, explain why the boiling point of CH;Br(/) is greater than that of
CH;CI()).

The electron cloud in CH;Br is larger and more polarizable than that
of CH;Cl. As a result the London dispersion forces are stronger in CH;Br

1 point is earned for a
compared to those in CH;Cl and consequently the boiling point of CH;Br valid explanation.
is higher than that of CH,;Cl.

(d) A 2.00 mL sealed glass vial containing a 1.00 g sample of CH,;CI(/) is stored in a freezer at 233 K.

(i) Calculate the pressure in the vial at 298 K assuming that all the CH;CI(/) vaporizes.

PV =nRT
1.00 g CH,CI
n=< SOO/g Cl cﬁ o7 = 0.0198 mol
- gMmo 3 1 point is earned for the correct
ith th t units.
» _ nRT _ (0.0198 mol)(0.0821 L atm mol ™ K~')(298 K) pressute with the corect untts
STy T 0.00200 L
= 242 atm

(ii) Explain why it would be unsafe to remove the vial from the freezer and leave it on a lab bench
at 298 K.

At room temperature the liquid will vaporize. Consequently the glass

1 point is earned for
vial may not be strong enough to withstand the increase in pressure.

a valid explanation.
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Question 3

3 Cu*(aq) + Au**(ag) — 3 Cu**(aq) + Au(s)

A student studying the reaction represented above constructs a voltaic cell as shown in the diagram below.
The cell contains an Au(s) electrode in a beaker containing 1.00 M Au(NO;);(ag) and a Pt(s) electrode in a

beaker containing 1.00 M CuNO5(aq) and 1.00 M Cu(NO;),(aq).

Voltmeter

Au(s) Pt(s)
N KNO; (aq) 4

=
o9

&

k_;_/+

1.00 M Au(NO;);(ag)  1.00 M CuNOs(aq) and
1.00 M Cu(NO;),(aq)

The standard reduction potentials associated with the cell are given in the following table.

Half-reaction E° (V)
Cu**(aq) + ¢ — Cu*(aq) 0.16
Au*t(aq) + 3¢ — Au(s) 1.50

(a) Calculate the value of the standard cell potential, E°.

E° =150V-016V=134V 1 point is earned for the correct answer.

(b) Does the mass of the Pt(s) electrode increase, decrease, or remain the same as the cell operates? Justify
your answer,

The mass of the Pt(s) electrode remains the same because
the Pt does not react and no Cu atoms will be deposited
on the Pt electrode.

1 point is earned for the correct
answer and a valid justification.
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Question 3 (continued)

An expanded view of the Au half-cell before the reaction occurs is shown in box A below. An expanded
view of the Au electrode after the cell operates for a period of time is shown in box B below.

NO; (aq)
Au(s)

Au*t(aq)

K*(aq)

&

& Cell £ O
@) & o &) Operates O & & &

H g O Ogbogo.o%

Box A Box B

(c) Assuming that the representation in box A is accurate, explain what is wrong with the stoichiometry
represented in box B.

In a redox reaction, the number of electrons lost must
equal the number gained, so the net charge must be
zero. The total charge of the cations is less than the
total charge of the anions.

1 point is earned for a valid explanation.

(d) After the cell has operated for 30.0 minutes, 0.185 g of Au(s) is deposited on the Au electrode.

(i) Calculate the number of moles of Au(s) deposited.

1 mol Au _ 1 point is earned for the correct calculation
. —— =9, 10~* mol A p
0.185 g Au x 196.97 g Au 9-39 > 107 mol Au of the number of moles.
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Question 3 (continued)

(ii) Calculate the average current that passed through the cell during the deposition of Au(s).

= 0.151C/s = 0.151 A

9.39 x 10~ mol Au x 2101 g6 485 C
24 1 mol Au mol e~
t 30.0 min x 20.5€¢
1 min

1 point is earned for the correct number
of electrons transferred
(may be implicit).

1 point is earned for the correct
calculation of the current.

The student adds some NaCl(s) to the half-cell that contains Cu*(ag) and Cu**(ag), and a precipitate forms.

(e) Based on the information in the following table, determine the identity of the precipitate. Justify your

answer with a calculation.

Compound | Solubility (mol/L) K,
CuCl ? 1.7%x 1077
CuCl, 5.2 ?

For CuCl:

CuCl(s) —» Cu*(agq) + Cl(agq)

K,, = [Cu*][CI']

1.7 x 1077 = ?

x = 4.1 x 10*M = solubility of CuCl

precipitate first.

CuCl has a lower solubility compared to CuCl, and will

1 point is earned for a correct
calculation of the solubility of CuCl.

1 point is earned for identifying the
precipitate with the lower solubility.

(f) Write the net ionic equation for the formation of the precipitate.

Cu*(aq) + Cl (aqg) — CuCl(s)

1 point is earned for the equation
consistent with the answer to part (e).

(g) The student predicts that the cell voltage will increase after the precipitate forms. Do you agree with the
student’s prediction? Justify your answer.

Disagree.

1 point is earned for
The precipitate will decrease [Cu*], which will cause Q to increase and a correct choice and a
become closer to the value of K. Therefore, the voltage of the cell will valid justification.
decrease.
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Question 4

To spectrophotometrically determine the mass percent of cobalt in an ore containing cobalt and some inert
materials, solutions with known [Co*] are prepared and the absorbance of each of the solutions is measured

at the wavelength of optimum absorbance. The data are used to create a calibration plot, shown below.

0.90
0.80 //’
0.70 /‘

0.60 »

pd
0.50
/'

0.40
0.30+ P
0204
0.104

0.00 &“—~——— - - :
0 0.005 0.010

Concentration (M)

Absorbance

1l
T 1

1 Il
T

0.015

A 0.630 g sample of the ore is completely dissolved in concentrated HNO5(aqg). The mixture is diluted with
water to a final volume of 50.00 mL. Assume that all the cobalt in the ore sample is converted to Co**(aq).

(a) What is the [Co>*] in the solution if the absorbance of a sample of the solution is 0.74 ?

1 point is earned for a concentration
that is consistent with an absorbance
of 0.74 on the graph.

An absorbance of 0.74 corresponds to a concentration
of 0.0130 M (0.0125 M to 0.0135 M).

(b) Calculate the number of moles of C02+(aq) in the 50.00 mL solution.

0.05000 L x 0.0130 mol Co* — 6.50 x 10~ mol Co* 1 point is earned for the correct

1.00 L calculation of the number of moles.

(c) Calculate the mass percent of Co in the 0.630 g sample of the ore.

1 point is earned for a correct calculation of
the number of grams of Co that is consistent

6.50 x 10~ mol x 5893gCo _ 0.0383 g Co with the number of moles of Co** in part (b).
1.00 mol (may be implicit)

0.0383 g Co o/ o

0.630 g ore x100% = 6.08% Co 1 point is earned for a correct calculation

of the mass percent that is consistent
with the number of grams of Co.
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Question 5
3 Ag(s) + 4 HNOs(aqg) — 3 AgNOs(aq) + NO(g) + 2 H,O(l)
A student investigates the reaction between Ag(s) and HNO,(aq) represented by the equation above.

(a) Predict the sign of the entropy change, AS®, for the reaction. Justify your answer.

The entropy change is positive because the reaction has 1 point is earned for the correct
one mole of gas in the products and none in the reactants. answer and a valid justification.

(b) Use the information in the table below to calculate the value of AHixn, the standard enthalpy change for

the reaction, in kJ/mol .

Substance HNO;(ag) | AgNO5(aq) NO(g) H,0()
Standard Heat of Formation,
A H; (kJ/mol) -207 -101 90. -286

AH?,, = 3(—=101) + 90. +2(-286) — 4(-207) 1 point is earned for the correct
43 kJ/mol,, calculation of the value of AHy,, .

(c) Based on your answers to parts (a) and (b), is the reaction more likely to be thermodynamically favorable

at 25°C, or at 95°C? Justify your answer.
AG°® = AH® — TAS®
1 point is earned for the
The reaction is more likely to be favorable at 95°C. At the higher temperature, correct answer and a
valid justification.

the term TAS® is larger and positive; thus, when subtracted from AH®, the
value of AG® is more likely to be negative.

(d) The student runs the reaction using a 3 to 4 mole ratio of Ag(s) to HNO(aq). Suggest a method the
student can use to isolate solid AgNO; from the other products of the reaction.

The student can evaporate the water, leaving behind solid 1 point is earned for a valid method.

silver nitrate.
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Question 6

A student is asked to determine what mass of butane, C,H,,(g), needs to burn in order to raise the temperature
of a 1650 g beaker of sand by 180.°C. The student is provided with the equipment shown below.

Thermometer

Beaker of Sand

Butane Burner

(a) Calculate the amount of heat energy needed to raise the temperature of the beaker of sand by 180.°C.
Assume that all the heat energy from the burner is transferred to the beaker of sand and that the specific
heat capacity of the beaker and sand together is 0.810 J/(g-°C).

q = mcAT

j 1 point is earned for the correct
(1650 g)£0.810—ocj(180.°c) =241,000J=241kJ calculation of the energy.
g.

N
Il

The student runs the experiment and collects the data shown in the table below.

Mass of the beaker and sand 1650 g
Mass of butane burner before combustion 22526 g
Mass of butane burner after combustion 21820 g
Initial temperature of the beaker of sand 20.°C
Final temperature of the beaker of sand 200.°C

(b) Calculate the number of moles of butane that was used in the experiment. Report your answer to the
appropriate number of significant figures.

225.26 g—218.20 g = 7.06 g butane 1 point is earned for the correct calculation
1 mol _ of the number of moles with the correct
7.06 g x 58.12 g butane 0-121 mol butane number of significant figures.
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Question 6 (continued)

The combustion of butane is represented by the equation below.

ClHye) + 2 0x(8) > SH0() +4CO)  AH, - ~2639 kl/mol

rxn

(c) Using the balanced equation for the combustion of butane and AH,,, determine the amount of heat
energy produced by the combustion of butane in the experiment.

2659 kJ produced 329 kI 1 point is earned for the correct determination of

0.121 mol butane x 1 mol butane the amount of heat produced.

(d) The student claims that some of the heat energy produced by the combustion of butane was lost to the air
surrounding the system. Do your answers to parts (a) and (c) support the student’s claim? Explain

Yes, the answers to parts (a) and (c) support the hypothesis. The
amount of heat generated from the combustion of the butane is
greater than the amount of heat required to cause the temperature
change of the sand, indicating that some of the heat from the
combustion of butane was lost.

1 point is earned for a correct choice
and a valid explanation.
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Question 7
Solution X 100 mL of 0.10 M NaOH(aq) is mixed with 100 mL of 0.10 M HBr(aq)
Solution Y 100 mL of 0.10 M NaBr(aq) is mixed with 100 mL of 0.10 M HBr(aq)

Solution Z 100 mL of 0.10 M HC,H;0,(aq) is mixed with 100 mL of 0.10 M NaC,H;0,(aq)

A student prepares three solutions, X, Y, and Z, as described in the table above. The values of K, for the
acidic species in the solutions are given in the table below.

Species K,
HBr(aq) >>1 (very large)
HC,H;0,(aq) 1.8x 107

(a) Using the information above, write the letters of the solutions in the boxes below to rank the solutions in
order of increasing pH. Explain your reasoning for the ranking.

Lowest pH Highest pH
Y | < | z | <| X

Solution Y is a strong acid solution with a very low pH.
Solution Z is a buffer solution with pK, =4.74 = pH.
Solution X is a neutral solution created from equimolar

amounts of a strong acid and a strong base that react in
a 1:1 ratio.

1 point is earned for the correct ordering.

1 point is earned for a valid
explanation of the ranking.

(b) Does the pH of solution Y increase, decrease, or remain the same when 100 mL of water is added?
Justify your answer.

The pH of the solution increases. The addition of water will 1 point is earned for the correct
decrease [H*]; therefore, the pH will increase. choice and a valid justification.

(c) The student adds 0.0010 mol of NaOH(s) to solution Y, and adds 0.0010 mol of NaOH(s) to solution Z .
Assume that the volume of each solution does not change when the NaOH(s) is added. The pH of
solution Y changes much more than the pH of solution Z changes. Explain this observation

Solution Z is a buffer system (composed of a weak acid

. . . . 1 point is earned for a valid explanation.
and its conjugate base), whereas solution Y is not a buffer.
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