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1 Moles and formulas — Part 1

Name: Class: Date:

Vocabulary Fa)jC

Write each word three times. R4S FAIRPE =k

English Fi3C Write it 3 times (English)
moles EEIR

Avogadro’s num- ] X fij) £

ber BE
molar mass IR I
Isotopes [ {37 2%

relative abun- FHXTF

dance

empirical formula  SZEGF

Recall
You have already met the building blocks of chemistry:

o Atoms are far too small to count one by one.
o Every element has a relative atomic mass written on the periodic table.
¢ You have written formulas like HyO and COs.

This sheet lines up the “counting” tool chemists use — the mole. Each idea has a worked

example.

New ideas
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B 1 The mole

Because atoms are so tiny, chemists count them in moles /K. One mole is Avo-
gadro’s number [ {R {1755 H%L of particles, Ny = 6.022 x 10?3,

gas volume

V / dm? (r.t.p.)

n="V/24

amount in
moles, n

number of
particles

n=cV

in solution:

conc. ¢, volume V'

B 2 Molar mass

The molar mass /K& M (grams per mole) comes straight from the periodic
table. It converts between mass and moles:

m
n=—.
M
. m 36.0
Worked example. 36.0 g of water (M = 18.0 g/mol) is n = M 180 - 2.0 mol,

which is 2.0 x 6.022 x 103 = 1.2 x 10?* molecules.

B 3 Isotopes and relative atomic mass

Isotopes [A]{iiZ are atoms of the same element with different numbers of neutrons.
The relative atomic mass is the weighted average of the isotope masses, using their
relative abundance A%t 3.

Worked example. Chlorine is 75.8% chlorine-35 and 24.2% chlorine-37: A, =
(35)(0.758) + (37)(0.242) = 35.5 — closer to 35 because it is more abundant.
B 4 Empirical formula

The empirical formula 5255 5{ is the simplest whole-number ratio of atoms. Find
it by turning each element’s mass into moles and dividing by the smallest.

Worked example. A compound of 40.0% C, 6.7% H, 53.3% O: C = ‘%U =333, H
=81 = 6.7, 0 = 23 = 3.33; dividing by 3.33 gives 1:2: 1, so CH,0.

‘Watch out: the relative atomic mass is a weighted average — it sits closer to the
more abundant isotope, not exactly halfway between the two.
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Practice 2.5 A compound is 50% sulfur and 50% oxygen by mass (S = 32, O = 16). Find its
. empirical formula. (3]
Try these in order. The methods are all above.

[

2.1 How many moles are in 22.0 g of carbon dioxide (M = 44.0 g/mol)?

2.2 How many molecules are in 0.50 mol of a gas? (N4 = 6.022 x 10%%)

2.3 An element is 60% of an isotope of mass 20 and 40% of an isotope of mass 22. Find

2

its relative atomic mass. (3]

2.4 Find the mass of 3.0 mol of water (M = 18.0 g/mol).

[
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Name:

AP Chemistry: 2016

M+1, - MI,

3. To determine the molar mass of an unknown metal, M, a student reacts iodine with an excess of the metal to
form the water-soluble compound MI,, as represented by the equation above. The reaction proceeds until all
of the I, is consumed. The MI,(aq) solution is quantitatively collected and heated to remove the water, and the
product is dried and weighed to constant mass. The experimental steps are represented below, followed by a
data table.

Add M Add 1,

e _—

125457 ¢ 127570

|- | -

126.549 ¢
| - | -

Add H,0

reaction solution heat reheat
—_— ——
oceurs collected
Ml,(aq)

Ml,(aq) leftover M ™~ MIQ(.\')/

Data for Unknown Metal Lab

Mass of beaker 125.457 g
Mass of beaker + metal M 126.549 ¢
Mass of beaker + metal M + I, 127570 g

Mass of MI,, first weighing 1.284 g

Mass of MI,, second weighing 1.284 g

(a) Given that the metal M is in excess, calculate the number of moles of I, that reacted.
(b) Calculate the molar mass of the unknown metal M.

The student hypothesizes that the compound formed in the synthesis reaction is ionic.

(c) Propose an experimental test the student could perform that could be used to support the hypothesis. Explain
how the results of the test would support the hypothesis if the substance was ionic.

Name:

AP Chemistry: 2016

The student hypothesizes that Br, will react with metal M more vigorously than I, did because Br, is a liquid
at room temperature.

(d) Explain why I, is a solid at room temperature whereas Br, is a liquid. Your explanation should clearly
reference the types and relative strengths of the intermolecular forces present in each substance.

While cleaning up after the experiment, the student wishes to dispose of the unused solid I, in a responsible

manner. The student decides to convert the solid I, to I"(ag) anion. The student has access to three solutions,
H,0,(aq), Na,S,05(ag), and Na,S,O¢(aq), and the standard reduction table shown below.

Half reaction E° (V)
S,0¢¥(ag) +2 ¢~ — 25,0,>(aq) 0.08
L(s)+2e — 21(aq) 0.54
0,(g) + 2H*(ag) +2 ¢~ — H,0,(aq) 0.68

(e) Which solution should the student add to I,(s) to reduce it to I"(ag)? Circle your answer below. Justify

your answer, including a calculation of E° for the overall reaction.
H,0,(aq) Na,S,05(aq) Na,S,04(aq)

(f) Write the balanced net-ionic equation for the reaction between I, and the solution you selected in part (e).
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1. Answer the following questions about magnesium.

AP Chemistry: 2025

A. An incomplete mass spectrum for magnesium is shown in the diagram.

100

80

60

Relative
Abundance

40

20

24 25 26

Mass (amu)

The percent abundance of magnesium-24 is 79%. The percent abundances of the other two
natural isotopes of magnesium, magnesium-25 and magnesium-26, are approximately equal.

i. Complete the mass spectrum in part A by drawing thick lines in the appropriate locations
to represent the percent abundance of magnesium-25 and magnesium-26.

ii. Describe the difference in atomic structure that accounts for the difference in mass
between magnesium-25 and magnesium-26.

AP Chemistry: 2025

Name:

NI I VAU T 1 i el W YeE RS s Y

A student prepares a 1.85x10~° M solution of Mg(NOs),(aq) in beaker 1 and a 2.80x10™% A
solution of NaOH (agq) in beaker 2, as shown.

°F @

-4
@ & 185107 M 28010 M
o Q @ Mg(NO3),(aq) 1
-~ -
@ Beaker 1 Beaker 2
35.00 mL 50.00 mL

B. The particle diagram shown represents a magnesium ion, Mg?", in beaker 1. A sodium
ion, Na*, in beaker 2 has a weaker attraction to water than the MgQJr does. Explain this
phenomenon using Coulomb’s law and each of the following.

i. The relative charge of the ions
ii. The relative radii of the ions
C. Calculate the pH of the solution in beaker 2.
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D. A student combines 35.00 mL of 1.85x10~3 M Mg(NO3),(ag) with 50.00 mL of

2.80x10"* M NaOH (ag), as shown in the diagram. Calculate [Mg%] after the two solutions are
combined but before any reaction takes place. (Assume that volumes are additive.)

35.00 mL 50.00 mL
1.85x 1073 M 2.80%x 1074 M
Mg(NO3),(aq) NaOH(aq)

Beaker 1 Beaker 2

~——

Beaker 3

E. The dissolution of magnesium hydroxide is represented by the following equation.

Mg(OH)s(s) = Mg** (ag) + 2 OH (ag) K, = 5.61x10""2

i. Write the expression for the solubility product constant, K.

ii. After the two solutions are combined in beaker 3 as described in part D, but before any
reaction takes place, [OH_] =1.65x10"4 M. Using your answer to part D, calculate the
value of the reaction quotient, Q.

iii. Using the reaction quotient, Q, predict whether a precipitate should form as the mixture
in beaker 3 approaches equilibrium. Justify your answer.
F. In a separate experiment, the student adds HNO3(aq) to decrease the pH of a saturated

solution containing undissolved Mg(OH),(s). Does the amount of undissolved Mg(OH),(s)
increase, decrease, or remain the same as the HNOj3(aq) is added? Justify your answer.

Name:

AP Chemistry: 2014

CHEMISTRY
Section IT
7 Questions
Time—90 minutes

YOU MAY USE YOUR CALCULATOR FOR THIS SECTION.

Directions: Questions 1-3 are long free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 47 are short free-response questions that require about 7 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.

Mass of KI tablet 0425 ¢
Mass of thoroughly dried filter paper 1.462 g
Mass of filter paper + precipitate after first drying 1.775 ¢

Mass of filter paper + precipitate after second drying 1.699 g

Mass of filter paper + precipitate after third drying 1.698 g

1. A student is given the task of determining the I~ content of tablets that contain KI and an inert, water-soluble
sugar as a filler. A tablet is dissolved in 50.0 mL of distilled water, and an excess of 0.20 M Pb(NOs),(aq) is
added to the solution. A yellow precipitate forms, which is then filtered, washed, and dried. The data from the
experiment are shown in the table above.

(a) For the chemical reaction that occurs when the precipitate forms,
(i) write a balanced, net-ionic equation for the reaction, and

(ii) explain why the reaction is best represented by a net-ionic equation.
(b) Explain the purpose of drying and weighing the filter paper with the precipitate three times.
(c) In the filtrate solution, is [K*] greater than, less than, or equal to [NO;7] ? Justify your answer.
(d) Calculate the number of moles of precipitate that is produced in the experiment.

(e) Calculate the mass percent of 1™ in the tablet.

(f) In another trial, the student dissolves a tablet in 55.0 mL of water instead of 50.0 mL of water. Predict
whether the experimentally determined mass percent of I~ will be greater than, less than, or equal to the
amount calculated in part (e). Justify your answer.
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(g) A student in another lab also wants to determine the I~ content of a KI tablet but does not have access to
Pb(NO;),. However, the student does have access to 0.20 M AgNO;, which reacts with 17(aq) to produce
Agl(s). The value of K, for Agl is 8.5x 107",

AP Chemistry: 2014

(i) Will the substitution of AgNO; for Pb(NO,), result in the precipitation of the 1™ ion from solution?
Justify your answer.
(ii) The student only has access to one KI tablet and a balance that can measure to the nearest 0.01 g.

Will the student be able to determine the mass of Agl produced to three significant figures? Justify
your answer.
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1 Atomic structure and periodic trends

— Part 2

Name:

Class: Date:

Vocabulary {ajJL
Write each word three times. B4 IRV E =3k .

English 225'8 Write it 3 times (English)
nucleus A%
electron configura- Hi,7HEG
tion
valence electrons  ffHL T
atomic radius [
ionization energy N
electronegativity B3, fi4:
cations FH 1
anions FH BT
ionic compound B T4k &
L]

Recall

You already know a lot about atoms and the periodic table:

¢ An atom has a tiny central nucleus with electrons around it.

¢ Electrons sit in shells; the outer ones decide how the atom reacts.

¢ The periodic table groups elements with similar behaviour.

This sheet lines these ideas up for AP. Each idea has a worked example.

AP Chemistry  Holiday Homework 1 Atomic structure and periodic trends — Part
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New ideas

B ] Inside the atom
An atom has a tiny nucleus Jf-F# (protons and neutrons) surrounded by electrons
in shells and subshells (s, p, d).

e nucleus: protons

o RN _-~ " and neutrons
- . .-
’ -TTTTS [ P
/ . ~ A
s - \
/ / TN
! / _-7 \
i | - \ \
i \ \
I ‘\ & ® - electron
| \ / I
\ \ / 1
\ \ / !
\ N ’ /
\ AN e ~~o
® Sal__--T J =~ shell (energy level)
L Y
N pe
. proton +1

O neutron 0

@® clectron —1

The electron configuration Hi, 7 lists how the electrons fill up, lowest energy
first, e.g. 1s?2s%2p5.
Worked exzample. Sulfur (Z = 16) fills to 1s%2s%2p% 352 3p* — its 16 electrons placed

in order.

B 2 Valence electrons
The outer valence electrons #f}H, - control an atom’s chemistry: they are the ones
gained, lost, or shared in reactions.

B 3 Periodic trends
Across and down the table, three trends follow from nuclear pull and shielding:

electronegativity increases across a period

. . . -7 most eIeCtronegative

decreases down a group

o atomic radius J&72242: smaller across a period, larger down a group.

AP Chemistry  Holiday Homework 1 Atomic structure and periodic trends — Part 2
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« ionization energy At (energy to remove an electron): larger across, smaller

down.
« electronegativity Hi 14 (pull on shared electrons): larger across and up, toward
fluorine.

B 4 Tons and ionic compounds

Metals lose electrons to form positive cations & T; nonmetals gain electrons to
form negative anions & F. Opposite charges attract into an ionic compound
BT 4bAY), whose formula balances the charges.

Worked example. Aluminium (3+) and oxide (2—) combine as Al;O3, so the +6 and
—6 cancel.

‘Watch out: atomic radius and ionization energy go in opposite directions — a small
atom holds its electrons tightly (high ionization energy), a large atom holds them
loosely (low ionization energy).

Practice

Try these in order. The methods are all above.

[

2.1 Write the electron configuration of oxygen (Z = 8). [

[

2.2 State what “valence electrons” are and why they matter. 2]

2.3 State how atomic radius changes (a) across a period, (b) down a group. 2]

2.4 Sodium loses one electron and chlorine gains one. Write the formula of the compound
they form, and state the charges. 2]

AP Chemistry  Holiday Homework 1 Atomic structure and periodic trends — Part 2



2.5 Magnesium (2+) combines with chloride (1—). Write the formula of the compound.[2]
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@

Part 2

Name: AP Chemistry: 2018

3. Answer the following questions relating to Fe and its ions, Fe?* and Fe**.

(a) Write the ground-state electron configuration of the Fe?* ion.

Ion | Ionic Radius (pm)
Fe?* 92
Fe** 79

(b) The radii of the ions are given in the table above. Using principles of atomic structure, explain why
the radius of the Fe?* ion is larger than the radius of the Fe** ion

(c) Fe?* ions interact more strongly with water molecules in aqueous solution than Fe?* ions do.
Give one reason for this stronger interaction, and justify your answer using Coulomb’s law.

A student obtains a solution that contains an unknown concentration of Fe?*(ag). To determine the concentration
of Fe?*(aq) in the solution, the student titrates a sample of the solution with MnO,(ag), which converts
Fe?*(aq) to Fe**(aq), as represented by the following equation.

5 Fe?*(ag) + MnO, (aq) + 8 H*(ag) — 5 Fe**(aq) + Mn**(aq) + 4 H,0(])

(d) Write the balanced equation for the half-reaction for the oxidation of Fe**(aq) to Fe’*(aq).

(e) The student titrates a 10.0 mL sample of the Fe>*(ag) solution. Calculate the value of [Fe**] in the solution
if it takes 17.48 mL of added 0.0350 M KMnO,(aqg) to reach the equivalence point of the titration.

To deliver the 10.0 mL sample of the Fe>*(ag) solution in part (e), the student has the choice of using one of the
pieces of glassware listed below.

e 25 mL buret e 25 mL beaker
e 25 mL graduated cylinder e 25 mL volumetric flask

(f) Explain why the 25 mL volumetric flask would be a poor choice to use for delivering the required volume of
the Fe?*(aq) solution.

In a separate experiment, the student is given a sample of powdered Fe(s) that contains an inert impurity. The
student uses a procedure to oxidize the Fe(s) in the sample to Fe,O;(s). The student collects the following data
during the experiment.

Mass of Fe(s) with inert impurity 6.724 g
Mass of Fe,05(s) produced 7531¢

(g) Calculate the number of moles of Fe in the Fe,O5(s) produced.

(h) Calculate the percent by mass of Fe in the original sample of powdered Fe(s) with the inert impurity.

(i) If the oxidation of the Fe(s) in the original sample was incomplete so that some of the 7.531 g of product
was FeO(s) instead of Fe,Os(s), would the calculated mass percent of Fe(s) in the original sample be
higher, lower, or the same as the actual mass percent of Fe(s)? Justify your answer.
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of Electrons

Relative Number

45 40 35 30 25 20 15 10 5 0
Binding Energy (MJ/mol)

7. The complete photoelectron spectrum of an element is represented above.
(a) Identify the element.
A radioactive isotope of the element decays with a half-life of 10. minutes.
(b) Calculate the value of the rate constant, k, for the radioactive decay. Include units with your answer.

(c) If 64 atoms of the radioactive isotope are originally present in a sample, what is the expected amount of time
that will pass until only one atom of the isotope remains? Show how you arrived at your answer.

STOP

END OF EXAM

Name:

AP Chemistry: 2014

Nonmetal C N O Ne Si P S Ar
Formula of No . No
F NF OF SiF PF SE
Compound CFy 3 2 | compound B 3 2 compound

5. Some binary compounds that form between fluorine and various nonmetals are listed in the table above. A
student examines the data in the table and poses the following hypothesis: the number of F atoms that will bond
to a nonmetal is always equal to 8 minus the number of valence electrons in the nonmetal atom.

(a) Based on the student’s hypothesis, what should be the formula of the compound that forms between chlorine
and fluorine?

(b) In an attempt to verify the hypothesis, the student researches the fluoride compounds of the other halogens
and finds the formula CIF;. In the box below, draw a complete Lewis electron-dot diagram for a molecule

of CIF;.

(c) Two possible geometric shapes for the CIF; molecule are trigonal planar and T-shaped. The student does
some research and learns that the molecule has a dipole moment. Which of the two shapes is consistent with
the fact that the CIF; molecule has a dipole moment? Justify your answer in terms of bond polarity and
molecular structure.

In an attempt to resolve the existence of the CIF; molecule with the hypothesis stated above, the student
researches the compounds that form between halogens and fluorine, and assembles the following list.

Halogen Formula(s)
F F,
Cl
Br BrF, BrF;, BrFs
1 IF, IF;, IFs, IF,

(d) Based on concepts of atomic structure and periodicity, propose a modification to the student’s previous
hypothesis to account for the compounds that form between halogens and fluorine.
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Compound | Melting Point (°C)
Lil 449
KI 686
LiF 845
NaF 993

6. A student learns that ionic compounds have significant covalent character when a cation has a polarizing effect
on a large anion. As a result, the student hypothesizes that salts composed of small cations and large anions
should have relatively low melting points.

(a) Select two compounds from the table and explain how the data support the student’s hypothesis.

(b) Identify a compound from the table that can be dissolved in water to produce a basic solution. Write the net
ionic equation for the reaction that occurs to cause the solution to be basic.
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2 Types of chemical bonding — Part 1

Name: Class: Date:

Vocabulary Fa)jC

Write each word three times. R4S FAIRPE =k

English Fi3C Write it 3 times (English)

chemical bond i
ionic bond BT
covalent bond 3t

metallic bond JE

polar covalent M A

ionic solid B

lattice Ly

delocalized 1517

alloy &4
Recall

You already know that atoms join together in different ways:

¢ A metal and a non-metal form an ionic compound by transferring electrons.
o Two non-metals form a covalent bond by sharing electrons.
o Metals are shiny and conduct electricity.

This sheet lines up the three kinds of bonding and what they explain. Each idea has a

worked example.

AP Chemistry e Holiday Homework — 2 Types of chemical bonding — Part 1
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New ideas

B 1 The three types of bond

A chemical bond fk24%# holds atoms together. Which type forms depends on the
atoms:

+ (X
Nax + *Cs o [Na] sas
[ X J [ X J

sodium gives its outer electron (<) to chlorine

« ionic bond BT ##: a metal gives electrons to a non-metal (opposite charges
attract).

« covalent bond A} two non-metals share electrons.

« metallic bond 4:J&%#: metal atoms share a “sea” of loose electrons.

B 2 Polar covalent bonds

When two atoms share electrons unequally (one pulls harder), the bond is a polar
covalent 1134 bond — one end is slightly negative, the other slightly positive.
B 3 Jonic solids

An ionic solid BT [EA is a giant repeating lattice fi#% of alternating positive and
negative ions.

—  CI"ion

eODeOe ®v~-
a regular, repeating 3-D pattern of
@ alternating + and — ions

The strong attraction gives high melting points and brittleness.

B 4 Metals and alloys

In a metal, positive ions sit in a sea of delocalized 1 (free-moving) electrons —
which is why metals conduct and bend. An alloy %4 mixes in different-sized atoms,
which stops the layers sliding and makes it harder (like steel).

AP Chemistry ¢ Holiday Homework — 2 Types of chemical bonding — Part 1



Name: AP Chemistry: 2015

Compound | Melting Point (°C)
Lil 449
KI 686
[ ] .
4 .+ 4 7.7"7 positive LiF 845
° metal ions NaF 9903
o a
+ o + I+ i
® e © o Sfa :f delo:al'sfd 6. A student learns that ionic compounds have significant covalent character when a cation has a polarizing effect
I T I electrons (free to move) on a large anion. As a result, the student hypothesizes that salts composed of small cations and large anions

should have relatively low melting points.

Watch out: an ionic solid does not conduct electricity when solid — its ions are (a) Select two compounds from the table and explain how the data support the student’s hypothesis.

locked in place. It conducts only when molten or dissolved, where the ions are free (b) Identify a compound from the table that can be dissolved in water to produce a basic solution. Write the net
to move. ionic equation for the reaction that occurs to cause the solution to be basic.
Practice

Try these in order. The methods are all above.

2.1 State the type of bond formed between (a) a metal and a non-metal, (b) two non-

metals. 2
2.2 Explain, in terms of electrons, how a metal conducts electricity. 2]
2.3 State why an ionic solid conducts electricity when molten but not when solid. 2]
2.4 Explain why an alloy is usually harder than the pure metal. 2]

2.5 Sodium and chlorine form sodium chloride. State the type of bond and describe what
happens to the electrons. 2]

AP Chemistry e Holiday Homework — 2 Types of chemical bonding — Part 1
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Name: AP Chemistry: 2018 Name: AP Chemistry: 2017

3. Answer the following questions relating to Fe and its ions, Fe?* and Fe>*. 6. Answer the following questions about Mg(OH),. At 25°C, the value of the solubility product constant, K, for
Mg(OH),(s) is 1.8 x 1071,

(a) Write the ground-state electron configuration of the Fe?* ion.

(a) Calculate the number of grams of Mg(OH), (molar mass 58.32 g/mol) that is dissolved in 100. mL of a
Ion | Ionic Radius (pm) saturated solution of Mg(OH), at 25°C.

2+
Fe 92 (b) The energy required to separate the ions in the Mg(OH), crystal lattice into individual Mg?*(g) and OH(g)

Fe¥* 79 ions, as represented in the table below, is known as the lattice energy of Mg(OH),(s). As shown in the table,
the lattice energy of Sr(OH),(s) is less than the lattice energy of Mg(OH),(s). Explain why in terms of
periodic properties and Coulomb’s law.

(b) The radii of the ions are given in the table above. Using principles of atomic structure, explain why
the radius of the Fe>* ion is larger than the radius of the Fe>* ion

(c) Fe?* ions interact more strongly with water molecules in aqueous solution than Fe?* ions do.

- - . . L . i Lattice Energy (kJ/mol
Give one reason for this stronger interaction, and justify your answer using Coulomb’s law. Reaction attice Energy (kJ/mol)

Mg(OH),(s) — Mg?*(g) +2 OH(g) 2900

A student obtains a solution that contains an unknown concentration of Fe?*(aq). To determine the concentration
of Fe**(aq) in the solution, the student titrates a sample of the solution with MnO,(ag), which converts Sr(OH),(s) — St2*(g) + 2 OH(g) 2300
Fe?*(aq) to Fe**(aq), as represented by the following equation.

5 Fe’*(aq) + MnO, (aq) + 8 H*(ag) — 5 Fe**(aq) + Mn**(aq) + 4 H,0(])

(d) Write the balanced equation for the half-reaction for the oxidation of Fe**(aq) to Fe’*(aq).

(e) The student titrates a 10.0 mL sample of the Fe>*(ag) solution. Calculate the value of [Fe**] in the solution
if it takes 17.48 mL of added 0.0350 M KMnO,(aq) to reach the equivalence point of the titration.

To deliver the 10.0 mL sample of the Fe>*(ag) solution in part (e), the student has the choice of using one of the
pieces of glassware listed below.

e 25 mL buret e 25 mL beaker
e 25 mL graduated cylinder e 25 mL volumetric flask

(f) Explain why the 25 mL volumetric flask would be a poor choice to use for delivering the required volume of
the Fe?*(aq) solution.

In a separate experiment, the student is given a sample of powdered Fe(s) that contains an inert impurity. The
student uses a procedure to oxidize the Fe(s) in the sample to Fe,05(s). The student collects the following data
during the experiment.

Mass of Fe(s) with inert impurity 6.724 ¢
Mass of Fe,05(s) produced 7531 ¢

(g) Calculate the number of moles of Fe in the Fe,O5(s) produced.

(h) Calculate the percent by mass of Fe in the original sample of powdered Fe(s) with the inert impurity.

(i) If the oxidation of the Fe(s) in the original sample was incomplete so that some of the 7.531 g of product
was FeO(s) instead of Fe,05(s), would the calculated mass percent of Fe(s) in the original sample be
higher, lower, or the same as the actual mass percent of Fe(s)? Justify your answer.
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2 Lewis diagrams and molecular shapes
— Part 2

Name: Class: Date:

Vocabulary &R

Write each word three times. E4GAN IR E =k

English 3z Write it 3 times (English)
Lewis diagram 0% 5 B 4k
¥4
lone pairs PR T-
octet PAELEN
VSEPR 2 T
HJF
Recall

In Part A you met covalent bonds, where atoms share electrons. Now draw molecules
and predict their shapes:

e You have drawn simple dot-and-cross diagrams before.
o Molecules are not flat blobs — they have definite 3-D shapes.

Each idea has a worked example before the Practice.
New ideas
B 1 Lewis diagrams
A Lewis diagram }% 587454 shows an atom’s outer electrons as shared bonding

pairs and unshared lone pairs fliX}H,F. Most atoms want a full octet /\[#{&
eight outer electrons (hydrogen wants just two).

AP Chemistry  Holiday Homework — 2 Lewis diagrams and molecular shapes — Part 2

oo 00 ox ® clectron from one atom
o . ox N § X electron from the other
K2 ox
H H
H0: 2 bonding pairs Ny: triple bond
+ 2 lone pairs (3 shared pairs)

Worked example. In carbon dioxide COg, carbon shares two pairs with each oxygen
(two double bonds, O = C = O), so every atom reaches an octet.

B 2 Molecule shapes

VSEPR #yZ2H 1%} H J& theory predicts shape with one simple rule: the electron
pairs around a central atom spread out as far apart as possible.

~109.5° . oo
180° ) 107°
C D
7 @& H D
a D ~A
O _ (J
linear trigonal planar tetrahedral pyramidal
CO, BF; CHy NH;
O)
oo oo
—~
Qoo
- RN
e B
10450 -
(O
bent trig. bipyramidal octahedral
H20 PF5, 120° & 90° SFs, 90°

e 2 pairs — linear; 3 pairs — flat triangle; 4 pairs — tetrahedral.
Worked example. Methane CHy has four bonding pairs around carbon, so they point

to the corners of a tetrahedron (angles 109.5°).

B 3 Lone pairs bend the shape
Lone pairs take up space too, and they push the bonds a little closer together, bending
the shape.

Worked example. Water HoO has two bonding pairs and two lone pairs; the lone pairs
push the two O—-H bonds down to a bent shape (about 104.5°).

AP Chemistry ¢ Holiday Homework — 2 Lewis diagrams and molecular shapes — Part 2



B 4 Polar molecules

If a molecule’s shape leaves its bond dipoles unbalanced, the whole molecule is polar
(like water). If they cancel by symmetry, it is non-polar (like COs).

Watch out: a molecule can have polar bonds but still be non-polar overall — if its
symmetric shape makes the dipoles cancel. COj is the classic example.

Practice

Try these in order. The methods are all above.

2.1 State how many outer electrons most atoms want (the octet rule), and the exception

for hydrogen.

2.2 State the shape and bond angle of methane CHy (four bonding pairs).

2.3 Explain why water is a bent shape rather than straight.

2.4 A molecule of CO, has polar bonds but is non-polar overall. Explain why.

2.5 State the VSEPR rule that decides the shape of a molecule.

AP Chemistry  Holiday Homework — 2 Lewis diagrams and molecular shapes — Part 2
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Begin your response to QUESTION 3 on this page.

3. Sterling silver is an alloy that is commonly used to make jewelry and consists of 92.5% silver and 7.5% other

metals, such as copper, by mass. Over time, the alloy can form a tarnish of Ag,S(s) when it reacts with hydrogen

sulfide, as represented by the following equation.
2 Ag(s) + HyS(g) > Ag,S(s) + Ha(g)

(a) What are the oxidation numbers of silver in Ag(s) and Ag,S(s) ?
Ag(s)___ Ag,S(s)

(b) The following table contains the atomic radii for silver and copper.

Element Silver (Ag) [Copper (Cu)

Atomic radius (pm) 165 145

(i) Explain why sterling silver is better classified as a substitutional alloy than as an interstitial alloy.

(i1) Using principles of atomic structure and Coulomb’s law, explain why silver has a larger atomic radius
than copper does.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 3 on this page.

The Ag,S tarnish on sterling silver can be removed until only sterling silver remains. A student weighs a
tarnished sterling silver sample both before and after removing the AgZS(x) (molar mass 247.80 g / mol) and
records the data in the following table.

Before Tarnish Removal | After Tarnish Removal

Mass 409.21 ¢ 398.94 ¢

(c) Assuming that only AgZS(s) is removed, calculate the number of moles of silver atoms removed.

Rhodium plating is a process used to protect sterling silver from tarnishing. This involves electroplating
(depositing) solid rhodium, Rh(s), onto the surface of the metal from an acidified solution of Rhy(SOy4)(aq).

Oxygen gas is produced during this process.

(d) A table of half-reactions related to the overall reaction is provided.

Half-Reaction E° (V)
Rh*"(aq) +3 e~ — Rh(s) +0.80
0,(g) +4H"(ag) +4 ¢~ - 2H,0()) +1.23

(i) Write the balanced net ionic equation for plating Rh(s) from the acidified Rh,(SO;),(ag) solution.

(i) Calculate the value of E_,;; for the reaction in part (d)(i).

GO ON TO THE NEXT PAGE.

Name: AP Chemistry: 2024

Continue your response to QUESTION 3 on this page.

(iii) Based on your answer to part (d)(ii), explain why this process requires the use of an external power
source.

(e) Calculate the length of time, in seconds, required to plate 2.8 g of Rh(s) onto a piece of sterling silver if
2.0 C/s of current is applied.

GO ON TO THE NEXT PAGE.
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NaHCO,(s) + HC,H;0,(ag) — NaC,H;0,(aq) + HyO(l) + CO,(g)

AP Chemistry: 2016

2. A student designs an experiment to study the reaction between NaHCO; and HC,H;0,. The reaction is
represented by the equation above. The student places 2.24 g of NaHCOj in a flask and adds 60.0 mL of
0.875 M HC,H;0,. The student observes the formation of bubbles and that the flask gets cooler as the reaction
proceeds.

(a) Identify the reaction represented above as an acid-base reaction, precipitation reaction, or redox reaction.
Justify your answer.

(b) Based on the information above, identify the limiting reactant. Justify your answer with calculations.

(c) The student observes that the bubbling is rapid at the beginning of the reaction and gradually slows as the
reaction continues. Explain this change in the reaction rate in terms of the collisions between reactant
particles.

(d) In thermodynamic terms, a reaction can be driven by enthalpy, entropy, or both.

(i) Considering that the flask gets cooler as the reaction proceeds, what drives the chemical reaction
between NaHCO;(s) and HC,H;0,(aq) ? Answer by drawing a circle around one of the choices
below.

Enthalpy only Entropy only Both enthalpy and entropy

(ii) Justify your selection in part (d)(i) in terms of AG®°.

(e) The HCO;™ ion has three carbon-to-oxygen bonds. Two of the carbon-to-oxygen bonds have the same
length and the third carbon-to-oxygen bond is longer than the other two. The hydrogen atom is bonded to
one of the oxygen atoms. In the box below, draw a Lewis electron-dot diagram (or diagrams) for the HCO;~
ion that is (are) consistent with the given information.

(f) A student prepares a solution containing equimolar amounts of HC,H;0, and NaC,H;0,. The pH of
the solution is measured to be 4.7. The student adds two drops of 3.0 M HNO;(ag) and stirs the sample,
observing that the pH remains at 4.7. Write a balanced, net-ionic equation for the reaction between
HNOj(aqg) and the chemical species in the sample that is responsible for the pH remaining at 4.7.

Name:
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NaHCO,(s) + HC,H;0,(ag) — NaC,H;0,(aq) + HyO(l) + CO,(g)

2. A student designs an experiment to study the reaction between NaHCO; and HC,H;0,. The reaction is
represented by the equation above. The student places 2.24 g of NaHCO; in a flask and adds 60.0 mL of
0.875 M HC,H;0,. The student observes the formation of bubbles and that the flask gets cooler as the reaction
proceeds.

(a) Identify the reaction represented above as an acid-base reaction, precipitation reaction, or redox reaction.
Justify your answer.

(b) Based on the information above, identify the limiting reactant. Justify your answer with calculations.

(c) The student observes that the bubbling is rapid at the beginning of the reaction and gradually slows as the
reaction continues. Explain this change in the reaction rate in terms of the collisions between reactant
particles.

(d) In thermodynamic terms, a reaction can be driven by enthalpy, entropy, or both.

(i) Considering that the flask gets cooler as the reaction proceeds, what drives the chemical reaction
between NaHCO;(s) and HC,H;0,(aq) ? Answer by drawing a circle around one of the choices
below.

Enthalpy only Entropy only Both enthalpy and entropy

(ii) Justify your selection in part (d)(i) in terms of AG®.

(e) The HCO;™ ion has three carbon-to-oxygen bonds. Two of the carbon-to-oxygen bonds have the same
length and the third carbon-to-oxygen bond is longer than the other two. The hydrogen atom is bonded to
one of the oxygen atoms. In the box below, draw a Lewis electron-dot diagram (or diagrams) for the HCO;~
ion that is (are) consistent with the given information.

(f) A student prepares a solution containing equimolar amounts of HC,H;0, and NaC,H;0,. The pH of
the solution is measured to be 4.7. The student adds two drops of 3.0 M HNO;(ag) and stirs the sample,
observing that the pH remains at 4.7. Write a balanced, net-ionic equation for the reaction between
HNOj3(aq) and the chemical species in the sample that is responsible for the pH remaining at 4.7.
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5. Complete Lewis diagrams and some physical properties for compounds X and Y are given.

Compound X Y
H H
I I
H :(l): H H :0: H
\ / \
Lewis diagram H~c—c—c—H | H~c—g—c—H
/TN /0
H” | "H H” | DH
H H
Molar mass 74.1 g/mol 90.2 g/mol
Boiling point 82°C 98°C

A. Based on VSEPR theory, predict the geometry around the Si atom in compound Y.

B. A student claims that compound Y has a higher boiling point than that of compound X
because compound Y has stronger London dispersion forces. Do you agree or disagree?
Justify your answer.

C. An equimolar mixture of the two compounds is heated. When the mixture reaches 82°C,
which compound will have the higher vapor pressure? Justify your answer.

D. The mixture is heated to 198°C in a sealed, rigid 12.5 L container, at which point both
substances are gases and the total pressure in the container is 2.30 atm. Calculate the number
of moles of gas particles in the container.
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3 Forces between molecules and states
of matter — Part

Name: Class: Date:

Vocabulary &liC

Write each word three times. FEEANBATETSE =3k .

English FPi Write it 3 times (English)
Intermolecular o 18] 1

forces ;i

London dispersion {¢& 3 & 1

forces Ji

dipole-dipole TR RS

hydrogen bonding

Recall
You already know about the three states of matter:

o Solids are packed tight, liquids flow, gases spread out to fill any space.
o Heating a solid melts it; heating a liquid boils it.
o Water boils at 100 °C, but many gases boil far below room temperature.

This sheet explains why, using the weak forces between molecules. Each idea has a
worked example.

New ideas

B 1 Forces between molecules

Intermolecular forces 43 F-[a]/EJf] J7 are attractions between whole molecules
much weaker than the bonds inside a molecule, but they decide melting and boiling
points.

AP Chemistry o Holiday Homework — 3 Forces between molecules and states of matter — Part 1

B 2 The three kinds

From weakest to strongest:

6”\ /Q O is §— (lone pairs),
hydrogen i a His 6+

H 3 e

54 ~bond -

« London dispersion forces {3 {H{ /] — present in all molecules; stronger for
bigger ones.

« dipole—dipole % — between polar molecules.
« hydrogen bonding & — a strong force when H is joined to N, O, or F.

B 3 Stronger forces, higher boiling point
The stronger the intermolecular forces, the more energy is needed to pull the molecules
apart, so the higher the boiling point.

Worked example. Water (18 g/mol, hydrogen-bonded) boils at 100°C, but methane
(16 g/mol, only weak dispersion forces) boils at —162°C — almost the same size,
hugely different boiling points, because of the forces between molecules.

B 4 The states of matter

‘XXX oo | 0 ® o
o000 0%
(Y Y X ® o ®0 °
0000 g0g0 (0 4 °

solid liquid gas
regular, touching close, random far apart, random
vibrate in place slide past each other move fast

Heating raises the particles’ energy; when it beats the attractions, the substance melts
or boils.

Watch out: boiling breaks the weak forces between molecules, not the strong
bonds inside them. When water boils, the H-O bonds stay intact — the molecules
just separate from each other.

AP Chemistry o Holiday Homework — 3 Forces between molecules and states of matter — Part 1



Practice
Try these in order. The methods are all above.

2.1 State whether intermolecular forces are stronger or weaker than the bonds inside a
molecule. 1]

2.2 Name the three types of intermolecular force, from weakest to strongest. 2

2.3 Explain why water has a much higher boiling point than methane, even though they
are a similar size. 2]

2.4 State what type of intermolecular force is present in all molecules. 1]

2.5 When water boils, state what is broken — the bonds inside the molecules, or the forces
between them. 1

AP Chemistry o Holiday Homework — 3 Forces between molecules and states of matter — Part 1

Name:
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Sulfur atom = O Carbon atom = . Oxygen atom = O

Compound Molecular Structure Boiling P(o;(n)t atlam
O-e0 519
cos @5 26 223

4. The table above gives the molecular structures and boiling points for the compounds CS, and COS.

(a) In terms of the types and relative strengths of all the intermolecular forces in each compound, explain why
the boiling point of CS,(/) is higher than that of COS(/).

(b) A 10.0 g sample of CS,(/) is put in an evacuated 5.0 L rigid container. The container is sealed and heated to
325 K, at which temperature all of the CS,(/) has vaporized. What is the pressure in the container once all of

the CS,(/) has vaporized?
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CHEMISTRY
Section IT
7 Questions
Time—90 minutes

YOU MAY USE YOUR CALCULATOR FOR THIS SECTION.

Directions: Questions 1-3 are long free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 4-7 are short free-response questions that require about 7 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.

Mass of KI tablet 0425 ¢
Mass of thoroughly dried filter paper 1.462 g
Mass of filter paper + precipitate after first drying 1.775 g

Mass of filter paper + precipitate after second drying 1.699 g

Mass of filter paper + precipitate after third drying 1.698 g

1. A student is given the task of determining the I~ content of tablets that contain KI and an inert, water-soluble
sugar as a filler. A tablet is dissolved in 50.0 mL of distilled water, and an excess of 0.20 M Pb(NO;),(aq) is
added to the solution. A yellow precipitate forms, which is then filtered, washed, and dried. The data from the
experiment are shown in the table above.

(a) For the chemical reaction that occurs when the precipitate forms,
(i) write a balanced, net-ionic equation for the reaction, and
(ii) explain why the reaction is best represented by a net-ionic equation.
(b) Explain the purpose of drying and weighing the filter paper with the precipitate three times.
(¢) In the filtrate solution, is [K*] greater than, less than, or equal to [NO;™] ? Justify your answer.
(d) Calculate the number of moles of precipitate that is produced in the experiment.
(e) Calculate the mass percent of 1™ in the tablet.

(f) In another trial, the student dissolves a tablet in 55.0 mL of water instead of 50.0 mL of water. Predict
whether the experimentally determined mass percent of I~ will be greater than, less than, or equal to the
amount calculated in part (e). Justify your answer.

Name: AP Chemistry: 2014

(g) A student in another lab also wants to determine the I~ content of a KI tablet but does not have access to
Pb(NO;),. However, the student does have access to 0.20 M AgNO;, which reacts with I"(ag) to produce
Agl(s). The value of K, for Agl is 8.5 x 1077,

(i) Will the substitution of AgNO; for Pb(NO,), result in the precipitation of the 1™ ion from solution?
Justify your answer.
(ii) The student only has access to one KI tablet and a balance that can measure to the nearest 0.01 g.

Will the student be able to determine the mass of Agl produced to three significant figures? Justify
your answer.



Name: AP Chemistry: 2025

5. Complete Lewis diagrams and some physical properties for compounds X and Y are given.

Compound X Y
H H
I I
H :?: H H :0: H
\ / \ L
Lewis diagram H~c—c—c—H | H~c—g—c—H
A /]
H /C g H H C
H | DH H” | SH
H H
Molar mass 74.1 g/mol 90.2 g/mol
Boiling point 82°C 98°C

A. Based on VSEPR theory, predict the geometry around the Si atom in compound Y.

B. A student claims that compound Y has a higher boiling point than that of compound X
because compound Y has stronger London dispersion forces. Do you agree or disagree?
Justify your answer.

C. An equimolar mixture of the two compounds is heated. When the mixture reaches 82°C,
which compound will have the higher vapor pressure? Justify your answer.

D. The mixture is heated to 198°C in a sealed, rigid 12.5 L container, at which point both
substances are gases and the total pressure in the container is 2.30 atm. Calculate the number
of moles of gas particles in the container.

Name: AP Chemistry: 2018

Sulfur atom = O Carbon atom = . Oxygen atom = O

Compound Molecular Structure Boiling P(Olgl)t atlam

cs, Q) 20 319
O@-0

Cos 223

4. The table above gives the molecular structures and boiling points for the compounds CS, and COS.

(a) In terms of the types and relative strengths of all the intermolecular forces in each compound, explain why
the boiling point of CS,(/) is higher than that of COS(/).

(b) A 10.0 g sample of CS,(/) is put in an evacuated 5.0 L rigid container. The container is sealed and heated to
325 K, at which temperature all of the CS,(/) has vaporized. What is the pressure in the container once all of
the CS,(/) has vaporized?
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4. A student is doing experiments with CO,(g). Originally, a sample of the gas is in a rigid container at 299 K and
0.70 atm. The student increases the temperature of the CO,(g) in the container to 425 K.
(a) Describe the effect of raising the temperature on the motion of the CO,(g) molecules.
(b) Calculate the pressure of the CO,(g) in the container at 425 K.

(c) In terms of kinetic molecular theory, briefly explain why the pressure of the CO,(g) in the container
changes as it is heated to 425 K.

(d) The student measures the actual pressure of the CO,(g) in the container at 425 K and observes that it is less
than the pressure predicted by the ideal gas law. Explain this observation.
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Name:

Class: Date:

Vocabulary Fa)jC

Write each word three times. B4 BAIRPE =k

English Fi3C Write it 3 times (English)
solution aRlid

solute el

solvent sl

molarity JEE IR

chromatography — {fij%yk

Solubility I

Recall

You have made and used solutions many times:

e Salt dissolves in water to make salt water.

« You have separated mixtures by filtering.

o Some things dissolve in water and some do not.

This sheet makes “how much is dissolved” exact, and lines up the ways to separate

mixtures. Each idea has a worked example.

New ideas

AP Chemistry  Holiday Homework

3 Solutions, concentration, and separation

B ] Solutions and concentration
A solution 7§ is a solute % /i dissolved in a solvent J%7]. Its concentration is
measured as molarity JFE/Ryc)E:

_ moles of solute
"~ litres of solution’

Worked example. Dissolving 0.50 mol of salt in 2.0 L of water gives M = % =

0.25 M.

B 2 Dilution
Adding solvent spreads the same moles through more volume, so the concentration

drops. Because the moles do not change,

MVi = MyVs.

MV 6.0x50

Worked example. To dilute 50 mL of 6.0 M acid to 2.0 M: V, = ==
M, 2.0

150 mL, so you add 150 — 50 = 100 mL of water.

B 3 Separating mixtures

Because a mixture’s parts keep their own properties, physical methods separate them:

solvent front

[ ]
o spots separate
([ J

b

baseline
(pencil) |

solvent

a spot
Ry= 2 —
T7 % 7 solvent

« filtration — by particle size,

« distillation — by boiling point,

o chromatography f@i%y5 — by how strongly each part sticks versus moves with
a solvent.

B 4 What dissolves in what

Solubility % f# & follows the rule “like dissolves like”: polar and ionic solutes
dissolve in polar solvents (like water); non-polar solutes dissolve in non-polar solvents
(like oil).

AP Chemistry ¢ Holiday Homework — 3 Solutions, concentration, and separation — Part 2
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3. A student is given 50.0 mL of a solution of Na,CO; of unknown concentration. To determine the concentration
of the solution, the student mixes the solution with excess 1.0 M Ca(NOs),(aq), causing a precipitate to form.

The balanced equation for the reaction is shown below.
Watch out: in a dilution the number of moles of solute stays the same — only

the volume (and so the concentration) changes. That is exactly why MV; = MyVs Na,COs(ag) + Ca(NOs),(ag) — 2 NaNOs(ag) + CaCOs(s)
works. (a) Write the net ionic equation for the reaction that occurs when the solutions of Na,CO5 and Ca(NO;), are
mixed.

(b) The diagram below is incomplete. Draw in the species needed to accurately represent the major ionic species

Practice remaining in the solution after the reaction has been completed.

Try these in order. The methods are all above.

2.1 Find the molarity of a solution with 0.20 mol of solute in 0.50 L of solution. 2]
2.2 You dilute 100 mL of 3.0 M solution to 1.0 M. Find the final volume. 3] @
. P e J
I
Solid CaCO;
2.3 Name the separation method best suited to separating (a) sand from water, (b) two The student filters and dries the precipitate of CaCO; (molar mass 100.1 g/mol) and records the data in the table
liquids with different boiling points. 2] below.
Volume of Na,CO; solution 50.0 mL

Volume of 1.0 M Ca(NO;), added 100.0 mL

Mass of CaCOj precipitate collected 093 g

2.4 Explain, using “like dissolves like”, why oil does not dissolve in water.
(c) Determine the number of moles of Na,COj; in the original 50.0 mL of solution.

(d) The student realizes that the precipitate was not completely dried and claims that as a result, the
calculated Na,CO5 molarity is too low. Do you agree with the student’s claim? Justify your answer.

2.5 State what stays constant during a dilution. [1] (e) After the precipitate forms and is filtered, the liquid that passed through the filter is tested to see if it can
conduct electricity. What would be observed? Justify your answer.

AP Chemistry « Holiday Homework 3 Solutions, concentration, and separation — Part 2
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The student decides to determine the molarity of the same Na,CO; solution using a second method. When

Na,CO; is dissolved in water, CO;2(ag) hydrolyzes to form HCO; (aq), as shown by the following equation.

_ [HCO; J[OH] _

o 2.1x 107
[COs*7]

CO;2(aq) + H,0() = HCO; (ag) + OH (aq) K,

(f) The student decides to first determine [OH™] in the solution, then use that result to calculate the initial
concentration of COf‘(aq).

(i) Identify a laboratory method (not titration) that the student could use to collect data to determine [OH™]
in the solution.

(ii) Explain how the student could use the measured value in part (f)(i) to calculate the initial concentration
of CO32’(aq). (Do not do any numerical calculations.)

(g) In the original Na,CO; solution at equilibrium, is the concentration of HCO; (aq) greater than, less than, or

equal to the concentration of CO4%~(aq) ? Justify your answer.

(h) The student needs to make a CO;2"/HCO," buffer. Is the Na,CO; solution suitable for making a buffer
with a pH of 6?7 Explain why or why not.

Name:

AP Chemistry: 2015

4. Answer the following questions about the solubility of Ca(OH), (K, = 1.3 x 10’6) .
(a) Write a balanced chemical equation for the dissolution of Ca(OH),(s) in pure water.
(b) Calculate the molar solubility of Ca(OH), in 0.10 M Ca(NOs;),.

(c) In the box below, complete a particle representation diagram that includes four water molecules with proper
orientation around the Ca* ion.

Represent water molecules as @
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Solvent Front
CHEMISTRY

/ Section IT
Time—1 hour and 45 minutes
7 Questions

DyeCH+——"*

L]
Dye B Dyec | | Unknown Dye A~ o~ Unknown YOU MAY USE YOUR CALCULATOR FOR THIS SECTION.
Dye A | o
L o Dye B
bl b A R A T\_ 7’" T Directions: Questions 1-3 are long free-response questions that require about 23 minutes each to answer and are
» 7 worth 10 points each. Questions 4-7 are short free-response questions that require about 9 minutes each to answer
Oriein and are worth 4 points each.

Nonpolar Solvent

Chromatography Chambers 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.

Developed Chromatograms

4. A student investigates various dyes using paper chromatography. The student has samples of three pure dyes,

labeled A, B, and C, and an unknown sample that contains one of the three dyes. The student prepares the ﬁ

chromatography chambers shown above on the left by putting a drop of each dye at the indicated position on
the chromatography paper (a polar material) and standing the paper in a nonpolar solvent. The developed
chromatograms are shown above on the right.

(a) Which dye (A, B, or C) is the least polar? Justify your answer in terms of the interactions between the dyes
and the solvent or between the dyes and the paper.

(b) Which dye is present in the unknown sample? Justify your answer.

H—ITI—C—ITI—H

H H

1. The compound urea, H,NCONH,, is widely used in chemical fertilizers. The complete Lewis electron-dot
diagram for the urea molecule is shown above.

(a) Identify the hybridization of the valence orbitals of the carbon atom in the urea molecule.

(b) Urea has a high solubility in water, due in part to its ability to form hydrogen bonds. A urea molecule and
four water molecules are represented in the box below. Draw ONE dashed line (----) to indicate a possible
location of a hydrogen bond between a water molecule and the urea molecule.

e® - B
% o

H,NCONH,(s) & H,NCONH,(aq)

The dissolution of urea is represented by the equation above. A student determines that 5.39 grams of
H,NCONH, (molar mass 60.06 g/mol) can dissolve in water to make 5.00 mL of a saturated solution at 20.°C.
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(c) Calculate the concentration of urea, in mol/L, in the saturated solution at 20.°C.

(d) The student also determines that the concentration of urea in a saturated solution at 25°C is 19.8 M. Based
on this information, is the dissolution of urea endothermic or exothermic? Justify your answer in terms of

Le Chatelier’s principle.

Polystyrene Thermometer Stirring Bottle of Balance Distilled
Cup Rod Urea Water

(e) The equipment shown above is provided so that the student can determine the value of the molar heat of
solution for urea. Knowing that the specific heat of the solution is 4.18 J/(g-°C), list the specific
measurements that are required to be made during the experiment.

§° (J/(mol-K))

H,NCONH,(s) 104.6

H,NCONH,(aq) ?

(f) The entropy change for the dissolution of urea, ASg ), ,is 70.1 J/(mol-K) at 25°C. Using the information in

the table above, calculate the absolute molar entropy, S°, of aqueous urea.

(g) Using particle-level reasoning, explain why ASg, is positive for the dissolution of urea in water.

(h) The student claims that AS® for the process contributes to the thermodynamic favorability of the dissolution

of urea at 25°C. Use the thermodynamic information above to support the student’s claim.

AP Chemistry: 2019

Name:

5. The complete photoelectron spectrum of an element in its ground state is represented below.
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Binding Energy per Electron (J)

(a) Based on the spectrum,

(i) write the ground-state electron configuration of the element, and
(ii) identify the element.

(b) Calculate the wavelength, in meters, of electromagnetic radiation needed to remove an electron from the
valence shell of an atom of the element.



Name: AP Chemistry: 2022 Name: AP Chemistry: 2022

vonunue your response 10 WUESITIVUN b on nis page.

. A student wants to determine the concentration of permanganate, MnO, "~ (aq), in a solution. The student plans to
use colorimetric analysis because solutions containing MnO, (ag) have a purple color.

The student designs the following procedure to produce a calibration curve.

1.00+
Step 1: Prepare several standard solutions that have known MnO, ™ (ag) concentrations by dilution of the
0751 \/ stock solution.
’ Step 2: Rinse the cuvette with distilled water.

Step 3: Rinse the cuvette with the standard solution and fill the cuvette with the standard solution.
Absorbance 0.50 Step 4: Measure the absorbance of the standard solution with the colorimeter.
Step 5: Repeat steps 2-4 for each of the standard solutions.

025+
/ The data are plotted in the calibration curve shown. One of the data points (indicated with an arrow) on the
0.00 N1 —— calibration curve is below the line of best fit.
400 450 500 550 600 650 700 750
Wavelength (nm) 0.9
0.8 A~
(a) To determine the optimum wavelength for an experiment that measures the concentration of MnO, ™ (ag), the 0.7 %

student takes a sample of the solution and measures the amount of light absorbed by the sample over a range of
wavelengths. The data are plotted in the graph shown. Identify the optimum wavelength that the student should

Absorbance
o
N

use for the experimental procedure. 0:3 // *~
0.2 A
0.1
(b) The student uses a stock solution of 2.40 x 107> M KMnOy(agq) to prepare the standard solutions of 0
B 0 0.0005 0.0010 0.0015 0.0020 0.0025
MnO, (agq) that are needed to construct a calibration curve. [MnO,]
4

(c) Assuming that all lab equipment is functioning properly, identify which one of the procedural steps the student
could have executed incorrectly that would explain why the marked data point is below the line of best fit.

Justify your answer.

(i) The student uses a 100.0 mL graduated cylinder to measure a certain volume of KMnOy(aq) stock
solution, as shown in the diagram given. What volume should the student record?

(ii) Calculate the volume, in mL, of 2.40 x 1073 m KMnOy(aq) that is required to produce 100.0 mL of
a standard 1.68 x 107> M MnO, (aq) solution.

GO ON TO THE NEXT PAGE.
GO ON TO THE NEXT PAGE.
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4 Reactions, equations, and stoichiom-
etry — Part 1

Name: Class: Date:

Vocabulary )i

Write each word three times. &N BRI E =3 .

English =2 Write it 3 times (English)
chemical reaction k2%

precipitate R

physical change  #EiAs{k
chemical change  fkZ#725 4k
Stoichiometry fezEit

limiting reactant  FR & 5 V.

7]

Recall
You have already worked with chemical reactions:

o A reaction makes new substances — you might see a colour change, bubbles, or a
solid form.

« You have balanced equations so both sides have the same atoms.
« You have used moles to work out amounts.

This sheet lines up how to calculate amounts from an equation. Each idea has a worked
example.

New ideas

AP Chemistry  Holiday Homework — 4 Reactions, equations, and stoichiometry — Part 1

B 1 Signs of a reaction

A chemical reaction {247V rearranges atoms into new substances. You can tell
one happened by a colour change, a gas or a precipitate J{i (solid) forming, or a
temperature change.

B 2 Balanced equations

Atoms are never created or destroyed, so an equation must be balanced — the same
number of each atom on both sides.

g 0
@6

2Mg + 02 — 2MgO
2 Mg and 2 O on each side: balanced

B 3 Physical or chemical change

A physical change #7454k, changes form but not identity (melting, dissolving); a
chemical change 1t,2#75 {1k, makes new substances. Dissolving salt is physical — the
salt is unchanged.

B 4 Stoichiometry

Stoichiometry {k2#11#& uses the balanced equation’s mole ratio to link amounts.
The path is always grams — moles — (mole ratio) — moles — grams. The limiting
reactant [R& W4 runs out first and sets how much product forms.

2H; + 03 — 2H,0

start with you get

2 H,0 made

‘
|
“ ‘
|
|

4Hy 10, 2 Hy left over (excess

Oy runs out first:
limiting reagent

Worked example. How much water forms when 4.0 g of hydrogen burns? 2H; + Oy —

2H,0. Moles of Hy = %8 = 2.0; the ratio is 2: 2 =1 : 1, so 2.0 mol of water forms,

mass = 2.0 x 18 =36 g.

AP Chemistry ¢ Holiday Homework — 4 Reactions, equations, and stoichiometry — Part 1



Name: AP Chemistry: 2015

Compound | Melting Point (°C)
Lil 449
Watch out: always use the mole ratio from the balanced equation, not the mass KI 686
ratio. Convert grams to moles first, cross the ratio, then convert back. LiF 845
NaF 993
Practice 6. A student learns that ionic compounds have significant covalent character when a cation has a polarizing effect
on a large anion. As a result, the student hypothesizes that salts composed of small cations and large anions

Try these in order. The methods are all above. should have relatively low melting points.

2.1 List three signs that a chemical reaction has taken place. 2 (a) Select two compounds from the table and explain how the data support the student’s hypothesis.

(b) Identify a compound from the table that can be dissolved in water to produce a basic solution. Write the net
ionic equation for the reaction that occurs to cause the solution to be basic.

2.2 State whether each is a physical or a chemical change: (a) ice melting, (b) wood
burning. 2

2.3 Balance this equation: Hy + Oy — H50.

2.4 For 2Mg + Oy — 2MgO, how many moles of MgO form from 3.0 mol of Mg? 2]

2.5 How many grams of MgO form from 0.20 mol of Mg in the reaction above? (M (MgO) =
40 g/mol) [3]

AP Chemistry  Holiday Homework — 4 Reactions, equations, and stoichiometry — Part 1




Name:

AP Chemistry: 2018
2NO(g) + Oz(g) - 2 NOz(g)

2. A student investigates the reactions of nitrogen oxides. One of the reactions in the investigation requires an

equimolar mixture of NO(g) and NO,(g), which the student produces by using the reaction represented above.

(a) The particle-level representation of the equimolar mixture of NO(g) and NO,(g) in the flask at the
completion of the reaction between NO(g) and O,(g) is shown below in the box on the right. In the box
below on the left, draw the particle-level representation of the reactant mixture of NO(g) and O,(g) that

would yield the product mixture shown in the box on the right. In your drawing, represent oxygen atoms
and nitrogen atoms as indicated below.

Oxygen atom = O Nitrogen atom = .

v Qo
'OC’OB
& Y

Reactant Mixture Product Mixture

The student reads in a reference text that NO(g) and NO,(g) will react as represented by the equation below.
Thermodynamic data for the reaction are given in the table below the equation.

NO(g) + NOy(g) &2 N,05(9)

AH; 2098 ASZO9 8 AG2098

0.87 kJ/mol

rxn) rxn

~40.4 kJ/mol,.,, | —138.5 J/(K-mol

(b) The student begins with an equimolar mixture of NO(g) and NO,(g) in a rigid reaction vessel and the
mixture reaches equilibrium at 298 K.

(i) Calculate the value of the equilibrium constant, K, for the reaction at 298 K.
(i) If both Pyg and Pyo, in the vessel are initially 1.0 atm, will Py ¢, at equilibrium be equal to

1.0 atm? Justify your answer.

(c) The student hypothesizes that increasing the temperature will increase the amount of N,O5(g) in the
equilibrium mixture. Indicate whether you agree or disagree with the hypothesis. Justify your answer.

Name:

AP Chemistry: 2018

N,05(g) reacts with water to form nitrous acid, HNO, (aq), a compound involved in the production of acid rain.
The reaction is represented below.

N,05(g) + H,O()) — 2 HNO,(aq)

(d) The skeletal structure of the HNO, molecule is shown in the box below.

(i) Complete the Lewis electron-dot diagram of the HNO, molecule in the box below, including any lone
pairs of electrons.

H ON O

(ii) Based on your completed diagram above, identify the hybridization of the nitrogen atom in the HNO,
molecule.

To produce an aqueous solution of HNO,, the student bubbles N,O;(g) into distilled water. Assume that the
reaction goes to completion and that HNO, is the only species produced. To determine the concentration of
HNO,(aq) in the resulting solution, the student titrates a 100. mL sample of the solution with 0.100 M KOH(ag).
The neutralization reaction is represented below.

HNO,(aq) + OH™ (aq) — NO, (ag) + H,O(])

The following titration curve shows the change in pH of the solution during the titration.
14

12

10

T
o

Volume of 0.100 M KOH(aq) Added (mL)

(e) Use the titration curve and the information above to

(i) determine the initial concentration of the HNO,(ag) solution
(ii) estimate the value of pK, for HNO,(aq)

(f) During the titration, after a volume of 15 mL of 0.100 M KOH(ag) has been added, which species,
HNO,(aq) or NO, (ag), is present at a higher concentration in the solution? Justify your answer.



Name: AP Chemistry: 2016

NaHCO,(s) + HC,H;0,(ag) — NaC,H;0,(aq) + HyO(l) + CO,(g)

2. A student designs an experiment to study the reaction between NaHCO; and HC,H;0,. The reaction is
represented by the equation above. The student places 2.24 g of NaHCOj in a flask and adds 60.0 mL of
0.875 M HC,H;0,. The student observes the formation of bubbles and that the flask gets cooler as the reaction
proceeds.

(a) Identify the reaction represented above as an acid-base reaction, precipitation reaction, or redox reaction.
Justify your answer.

(b) Based on the information above, identify the limiting reactant. Justify your answer with calculations.

(c) The student observes that the bubbling is rapid at the beginning of the reaction and gradually slows as the
reaction continues. Explain this change in the reaction rate in terms of the collisions between reactant
particles.

(d) In thermodynamic terms, a reaction can be driven by enthalpy, entropy, or both.

(i) Considering that the flask gets cooler as the reaction proceeds, what drives the chemical reaction
between NaHCO;(s) and HC,H;0,(aq) ? Answer by drawing a circle around one of the choices
below.

Enthalpy only Entropy only Both enthalpy and entropy
(ii) Justify your selection in part (d)(i) in terms of AG®°.

(e) The HCO;™ ion has three carbon-to-oxygen bonds. Two of the carbon-to-oxygen bonds have the same
length and the third carbon-to-oxygen bond is longer than the other two. The hydrogen atom is bonded to
one of the oxygen atoms. In the box below, draw a Lewis electron-dot diagram (or diagrams) for the HCO;~
ion that is (are) consistent with the given information.

(f) A student prepares a solution containing equimolar amounts of HC,H;0, and NaC,H;0,. The pH of
the solution is measured to be 4.7. The student adds two drops of 3.0 M HNO;(ag) and stirs the sample,
observing that the pH remains at 4.7. Write a balanced, net-ionic equation for the reaction between
HNOj(aqg) and the chemical species in the sample that is responsible for the pH remaining at 4.7.

AP CHEMISTRY « HOLIDAY HOMEWORK EifEll

4 Titration, acids and bases, and re-
dox — Part 2

Name: Class: Date:

Vocabulary Ay

Write each word three times. 4G4SR E =

English 2 h'e Write it 3 times (English)

.

titration W

equivalence point &4 ik

acid [i7d

base b3

redox EERiA 25

oxidation E=K 4

reduction B
Recall

You have met acids and bases before, and maybe done a titration:

 Acids taste sour and turn litmus red; bases (alkalis) feel soapy and turn it blue.
e An acid and a base react to make a salt and water.
o Some reactions transfer electrons — like a metal reacting with oxygen.

This sheet lines up three important reaction types. Each idea has a worked example.

New ideas

AP Chemistry ¢ Holiday Homework — 4 Titration, acids and bases, and redox — Part 2



B ] Titration

A titration i F finds an unknown concentration by reacting it with a solution of
known concentration until they exactly match — the equivalence point 524 5.

burette
(known concentration)

T
/ \\ conical flask

~ (unknown + indicator)
- 1

" white tile

Worked example. 25.0 mL of acid is neutralized by 30.0 mL of 0.100 M NaOH (a 1: 1
reaction). Moles of NaOH = 0.0300 x 0.100 = 3.00 x 1073, so moles of acid are the

3.00 x 1073
same, giving [acid] = 0;7250 =0.120 M.

B 2 Acid-base reactions
An acid [i§ gives away a proton (H'); a base f§ accepts one. They react to make
water and a salt:

H* 4+ OH™ — H,O0.

H* (proton)

N

HCI + H,0 — H;0* + ClI-

acid base
(proton donor) (proton acceptor)

conjugate pair: HCI / CI= and  H,O / H30"

B 3 Redox reactions

In a redox %A fLif )5 reaction, electrons transfer between substances:

AP Chemistry  Holiday Homework — 4 Titration, acids and bases, and redox — Part 2

oxidation: loses 2e reduction: gains 2e”
(oxidation number 1) (oxidation number )
Zn — Zn** Cu®t = Cu
0— +2 +2—=0

N

2e~ transferred
Zn is the Cu?T is the

reducing agent oxidising agent

» oxidation %t is loss of electrons,
o reduction A )i is gain of electrons.

Remember “OIL RIG”: Oxidation Is Loss, Reduction Is Gain.

Worked exzample. When magnesium burns, Mg — Mg*" + 2e~: it loses electrons, so
magnesium is oxidized.

‘Watch out: every oxidation is paired with a reduction — the electrons one substance
loses are exactly the electrons another gains. You cannot have one without the other.

Practice
Try these in order. The methods are all above.

2.1 State what happens at the equivalence point of a titration. 1]

2.2 20.0 mL of acid is neutralized by 25.0 mL of 0.100 M NaOH (a 1 : 1 reaction). Find
the acid’s concentration. 3]

2.3 Write the ionic equation for an acid reacting with a base to form water. 1]

AP Chemistry ¢ Holiday Homework — 4 Titration, acids and bases, and redox — Part 2



2.4 State whether oxidation is the loss or gain of electrons, and do the same for reduc-
tion. 2]

2.5 In the reaction Zn — Zn*" + 2e~, state whether zinc is oxidized or reduced, and
why. 2]

AP Chemistry  Holiday Homework — 4 Titration, acids and bases, and redox — Part 2

@

Name: AP Chemistry: 2014

CH,CH,COOH(aq) + H,0(l) 2 CH,CH,CO0 (ag) + H;0*(aq)

2. Propanoic acid, CH;CH,COOH, is a carboxylic acid that reacts with water according to the equation above. At

25°C the pH of a 50.0 mL sample of 0.20 M CH;CH,COOH is 2.79.

(a) Identify a Brgnsted-Lowry conjugate acid-base pair in the reaction. Clearly label which is the acid and
which is the base.

(b) Determine the value of K, for propanoic acid at 25°C.

(c) For each of the following statements, determine whether the statement is true or false. In each case, explain
the reasoning that supports your answer.

(i) The pH of a solution prepared by mixing the 50.0 mL sample of 0.20 M CH;CH,COOH with a
50.0 mL sample of 0.20 M NaOH is 7.00.

(ii) If the pH of a hydrochloric acid solution is the same as the pH of a propanoic acid solution, then the
molar concentration of the hydrochloric acid solution must be less than the molar concentration of the
propanoic acid solution.

A student is given the task of determining the concentration of a propanoic acid solution of unknown
concentration. A 0.173 M NaOH solution is available to use as the titrant. The student uses a 25.00 mL
volumetric pipet to deliver the propanoic acid solution to a clean, dry flask. After adding an appropriate indicator
to the flask, the student titrates the solution with the 0.173 M NaOH, reaching the end point after 20.52 mL of
the base solution has been added.

(d) Calculate the molarity of the propanoic acid solution.

(e) The student is asked to redesign the experiment to determine the concentration of a butanoic acid solution
instead of a propanoic acid solution. For butanoic acid the value of pK,, is 4.83. The student claims that a
different indicator will be required to determine the equivalence point of the titration accurately. Based on
your response to part (b), do you agree with the student’s claim? Justify your answer.



Name:

AP Chemistry: 2016

NaHCO,(s) + HC,H;0,(ag) — NaC,H;0,(aq) + HyO(l) + CO,(g)

2. A student designs an experiment to study the reaction between NaHCO; and HC,H;0,. The reaction is
represented by the equation above. The student places 2.24 g of NaHCOj in a flask and adds 60.0 mL of
0.875 M HC,H;0,. The student observes the formation of bubbles and that the flask gets cooler as the reaction
proceeds.

(a) Identify the reaction represented above as an acid-base reaction, precipitation reaction, or redox reaction.
Justify your answer.

(b) Based on the information above, identify the limiting reactant. Justify your answer with calculations.

(c) The student observes that the bubbling is rapid at the beginning of the reaction and gradually slows as the
reaction continues. Explain this change in the reaction rate in terms of the collisions between reactant
particles.

(d) In thermodynamic terms, a reaction can be driven by enthalpy, entropy, or both.

(i) Considering that the flask gets cooler as the reaction proceeds, what drives the chemical reaction
between NaHCO;(s) and HC,H;0,(aq) ? Answer by drawing a circle around one of the choices
below.

Enthalpy only Entropy only Both enthalpy and entropy

(ii) Justify your selection in part (d)(i) in terms of AG®°.

(e) The HCO;™ ion has three carbon-to-oxygen bonds. Two of the carbon-to-oxygen bonds have the same
length and the third carbon-to-oxygen bond is longer than the other two. The hydrogen atom is bonded to
one of the oxygen atoms. In the box below, draw a Lewis electron-dot diagram (or diagrams) for the HCO;~
ion that is (are) consistent with the given information.

(f) A student prepares a solution containing equimolar amounts of HC,H;0, and NaC,H;0,. The pH of
the solution is measured to be 4.7. The student adds two drops of 3.0 M HNO;(ag) and stirs the sample,
observing that the pH remains at 4.7. Write a balanced, net-ionic equation for the reaction between
HNOj(aqg) and the chemical species in the sample that is responsible for the pH remaining at 4.7.

Name:

3. Answer the following questions relating to Fe and its ions, Fe?* and Fe**.

AP Chemistry: 2018

(a) Write the ground-state electron configuration of the Fe?* ion.

Ion | Ionic Radius (pm)
Fe?* 92
Fe** 79

(b) The radii of the ions are given in the table above. Using principles of atomic structure, explain why
the radius of the Fe?* ion is larger than the radius of the Fe** ion

(c) Fe?* ions interact more strongly with water molecules in aqueous solution than Fe?* ions do.
Give one reason for this stronger interaction, and justify your answer using Coulomb’s law.

A student obtains a solution that contains an unknown concentration of Fe?*(ag). To determine the concentration
of Fe?*(aq) in the solution, the student titrates a sample of the solution with MnO,(ag), which converts

Fe?*(aq) to Fe**(aq), as represented by the following equation.

5 Fe?*(ag) + MnO, (aq) + 8 H*(ag) — 5 Fe**(aq) + Mn**(aq) + 4 H,0(])

(d) Write the balanced equation for the half-reaction for the oxidation of Fe**(aq) to Fe’*(aq).

(e) The student titrates a 10.0 mL sample of the Fe>*(ag) solution. Calculate the value of [Fe**] in the solution
if it takes 17.48 mL of added 0.0350 M KMnO,(aqg) to reach the equivalence point of the titration.

To deliver the 10.0 mL sample of the Fe>*(ag) solution in part (e), the student has the choice of using one of the
pieces of glassware listed below.

e 25 mL buret e 25 mL beaker
e 25 mL graduated cylinder e 25 mL volumetric flask

(f) Explain why the 25 mL volumetric flask would be a poor choice to use for delivering the required volume of
the Fe?*(aq) solution.

In a separate experiment, the student is given a sample of powdered Fe(s) that contains an inert impurity. The
student uses a procedure to oxidize the Fe(s) in the sample to Fe,O;(s). The student collects the following data
during the experiment.

Mass of Fe(s) with inert impurity 6.724 g
Mass of Fe,05(s) produced 7531¢

(g) Calculate the number of moles of Fe in the Fe,O5(s) produced.

(h) Calculate the percent by mass of Fe in the original sample of powdered Fe(s) with the inert impurity.

(i) If the oxidation of the Fe(s) in the original sample was incomplete so that some of the 7.531 g of product
was FeO(s) instead of Fe,Os(s), would the calculated mass percent of Fe(s) in the original sample be
higher, lower, or the same as the actual mass percent of Fe(s)? Justify your answer.
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5 Reaction rate and collision theory
— Part 1

Name: Class: Date:

Vocabulary &)

Write each word three times. JEEANBATETE =3k,

English =)' Write it 3 times (English)
Kinetics 3 J12#
reaction rate T2 3

Collision theory  filff#¥Eit

activation energy  i&H{bfE

Recall
You already know how to make a reaction go faster:

« Use a higher concentration, or a higher temperature.
« Break a solid into smaller pieces (more surface area).
e Add a catalyst.

This sheet explains why these work, using the idea of colliding particles. Each idea has
a worked example.

New ideas

B ] Reaction rate

Kinetics 3fj /2% is the study of reaction rate [ Vi % — how fast reactants
turn into products. The rate usually slows down as the reaction goes, because the
reactants get used up.

AP Chemistry e Holiday Homework — 5 Reaction rate and collision theory — Part 1

@

B 2 What speeds a reaction up

The rate rises with:

® e o ®e 9O
@ ®
more ® (] )
) E———
S @ ®eo o ©
() @ °® ® g0
lower concentration higher concentration
fewer collisions more collisions

« higher concentration (more particles, more collisions),
« higher temperature (faster, more energetic particles),
« larger surface area (more contact),

« a catalyst.

B 3 Collision theory

Collision theory filf {#Fif explains it: for a reaction, particles must collide with
enough energy and in the right orientation.

effective collision ineffective collision
reactive ends line up wrong orientation
= reaction = no reaction

B 4 Activation energy

The minimum energy a collision needs to react is the activation energy jiG{LiE E,.
Only collisions above this energy succeed.

Worked example. Raising the temperature works mainly because more particles now
have energy above F, — so a far larger fraction of collisions succeed, and the rate rises
sharply.

Watch out: heating speeds a reaction up mostly because more particles exceed
the activation energy, not just because they collide a bit more often. The energy
of the collisions matters more than the number.

AP Chemistry ¢ Holiday Homework — 5 Reaction rate and collision theory — Part 1



Practice
Try these in order. The methods are all above.

2.1 List four things that make a reaction go faster.

[

[

2.2 State the two conditions a collision must meet to lead to a reaction.

2.3 Explain, using collision theory, why increasing the concentration speeds up a reac-
tion. 2]

2.4 State what the activation energy of a reaction is. 1]

2.5 Explain why powdered chalk reacts with acid faster than a single lump of the same
mass. 2]

AP Chemistry e Holiday Homework — 5 Reaction rate and collision theory — Part 1

@

Name: AP Chemistry: 2024

6. At elevated temperatures, NO, undergoes decomposition in the gas phase, forming NO and O, as represented by

the following equation.

2N02—)2NO+02

A scientist measures the change in [NO,] over the first 100. s of the reaction at 546°C. The scientist uses the data
collected from the experiment to generate the following two graphs.

8.4 30,000
-8.6
N 25,000
—gg \ 20,000 //
In[NO,] 9.4 N 1/[NO,] 15,000 P //
~9.6
o8 10,000 +—4
~10.0
5,000
~102 )
~10.4

0
0 20 40 60 80 100 0 20 40 60 80 100

Time (seconds) Time (seconds)

Based on these data, the scientist makes the claim that the rate law for the reaction is rate = k[N 02]2.

(a) Explain how the graphs indicate that the reaction is second order with respect to NO,.

(b) At a certain point in the reaction, the rate of disappearance of NO, is determined to be 6.52 x 1077 Ms.

Determine the rate of appearance, in M /s, of O, at this same point in the reaction.

GO ON TO THE NEXT PAGE.




Name: AP Chemistry: 2024

Continue your response to QUESTION 6 on this page.

(c) NO, is a molecule that contains an odd number of electrons and can be oxidized to form the NO,* ion. In
NO,, the unpaired electron is presumed to be localized on the nitrogen atom, as shown in the Lewis diagram in
the box on the left.

O=N—0: o N o

(i) In the box on the right, complete the Lewis diagram for N02+. Be sure to show all bonding and
nonbonding electrons.

(ii) A student makes the claim that the bond angles in NO, and NO,* are different from each other. Do
you agree or disagree with the student’s claim? Justify your answer.

GO ON TO THE NEXT PAGE.

Name: AP Chemistry: 2014

H,C CH, H,C H
\C . C/ . \(‘ . C/
7 AN - . AN
H H CH;
cis-2-butene trans-2-butene

7. The half-life (¢,,,) of the catalyzed isomerization of cis-2-butene gas to produce trans-2-butene gas, represented
above, was measured under various conditions, as shown in the table below.

Trial Number | Initial Py ene (torr) | V(L) | T(K) | #;,(s)
1 300. 2.00 350. 100.
2 600. 2.00 350. 100.
3 300. 4.00 350. 100.
4 300. 2.00 365 50.

(a) The reaction is first order. Explain how the data in the table are consistent with a first-order reaction.
(b) Calculate the rate constant, k, for the reaction at 350. K. Include appropriate units with your answer.

(c) Is the initial rate of the reaction in trial 1 greater than, less than, or equal to the initial rate in trial 2? Justify
your answer.

(d) The half-life of the reaction in trial 4 is less than the half-life in trial 1. Explain why, in terms of activation
energy.

STOP

END OF EXAM
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Name: Class: Date:

7. The complete photoelectron spectrum of an element is represented above.

(a) Identify the element.

Vocabulary ajjL

A radioactive isotope of the element decays with a half-life of 10. minutes. Write each word three times. AR BAAVE — 8.

(b) Calculate the value of the rate constant, &, for the radioactive decay. Include units with your answer.

English 3L Write it 3 times (English)
(c) If 64 atoms of th; radioactive isotope are originally present in a sample, Whgt is the expected amount of time rate law ey
that will pass until only one atom of the isotope remains? Show how you arrived at your answer.
rate constant THRHEEL
orders B &,
energy profile =&

transition state HELS

STOP catalyst AL

END OF EXAM

Recall

In Part A you saw that reactions need collisions with enough energy. Now put that on a
graph and in a formula:

¢ An energy profile shows the energy hill a reaction must climb.
o A catalyst lowers that hill.

¢ The rate depends on how much reactant is present.

Each idea has a worked example before the Practice.

New ideas

AP Chemistry ¢ Holiday Homework — 5 Rate laws and energy profiles — Part 2




B ] The rate law

The rate law #HZF J5FE links the rate to the reactant concentrations:

rate = k[A]"(B]",
where k is the rate constant HFH % and m,n are the orders Z¢%{. The orders
are found by experiment, not from the equation.

Worked example. If doubling [A] makes the rate four times bigger, the reaction is
second order in A (2% = 4), so rate = k[A]%.

B 2 Energy profiles

[S=N=N

An energy profile fE& & plots energy along the reaction path.

energy energy
exothermic (AH < 0) endothermic (AH > 0)

reactants - products

products

reaction progress reaction progress

o the height of the hill is the activation energy F,,
« the peak is the transition state iJJ¥ 7S,
« the gap between reactants and products is AH.

B 3 Exothermic and endothermic

If the products end lower than the reactants, energy is released (exothermic); if
higher, energy is absorbed (endothermic).

B 4 Catalysts

A catalyst {47 gives the reaction a new path with a lower activation energy,
so it goes faster — but it is not used up and does not change AH.

AP Chemistry  Holiday Homework — 5 Rate laws and energy profiles — Part 2

energy

—— without catalyst

,,,,,,,,,,,, —— with catalyst

reactants -t - - -t -\

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -products

reaction progress

‘Watch out: the reaction orders come from experiment, not from the balanced
equation’s coefficients. You cannot read them off the equation.

Practice
Try these in order. The methods are all above.

2.1 In a rate law, state what k and the "order” mean.

)

2.2 Doubling [A] doubles the rate. State the order of the reaction in A. 1]

2.3 On an energy profile, state what the height of the hill represents. 1

2.4 A reaction’s products are lower in energy than the reactants. State whether it is
exothermic or endothermic. 1]

AP Chemistry ¢ Holiday Homework — 5 Rate laws and energy profiles — Part 2



Name: AP Chemistry: 2014

H,C CH,4 H,C H
N Ve N,/
/(, = C\ ra—— /( = C\
2.5 Explain how a catalyst speeds up a reaction, and state what it does not change. (2| H H H CH,
cis-2-butene trans-2-butene

7. The half-life (¢,,,) of the catalyzed isomerization of cis-2-butene gas to produce trans-2-butene gas, represented
above, was measured under various conditions, as shown in the table below.

Trial Number | Initial Py ene (torr) | V(L) | T(K) | #;,(s)
1 300. 2.00 350. 100.
2 600. 2.00 350. 100.
3 300. 4.00 350. 100.
4 300. 2.00 365 50.

(a) The reaction is first order. Explain how the data in the table are consistent with a first-order reaction.
(b) Calculate the rate constant, k, for the reaction at 350. K. Include appropriate units with your answer.

(c) Is the initial rate of the reaction in trial 1 greater than, less than, or equal to the initial rate in trial 2? Justify
your answer.

(d) The half-life of the reaction in trial 4 is less than the half-life in trial 1. Explain why, in terms of activation
energy.

STOP

END OF EXAM
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Name:

6. Nitrogen dioxide, NO,(g), is produced as a by-product of the combustion of fossil fuels in internal combustion

engines. At elevated temperatures NO,(g) decomposes according to the equation below.

2NO,(g) — 2NO(g) + O4(g)

The concentration of a sample of NO,(g) is monitored as it decomposes and is recorded on the graph directly
below. The two graphs that follow it are derived from the original data.

0.08
0.06
0.04

[NO,]

0.02 -
0.00 - - : - - 2
0
Time (s)

Time (s)

Time (s)

(a) Explain how the graphs indicate that the reaction is second order.

(b) Write the rate law for the decomposition of NO,(g).

Name:

AP Chemistry: 2019

(c) Consider two possible mechanisms for the decomposition reaction.

(i) Is the rate law described by mechanism I shown below consistent with the rate law you wrote in
part (b) ? Justify your answer.

Mechanism I
Step 1:  NO,(g) + NOy(g) — NO(g) + NOs(g) slow
Step 2: NOs(g) — NO(g) + O4(g) fast

(ii) Is the rate law described by mechanism II shown below consistent with the rate law you wrote in
part (b) ? Justify your answer.

Mechanism II
Step 1:  NO,(g) + NOy(g) &2 N,04(g)
Step 2: N,04(8) = 2NO(g) + O,(g) slow

fast equilibrium
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6. Nitrogen dioxide, NO,(g), is produced as a by-product of the combustion of fossil fuels in internal combustion

engines. At elevated temperatures NO,(g) decomposes according to the equation below.

2NO,(g) — 2NO(g) + O4(g)

The concentration of a sample of NO,(g) is monitored as it decomposes and is recorded on the graph directly
below. The two graphs that follow it are derived from the original data.
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(a) Explain how the graphs indicate that the reaction is second order.

(b) Write the rate law for the decomposition of NO,(g).
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(c) Consider two possible mechanisms for the decomposition reaction.

(i) Is the rate law described by mechanism I shown below consistent with the rate law you wrote in
part (b) ? Justify your answer.

Mechanism I
Step 1:  NO,(g) + NOy(g) — NO(g) + NOs(g) slow
Step 2: NOs(g) — NO(g) + O4(g) fast

(ii) Is the rate law described by mechanism II shown below consistent with the rate law you wrote in
part (b) ? Justify your answer.

Mechanism II
Step 1:  NO,(g) + NOy(g) &2 N,04(g)
Step 2: N,04(8) = 2NO(g) + O,(g) slow

fast equilibrium



Name: AP Chemistry: 2025

7. Answer the following questions about the glycolate ion, CoH303 , which acts as a base in
aqueous solution. A Lewis diagram for the ion is provided.

}ll :0:

.. ..

H—Q—?—C—Q:
H

A. On the Lewis diagram in part A, circle the atom that accepts the proton when the glycolate
ion reacts with water.

When the glycolate ion reacts with water, it forms glycolic acid, HCyH3 03, according to the
following equation. The K expression for the reaction is provided.

_ [HC,H;04][OH |

C2H3037(aq) + HQO([) = HCQH&OJ(Q(]) + OHf(aq) Kb [C H-0 ,]
2H3V3

B. At 25°C, a 2.5 M solution of glycolate is found to have [OHf] =13%x107° M.
i. Calculate the value of K, for the glycolate ion.

ii. Using your answer to part B (i), calculate the value of K, for glycolic acid at 25°C.
Glycolic acid can be produced from the hydrolysis of methyl glycolate, C3HgO3. A proposed
mechanism for the reaction is given.

Step 1: C3HgO3+ H3O" = CyH50;5" + CH30H
Step 2: CyH50;3" + HyO = HC,H;5045+ H30"
Overall: C3HgO3+ HyO = HCoH3035+ CH3OH

C. A student claims that H;O™ is a catalyst for the reaction. Do you agree or disagree? Justify
your answer based on the mechanism given.

STOP
END OF EXAM
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6 Heat, enthalpy, and calorimetry —
Part 1

Name: Class: Date:

Vocabulary &)

Write each word three times. JEEANBATETE =3k,

English =)' Write it 3 times (English)
Thermochemistry — #ufk2#

exothermic &

endothermic I 34

specific heat LA

Calorimetry =R

phase change FHAZ
Recall

You have already noticed that reactions involve energy:

+ Some reactions release heat and feel hot (like burning fuel).
+ Some absorb heat and feel cold (like a cold pack).
e You have used ¢ = mc AT to work out heat.

This sheet lines up how chemists measure reaction energy. FEach idea has a worked
example.

New ideas

AP Chemistry  Holiday Homework — 6 Heat, enthalpy, and calorimetry — Part 1

B ] Exothermic and endothermic

Thermochemistry #{k2# tracks the energy of reactions. A reaction is exothermic
T If it releases energy (feels hot, AH < 0) and endothermic W # if it absorbs
energy (feels cold, AH > 0).

temperature

rises

exothermic

heat given out, so
the surroundings get
hotter (AH < 0)

temperature
falls

endothermic

heat taken in, so the
surroundings get
colder (AH > 0)

B 2 Heat and specific heat
The heat to change a substance’s temperature is
q=mcAT,
where c is the specific heat FL#Z (energy per gram per degree).
Worked example. Warming 50 g of water (¢ = 4.18) by 10°C takes ¢ = mc AT =
50 x 4.18 x 10 = 2.1 x 10° J.

B 3 Calorimetry

Calorimetry &=#Jk measures a reaction’s heat by tracking the temperature change
of the surrounding water: the heat the water gains equals the heat the reaction
releases.

***** thermometer

- lid (reduces heat loss)

solution - - insulated cup

Worked example. A reaction warms 100 g of water by 8.0°C: the water gains ¢ =
100 x 4.18 x 8.0 = 3.3 x 10® J, so the reaction released 3.3 kJ (exothermic).

AP Chemistry e Holiday Homework — 6 Heat, enthalpy, and calorimetry — Part 1



2.5 A cold pack gets cold when activated. State whether the reaction inside is exothermic
® 4 Phase changes or endothermic. (1]
During a phase change #{7Z (melting or boiling) the temperature stays constant
— the heat goes into pulling the particles apart, not into raising their temperature.

Watch out: an exothermic reaction has a negative AH (it loses energy to the
surroundings); an endothermic one has a positive AH. Getting the sign right is
essential.

Practice
Try these in order. The methods are all above.

2.1 State whether an exothermic reaction has a positive or negative AH, and whether it
feels hot or cold. 2

2.2 Find the heat needed to warm 200 g of water by 5.0°C (¢ = 4.18).

[

2.3 A reaction warms 150 g of water by 6.0°C. Find the heat released (¢ = 4.18). 3]

2.4 State what happens to the temperature of a substance while it is melting, and why.|2]

AP Chemistry  Holiday Homework — 6 Heat, enthalpy, and calorimetry — Part 1 AP Chemistry e Holiday Homework — 6 Heat, enthalpy, and calorimetry — Part 1




Name: AP Chemistry: 2023

. Answer the following questions about an experiment in which CaCOj5(s) is combined with HCl(aq), represented
by the following balanced equation.

CaCOs(s) + 2HCl(ag) — CaCly(aq) + CO,(g) + HO(!)

(a) Write the balanced net ionic equation for the reaction.

A student performs an investigation to study factors that affect the rate of the reaction. In each trial the student
combines 50.0 mL of HCl(agq) at 21.2° C with 1.00 g of CaCOs(s) and measures the time required for the
reaction to go to completion. The data are given in the following table.

Trial Concentration of Particle Size of Time of Reaction

HCl(ag) (M) CaCOs5(s) (s)
1 1.00 Fine powder 67
2 1.00 Small chunks 112
3 1.00 Large chunk 342
4 3.00 Fine powder 22
5 3.00 Small chunks 227
6 3.00 Large chunk 114

(b) The student correctly identifies that trial 5 is inconsistent with the other trials. Explain why the student’s claim
is correct using the data in the table.

GO ON TO THE NEXT PAGE.

Name: AP Chemistry: 2023

Lonunue your response 10 WUESITIVUN s 0N nis page.

(c) Based on the reaction conditions and the collisions that occur between particles, explain the reason for the
difference in the reaction times for trial 2 and trial 3.

(d) The student claims that the reaction is zero order with respect to HCI(aq). Do you agree or disagree with the
student’s claim? Justify your answer using the student’s data.

(e) The HCl(aq) was present in excess in all trials of the experiment. Determine the molarity of the HCl(ag) in
the beaker after the reaction is complete in trial 2. Assume that the volume of the mixture remains constant at
50.0 mL throughout the trial. (The molar mass of CaCO5 is 100.09 g/mol.)

GO ON TO THE NEXT PAGE.




Name: AP Chemistry: 2023

s g U e S e s e vt s g
CaCO;(s) + 2 HCl(ag) — CaCly(aq) + CO,(g) + H,O(l)

In order to measure the enthalpy of the reaction shown, the student repeats trial 1 by mixing 50.0 mL of HCl(agq)
with 1.00 g of CaCOs(s) using a coffee cup calorimeter. The student records the temperature of the system every
20 seconds. The data are given in the following table.

Time (s) Measusrglci] ;li"z;np()fgl;ure of
0 21.20
20 2151
40 21.70
60 21.85
80 21.90
100 21.90

(f) Is the reaction endothermic or exothermic? Justify your answer using the information in the table.

GO ON TO THE NEXT PAGE.

Name: AP Chemistry: 2023

Continue your response to QUESTION 3 on this page.

(g) Based on the experimental data, the mass of the system is 51.0 g, and the specific heat of the reaction mixture
is4.0J/(g-°C).

(i) Calculate the magnitude of heat transfer, ¢, in joules.

(ii) Calculate the enthalpy of reaction in units of kJ/mol,.,. Include the algebraic sign on your answer.

GO ON TO THE NEXT PAGE.




Name:

AP Chemistry: 2018

CHEMISTRY
Section IT
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.

Na,S,05(aq) + 4 NaOCl(aq) + 2 NaOH(ag) — 2 Na,SO,(aq) + 4 NaCl(aq) + H,0(/)

1. A student performs an experiment to determine the value of the enthalpy change, AH;

o » for the
oxidation-reduction reaction represented by the balanced equation above.

(a) Determine the oxidation number of Cl in NaOCI.

(b) Calculate the number of grams of Na,S,0; needed to prepare 100.00 mL of 0.500 M Na,S,05(aqg).

In the experiment, the student uses the solutions shown in the table below.

Name:

AP Chemistry: 2018

The solutions, all originally at 20.0°C, are combined in an insulated calorimeter. The temperature of the reaction
mixture is monitored, as shown in the graph below.

34.0
32.0

30.01 /

/
28.0 7

26.0 /
240t /
|
|
|

Temperature (°C)

22.0
20.0
18.0

Time

(d) According to the graph, what is the temperature change of the reaction mixture?
(e) The mass of the reaction mixture inside the calorimeter is 15.21 g.

(i) Calculate the magnitude of the heat energy, in joules, that is released during the reaction. Assume that
the specific heat of the reaction mixture is 3.94 J/(g-°C) and that the heat absorbed by the calorimeter is
negligible.

(ii) Using the balanced equation for the oxidation-reduction reaction and your answer to part (c), calculate

the value of the enthalpy change of the reaction, AH,,, , in kJ/mol,,. Include the appropriate algebraic

sign with your answer.

The student repeats the experiment, but this time doubling the volume of each of the reactants, as shown in the

Solution Concentration Volume
M) (mL)
Na,S,05(aq) 0.500 5.00
NaOCl(aq) 0.500 5.00
NaOH(aq) 0.500 5.00

(c) Using the balanced equation for the oxidation-reduction reaction and the information in the table above,
determine which reactant is the limiting reactant. Justify your answer.

table below.

Solution Concentration |  Volume
@) (mL)
Na,S,05(aq) 0.500 10.0
NaOCl(aq) 0.500 10.0
NaOH(aq) 0.500 10.0
(f) The magnitude of the enthalpy change, AHy,, in kJ/mol,,,, calculated from the results of the second

experiment is the same as the result calculated in part (e)(ii). Explain this result.

(g) Write the balanced net ionic equation for the given reaction.



Name: AP Chemistry: 2015

7. Aluminum metal can be recycled from scrap metal by melting the metal to evaporate impurities.

(a) Calculate the amount of heat needed to purify 1.00 mole of Al originally at 298 K by melting it. The
melting point of Al is 933 K. The molar heat capacity of Al is 24 J/(mol-K), and the heat of fusion
of Al is 10.7 kJ/mol.

(b) The equation for the overall process of extracting Al from Al,O5 is shown below. Which requires less
energy, recycling existing Al or extracting Al from Al,O ? Justify your answer with a calculation.

AL O5(s) — 2 Al(s) + %Oz (8) AH® =1675 kJ/mol

rxn

STOP

END OF EXAM

Name: AP Chemistry: 2015

7. Aluminum metal can be recycled from scrap metal by melting the metal to evaporate impurities.
(a) Calculate the amount of heat needed to purify 1.00 mole of Al originally at 298 K by melting it. The

melting point of Al is 933 K. The molar heat capacity of Al is 24 J/(mol-K), and the heat of fusion
of Al is 10.7 kJ/mol.

(b) The equation for the overall process of extracting Al from Al,O5 is shown below. Which requires less
energy, recycling existing Al or extracting Al from Al,O5 ? Justify your answer with a calculation.

ALO5(s) — 2 Al(s) + %Oz(g) AH® =1675 kl/mol,,

STOP

END OF EXAM
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6 Finding enthalpy changes — Part 2

Name: Class: Date:

Vocabulary &)

Write each word three times. 4G4 EIRFIE =ik .

English E:p'e Write it 3 times (English)
enthalpy of reac- XMWk
tion
enthalpy of forma- A= 5%
tion
Hess’s law ST
Recall

In Part A you measured reaction heat. Now calculate it from data:

« Breaking bonds takes in energy; making bonds gives energy out.
« You have used bond energies before to estimate a reaction’s energy change.

Each idea has a worked example before the Practice.

New ideas

B ] Bond enthalpies

The enthalpy of reaction V% AH can be estimated from bond energies: add
the energy to break all reactant bonds, then subtract the energy released forming
the product bonds:

AH =~ Z(bonds broken) — Z(bonds formed).

AP Chemistry e Holiday Homework — 6 Finding enthalpy changes — Part 2

energy

separate atoms
H+H+Cl+Cl

break bonds

(in) +678 make bonds

(out) —862

reactants
Ha + Cl

products 2HCI

net: AH = 678 — 862 = —184 kJ/mol (exothermic)

Worked erample. For Hy + Cly — 2HCl (H-H = 436, CI-Cl = 242, H-Cl
= 431 kJ/mol): broken = 436 + 242 = 678; formed = 2 x 431 = 862; AH =
678 — 862 = —184 kJ (exothermic).

B 2 Enthalpy of formation

The enthalpy of formation E /% AH; is the energy to make one mole of a
compound from its elements. A reaction’s enthalpy is

AH = Z AH(products) — Z AH (reactants).

Worked exzample. For CHy 4+ 20, — COy + 2H,0 (AHy: CHy = —75, CO, = —394,
H,0= —286, O, = 0): AH = [—394 + 2(—286)] — [-75] = —966 + 75 = —891 kJ.
B 3 Hess’s law

Hess’s law 3% Efft says that if a reaction is the sum of several steps, its AH is
the sum of the steps’ AH values — no matter what route is taken.

AH, (the one we want)
reactants products

AH, AH,

AH, = AH, + AH,
intermediate
(e.g. elements or
combustion products)

AP Chemistry e Holiday Homework — 6 Finding enthalpy changes — Part 2

‘Watch out: breaking a bond takes in energy (positive) and forming a bond releases



energy (negative). If the bonds formed are stronger than the bonds broken, the
reaction is exothermic overall.

Practice
Try these in order. The methods are all above.

2.1 State whether breaking a bond takes in or gives out energy, and do the same for
forming a bond. 2

2.2 A reaction breaks bonds worth 500 kJ and forms bonds worth 650 kJ. Find AH and
state whether it is exothermic. 3

2.3 For H, + Br, — 2HBr (H-H = 436, Br-Br = 193, H-Br = 366 kJ/mol), estimate
AH. (3]

2.4 State what Hess’s law tells you about the enthalpy change of a reaction that goes in
several steps. 1]

AP Chemistry « Holiday Homework 6 Finding enthalpy changes — Part 2

Name: AP Chemistry: 2018

CHEMISTRY
Section IT
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.

Na,S,05(aq) + 4 NaOCl(aq) + 2 NaOH(aq) — 2 Na,SO(aq) + 4 NaCl(agq) + H,O())

1. A student performs an experiment to determine the value of the enthalpy change, AH,

o » for the
oxidation-reduction reaction represented by the balanced equation above.

(a) Determine the oxidation number of Cl in NaOCI.

(b) Calculate the number of grams of Na,S,0; needed to prepare 100.00 mL of 0.500 M Na,S,0;(aq).

In the experiment, the student uses the solutions shown in the table below.

Solution Concentration Volume
M) (mL)
Na,S,05(aq) 0.500 5.00
NaOCl(aq) 0.500 5.00
NaOH(aq) 0.500 5.00

(c) Using the balanced equation for the oxidation-reduction reaction and the information in the table above,
determine which reactant is the limiting reactant. Justify your answer.



Name: AP Chemistry: 2018 Name: AP Chemistry: 2019

. .. . . . . . 2. Answer the following questions relating to the chemistry of the halogens.
The solutions, all originally at 20.0°C, are combined in an insulated calorimeter. The temperature of the reaction

mixture is monitored, as shown in the graph below. (a) The molecular formulas of diatomic bromine, chlorine, fluorine, and iodine are written below. Circle the

formula of the molecule that has the longest bond length. Justify your choice in terms of atomic structure.

34.0 Br, Cl, F, L
320 A chemistry teacher wants to prepare Br,. The teacher has access to the following three reagents: NaBr(agq),
2
o 300¢ // Cly(g), and I(s).
é’ 28.0 / Half-Reaction E° at 25°C (V)
£ 2607 Br,+2¢ — 2Br 1.07
£ 2401
S 0 I Ch+2e — 2CI° 1.36
B ' _ —
20.0 | L+2e — 21 0.53
18.0 - (b) Using the data in the table above, write the balanced equation for the thermodynamically favorable
ime

reaction that will produce Br, when the teacher combines two of the reagents. Justify that the reaction is

thermodynamically favorable by calculating the value of E° for the reaction.
(d) According to the graph, what is the temperature change of the reaction mixture?

. . . . . Br, and Cl, can react to form the compound BrCl.
(e) The mass of the reaction mixture inside the calorimeter is 15.21 g.

(i) Calculate the magnitude of the heat energy, in joules, that is released during the reaction. Assume that © ghi.boﬂm.g pf)mt of Br? 1; 332 K’ Whelieas lthefboﬂlng point (:)f BrCl s 218 Kl Ex[;lam]:hlsbdlfference m
the specific heat of the reaction mixture is 3.94 J/(g:-°C) and that the heat absorbed by the calorimeter is oiling point in terms of all the intermolecular forces present between molecules of each substance.
negligible. The compound BrCl can decompose into Br, and Cl,, as represented by the balanced chemical equation below.

(ii) Using the balanced equation for the oxidation-reduction reaction and your answer to part (c), calculate 2BrCl(g) 2 Bry(g) + Cly(g) AH® = 1.6 k]/mol,.,,

the value of the enthalpy change of the reaction, AH,,, , in kJ/mol,,. Include the appropriate algebraic

A 0.100 mole sample of pure BrCl(g) is placed in a previously evacuated, rigid 2.00 L container at 298 K.
sign with your answer. Eventually the system reaches equilibrium according to the equation above.

. .. . . d) Calculate the pressure in the container before equilibrium is established.
The student repeats the experiment, but this time doubling the volume of each of the reactants, as shown in the @ P d

table below. (e) Write the expression for the equilibrium constant, K, , for the decomposition of BrCl.
Soluti Concentration | Volume After the system has reached equilibrium, 42 percent of the original BrCl sample has decomposed.
olution
an (mL) (f) Determine the value of K, " for the decomposition reaction of BrCl at 298 K.
Na,S,05(aq) 0.500 10.0 (g) Calculate the bond energy of the Br-Cl bond, in kJ/mol, using AH® for the reaction (1.6 kJ/mol,,,) and the
NaOCl(aq) 0.500 10.0 information in the following table.
NaOH(agq) 0.500 10.0 Bond Energy
Bond (kJ/mol)
Br - Br 193
(f) The magnitude of the enthalpy change, AHy, , in kJ/mol,,,, calculated from the results of the second cl-a 3
experiment is the same as the result calculated in part (e)(ii). Explain this result. -
Br - Cl ?
(g) Write the balanced net ionic equation for the given reaction.




Name: AP Chemistry: 2014

6. A student places a mixture of plastic beads consisting of polypropylene (PP) and polyvinyl chloride (PVC) in a
1.0 L beaker containing distilled water. After stirring the contents of the beaker vigorously, the student observes
that the beads of one type of plastic sink to the bottom of the beaker and the beads of the other type of plastic
float on the water. The chemical structures of PP and PVC are represented by the diagrams below, which show

segments of each polymer.

H H H H\ H H H H /H H\ H H
—(lz—clr (l?—c C—(‘?— —(l‘—é (|—C (l‘—(lr—
Pll (l?H.3 l!l CH,| H (‘1H3 I!I (l?l H C | H (|?1

n n
PP PVC

(a) Given that the spacing between polymer chains in PP and PVC is similar, the beads that sink are made of
which polymer? Explain.

PP is synthesized from propene, C;Hy, and PVC is synthesized from vinyl chloride, C,H;Cl. The structures of
the molecules are shown below.

H CH; H Cl
e Ne o
) AN / N
H H H H
Propene Vinyl Chloride (chloroethene)

(b) The boiling point of liquid propene (226 K) is lower than the boiling point of liquid vinyl chloride (260 K).
Account for this difference in terms of the types and strengths of intermolecular forces present in each

liquid.
In a separate experiment, the student measures the enthalpies of combustion of propene and vinyl chloride.
The student determines that the combustion of 2.00 mol of vinyl chloride releases 2300 kJ of energy, according
to the equation below.
2 C,H;Cl(g) + 50,(g) = 4CO,(g) + 2H,0(g) + 2HCI(g)  AH° = -2300 kJ/mol,.,,,

(c) Using the table of standard enthalpies of formation below, determine whether the combustion of 2.00 mol
of propene releases more, less, or the same amount of energy that 2.00 mol of vinyl chloride releases. Justify
your answer with a calculation. The balanced equation for the combustion of 2.00 mol of propene
is 2 C3Hg(g) + 90,(8) = 6CO,(g) + 6 H,0(g).

Substance C,H;Cl(g) | C3Hg(g) | COx(g) | HyO(g) | HCl(g) | Oy(g)
Standard Enthalpy of
Formation (kJ/mol) 37 21 -394 —242 92 0

Name: AP Chemistry: 2015

7. Aluminum metal can be recycled from scrap metal by melting the metal to evaporate impurities.

(a) Calculate the amount of heat needed to purify 1.00 mole of Al originally at 298 K by melting it. The
melting point of Al is 933 K. The molar heat capacity of Al is 24 J/(mol-K), and the heat of fusion

of Al is 10.7 kJ/mol.

(b) The equation for the overall process of extracting Al from Al,O5 is shown below. Which requires less
energy, recycling existing Al or extracting Al from Al,O5 ? Justify your answer with a calculation.

ALO5(s) — 2 Al(s) + %Oz(g) AH® =1675 kl/mol,,

STOP

END OF EXAM
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7 Dynamic equilibrium and the equi-
librium constant — Part 1

Name: Class: Date:

Vocabulary )i

Write each word three times. &N BRI E =i .

English e Write it 3 times (English)
reversible reaction 0] ¥ 7

Chemical equilib- fk2 P-4

rium
equilibrium  con- P HE %L
stant

Recall

You have met reversible reactions before:

« Some reactions can go both forwards and backwards (shown with =).
o At equilibrium, the amounts stop changing even though the reaction has not stopped.
e The Haber process for ammonia is a famous reversible reaction.

This sheet makes equilibrium exact. Each idea has a worked example.

New ideas

B 1 Reversible reactions

A reversible reaction T]i¥i [ i/ can run both ways at once. Reactants make prod-
ucts, and products remake reactants.

B 2 Dynamic equilibrium

Chemical equilibrium {k2%3F4 is reached when the forward and reverse reactions
go at the same rate, so the concentrations stop changing. It is dynamic — both
reactions keep going, they just balance out.

AP Chemistry o Holiday Homework 7 Dynamic equilibrium and the equilibrium constant — Part 1
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—— forward rate
— reverse rate

5 rates become equal:

B dynamic equilibrium
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B 3 The equilibrium constant
The equilibrium constant Fi# % K compares products to reactants at equilib-

rium:
__ [products]
" [reactants]’
each concentration raised to its coefficient.
Worked example. For NoO, = 2NO, with [N2O4] = 0.20 M and [NO,] = 0.10 M:
[NOy2  (0.10)2

K = = =0. .
N0 ~ 020 00

B 4 What K tells you

o K much greater than 1: products are favoured (reaction nearly complete).
o K much less than 1: reactants are favoured (little reaction).

Watch out: at equilibrium the forward and reverse rates are equal, but the
amounts of reactant and product are usually not equal — they are just no longer
changing.

Practice
Try these in order. The methods are all above.

2.1 State what “dynamic equilibrium” means. 2

AP Chemistry o Holiday Homework 7 Dynamic equilibrium and the equilibrium constant — Part 1



2.2 For A = B with [A] = 0.40 M and [B] = 0.80 M, find K =

2.3 A reaction has K = 1 x 105. State whether products or reactants are favoured.

2.4 For Hy + I, = 2HI with [H,] = [I,] = 0.10 M and [HI] = 0.50 M, find K =

B]
(A

(HI)*

[Ha L]

s~

0

3)

2.5 State whether the amounts of reactant and product must be equal at equilibrium.[1]
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@3

Part 1

Name: AP Chemistry: 2017

Ny(g) +0,(g) & 2NO(g)

3. At high temperatures, N,(g) and O,(g) can react to produce nitrogen monoxide, NO(g), as represented by the

equation above.

(a) Write the expression for the equilibrium constant, K, ’” for the forward reaction.

(b) A student injects N,(g) and O,(g) into a previously evacuated, rigid vessel and raises the temperature of
the vessel to 2000°C. At this temperature the initial partial pressures of N,(g) and O,(g) are 6.01 atm and
1.61 atm, respectively. The system is allowed to reach equilibrium. The partial pressure of NO(g) at
equilibrium is 0.122 atm. Calculate the value of K, .

Nitrogen monoxide, NO(g), can undergo further reactions to produce acids such as HNO,, a weak acid with a
K, of 40 10™ and a pK, of 3.40.

(c) A student is asked to make a buffer solution with a pH of 3.40 by using 0.100 M HNO,(ag) and
0.100 M NaOH(agq).

(i) Explain why the addition of 0.100 M NaOH(ag) to 0.100 M HNO,(ag) can result in the formation of
a buffer solution. Include the net ionic equation for the reaction that occurs when the student adds
the NaOH(ag) to the HNO,(agq).

(ii) Determine the volume, in mL, of 0.100 M NaOH(agq) the student should add to 100. mL of
0.100 M HNO,(ag) to make a buffer solution with a pH of 3.40. Justify your answer.

(d) A second student makes a buffer by dissolving 0.100 mol of NaNO,(s) in 100. mL of 1.00 M HNO,(ag).
Which is more resistant to changes in pH when a strong acid or a strong base is added, the buffer made by
the second student or the buffer made by the first student in part (c) ? Justify your answer.

(e) A new buffer is made using HNO,(aq) as one of the ingredients. A particulate representation of a small
representative portion of the buffer solution is shown below. (Cations and water molecules are not shown.)
Is the pH of the buffer represented in the diagram greater than, less than, or equal to 3.40 ? Justify your
answer.

|OJHNO2 molecule  QNO, ion |

@) 0)0
o &
D o
Co
o % @

o
Q

cOQ
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CaCO5(s) &2 CaO(s) + CO,(g)

Name:

4. When heated, calcium carbonate decomposes according to the equation above. In a study of the decomposition
of calcium carbonate, a student added a 50.0 g sample of powdered CaCOs(s) to a 1.00 L rigid container. The
student sealed the container, pumped out all the gases, then heated the container in an oven at 1100 K. As the
container was heated, the total pressure of the CO,(g) in the container was measured over time. The data are

plotted in the graph below.

1.00

A\

0.75
/

0.50 /
0.25 /

Pressure (atm

0 5 10 15 20
Time (min)

The student repeated the experiment, but this time the student used a 100.0 g sample of powdered CaCOjs(s). In
this experiment, the final pressure in the container was 1.04 atm, which was the same final pressure as in the

first experiment.

(a) Calculate the number of moles of CO,(g) present in the container after 20 minutes of heating.

(b) The student claimed that the final pressure in the container in each experiment became constant because
all of the CaCOs(s) had decomposed. Based on the data in the experiments, do you agree with this claim?
Explain.

(c) After 20 minutes some CO,(g) was injected into the container, initially raising the pressure to 1.5 atm.
Would the final pressure inside the container be less than, greater than, or equal to 1.04 atm? Explain
your reasoning.

(d) Are there sufficient data obtained in the experiments to determine the value of the equilibrium constant, K,
for the decomposition of CaCOj;(s) at 1100 K? Justify your answer.

AP Chemistry: 2016

Name:

Ba**(agq) + EDTA*(aq) = Ba(EDTA)*(aq) K=17.7x10"

6. The polyatomic ion C;H;,N,O¢*" is commonly abbreviated as EDTA*". The ion can form complexes with
metal ions in aqueous solutions. A complex of EDTA*" with Ba>* ion forms according to the equation

above. A 50.0 mL volume of a solution that has an EDTA* (aq) concentration of 0.30 M is mixed with 50.0 mL
of 0.20 M Ba(NOy), to produce 100.0 mL of solution.

(a) Considering the value of K for the reaction, determine the concentration of Ba(EDTA)*(ag) in the
100.0 mL of solution. Justify your answer.
(b) The solution is diluted with distilled water to a total volume of 1.00 L. After equilibrium has been

reestablished, is the number of moles of Ba>*(ag) present in the solution greater than, less than, or equal to
the number of moles of Ba**(ag) present in the original solution before it was diluted? Justify your answer.
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CaCO5(s) &2 CaO(s) + CO,(g)

Name:

4. When heated, calcium carbonate decomposes according to the equation above. In a study of the decomposition
of calcium carbonate, a student added a 50.0 g sample of powdered CaCOs(s) to a 1.00 L rigid container. The
student sealed the container, pumped out all the gases, then heated the container in an oven at 1100 K. As the
container was heated, the total pressure of the CO,(g) in the container was measured over time. The data are

plotted in the graph below.
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The student repeated the experiment, but this time the student used a 100.0 g sample of powdered CaCOjs(s). In
this experiment, the final pressure in the container was 1.04 atm, which was the same final pressure as in the

first experiment.

(a) Calculate the number of moles of CO,(g) present in the container after 20 minutes of heating.

(b) The student claimed that the final pressure in the container in each experiment became constant because
all of the CaCOs(s) had decomposed. Based on the data in the experiments, do you agree with this claim?
Explain.

(c) After 20 minutes some CO,(g) was injected into the container, initially raising the pressure to 1.5 atm.
Would the final pressure inside the container be less than, greater than, or equal to 1.04 atm? Explain
your reasoning.

(d) Are there sufficient data obtained in the experiments to determine the value of the equilibrium constant, K,
for the decomposition of CaCOj;(s) at 1100 K? Justify your answer.

AP Chemistry: 2016

Name:

Ba**(agq) + EDTA*(aq) = Ba(EDTA)*(aq) K=17.7x10"

6. The polyatomic ion C;H;,N,O¢*" is commonly abbreviated as EDTA*". The ion can form complexes with
metal ions in aqueous solutions. A complex of EDTA*" with Ba>* ion forms according to the equation

above. A 50.0 mL volume of a solution that has an EDTA* (aq) concentration of 0.30 M is mixed with 50.0 mL
of 0.20 M Ba(NOy), to produce 100.0 mL of solution.

(a) Considering the value of K for the reaction, determine the concentration of Ba(EDTA)*(ag) in the
100.0 mL of solution. Justify your answer.
(b) The solution is diluted with distilled water to a total volume of 1.00 L. After equilibrium has been

reestablished, is the number of moles of Ba>*(ag) present in the solution greater than, less than, or equal to
the number of moles of Ba**(ag) present in the original solution before it was diluted? Justify your answer.
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7 Le Chatelier’s principle — Part 2

Name: Class: Date:

Vocabulary &l

Write each word three times. FEEANBATETE =3k .

English FPi Write it 3 times (English)
Le Chatelier’s 3] ¥b 45 5

principle Jr R

Recall

In Part A you met equilibrium. Now see what happens when you disturb it:

o Squeeze a gas equilibrium and it shifts one way.
o Heat it and it shifts another way.
o Factories use these tricks to get more product (like ammonia).

Each idea has a worked example before the Practice.
New ideas

B 1 Le Chatelier’s principle
Le Chatelier’s principle #7455 JRFH says: if you disturb a system at equilibrium,
it shifts to partly cancel the change.

the equilibrium shifts to oppose the change you make

[ increase [reactant] ] —— towards the products

[ increase pressure ] ———3 to the fewer-gas-molecules side

[ increase temperature ] —— in the endothermic direction

a catalyst speeds both directions equally, so it gives no shift

AP Chemistry  Holiday Homework 7 Le Chatelier’s principle — Part 2
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B 2 Changing concentration
o Add more reactant — the equilibrium shifts forward (toward products).
« Remove product — it also shifts forward to replace it.

Worked example. In Ny +3Hs = 2NHj, adding more Ny shifts the equilibrium toward
the right, making more ammonia.

B 3 Changing pressure
For gases, raising the pressure (by squeezing) shifts the equilibrium toward the side
with fewer gas molecules.

Worked example. In Ny + 3Hy = 2NH; (4 gas molecules — 2), higher pressure shifts
it toward the ammonia side, which has fewer molecules.

B 4 Changing temperature
Raising the temperature shifts the equilibrium in the endothermic direction (the
one that absorbs heat); lowering it shifts the other way.

Watch out: a catalyst speeds a reaction reaching equilibrium, but it does not shift
the position of the equilibrium — it changes the forward and reverse rates equally.

Practice
Try these in order. The methods are all above.

2.1 State what Le Chatelier’s principle says a system does when disturbed. 1]

2.2 For A+ B = C, state which way the equilibrium shifts if you (a) add more A, (b)
remove C. 2]

2.3 For a gas reaction where the left side has more gas molecules than the right, state
which way higher pressure shifts the equilibrium. 2]

2.4 State the effect of adding a catalyst on the position of an equilibrium. 1]

AP Chemistry ¢ Holiday Homework — 7 Le Chatelier’s principle — Part 2
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5. Hydrogen gas and iodine gas react to form hydrogen iodide at an elevated temperature, as represented by the
following equation.

2.5 In the Haber process, explain why a high pressure gives a better yield of ammonia H,(g) +L(g) = 2 HI(g) AH,,, = —12.19kJ /mol,,,

(a) Write the expression for the equilibrium constant, K., for this reaction.

(b) Hy(g) and I(g) are added to a previously evacuated container and allowed to react.

(i) At a certain time, the value of the reaction quotient, Q, is 0.67. The following particle diagram is an
incomplete representation of the system at this time. The diagram shows the relative number of H,(g)
and I(g) molecules, but the HI(g) molecules are not included. Draw the number of HI(g) molecules
needed to complete the diagram so that it accurately represents the system.

$ o °
S

O H atom

O T atom

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 5 on this page.

(i) A student monitors the number of moles of HI(g) over time. Hypothesize an experimental change that
could have been applied to the system in the rigid container at time 7 to result in the change in the
number of moles of HI(g) shown in the graph. Assume that the student did not add more HI(g) to the
system.

Moles of HI(g)

-~

Time

(iii) After equilibrium is established, the mixture is transferred to a larger container at constant
temperature. As a result, would the number of moles of HI(g) increase, decrease, or remain the same?
Justify your answer.

GO ON TO THE NEXT PAGE.

Name: AP Chemistry: 2019

CHEMISTRY
Section IT
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.

-‘ﬁ'-
H—N— C—IT'I—H

H H

1. The compound urea, H,NCONH,, is widely used in chemical fertilizers. The complete Lewis electron-dot
diagram for the urea molecule is shown above.

(a) Identify the hybridization of the valence orbitals of the carbon atom in the urea molecule.

(b) Urea has a high solubility in water, due in part to its ability to form hydrogen bonds. A urea molecule and
four water molecules are represented in the box below. Draw ONE dashed line (----) to indicate a possible
location of a hydrogen bond between a water molecule and the urea molecule.

e® - B
% o

H,NCONH,(s) & H,NCONH,(aq)

The dissolution of urea is represented by the equation above. A student determines that 5.39 grams of
H,NCONH, (molar mass 60.06 g/mol) can dissolve in water to make 5.00 mL of a saturated solution at 20.°C.



Name:

AP Chemistry: 2019

(c) Calculate the concentration of urea, in mol/L, in the saturated solution at 20.°C.

(d) The student also determines that the concentration of urea in a saturated solution at 25°C is 19.8 M. Based
on this information, is the dissolution of urea endothermic or exothermic? Justify your answer in terms of
Le Chatelier’s principle.

Polystyrene Thermometer Stirring Bottle of Balance Distilled
Cup Rod Urea Water

(e) The equipment shown above is provided so that the student can determine the value of the molar heat of
solution for urea. Knowing that the specific heat of the solution is 4.18 J/(g-°C), list the specific
measurements that are required to be made during the experiment.

§° (J/(mol-K))

H,NCONH,(s) 104.6

H,NCONH,(aq) ?

(f) The entropy change for the dissolution of urea, ASS, ,is 70.1 J/(mol-K) at 25°C. Using the information in

soln >

the table above, calculate the absolute molar entropy, S°, of aqueous urea.

(g) Using particle-level reasoning, explain why ASg, is positive for the dissolution of urea in water.

(h) The student claims that AS® for the process contributes to the thermodynamic favorability of the dissolution
of urea at 25°C. Use the thermodynamic information above to support the student’s claim.

Name:

AP Chemistry: 2016

Ba**(agq) + EDTA*(aq) = Ba(EDTA)*(aq) K=17.7x10"

6. The polyatomic ion C;H;,N,O¢*" is commonly abbreviated as EDTA*". The ion can form complexes with
metal ions in aqueous solutions. A complex of EDTA*" with Ba>* ion forms according to the equation
above. A 50.0 mL volume of a solution that has an EDTA* (aq) concentration of 0.30 M is mixed with 50.0 mL
of 0.20 M Ba(NOy), to produce 100.0 mL of solution.

(a) Considering the value of K for the reaction, determine the concentration of Ba(EDTA)*(ag) in the
100.0 mL of solution. Justify your answer.

(b) The solution is diluted with distilled water to a total volume of 1.00 L. After equilibrium has been
reestablished, is the number of moles of Ba>*(ag) present in the solution greater than, less than, or equal to
the number of moles of Ba**(ag) present in the original solution before it was diluted? Justify your answer.



Name: AP Chemistry: 2017

6. Answer the following questions about Mg(OH),. At 25°C, the value of the solubility product constant, K, for
Mg(OH)4(s) is 1.8 x 1071,

(a) Calculate the number of grams of Mg(OH), (molar mass 58.32 g/mol) that is dissolved in 100. mL of a
saturated solution of Mg(OH), at 25°C.

(b) The energy required to separate the ions in the Mg(OH), crystal lattice into individual Mg>*(g) and OH(g)
ions, as represented in the table below, is known as the lattice energy of Mg(OH),(s). As shown in the table,
the lattice energy of Sr(OH),(s) is less than the lattice energy of Mg(OH),(s). Explain why in terms of
periodic properties and Coulomb’s law.

Reaction Lattice Energy (kJ/mol)
Mg(OH),(s) — Mg*(g) +2 OH (g) 2900
Sr(OH),(s) — Sr**(g) +2 OH (g) 2300

Name: AP Chemistry: 2015

4. Answer the following questions about the solubility of Ca(OH), (K, = 1.3 x 10’6) .
(a) Write a balanced chemical equation for the dissolution of Ca(OH),(s) in pure water.

(b) Calculate the molar solubility of Ca(OH), in 0.10 M Ca(NOs;),.

(c) In the box below, complete a particle representation diagram that includes four water molecules with proper
orientation around the Ca* ion.

Represent water molecules as @
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8 Acids, bases, and pH — Part 1

Name: Class: Date:

Vocabulary Fa)jC

Write each word three times. R4S FAIRPE =k

English Fi3C Write it 3 times (English)
acid [i7d
base il

conjugate base Ea TN

strong acid B
strong base S
Recall

You already know a lot about acids and bases:

 Acids turn litmus red; bases (alkalis) turn it blue.
« The pH scale runs from 0 (very acidic) to 14 (very alkaline), with 7 neutral.
o Some acids are strong and some are weak.

This sheet makes pH exact. Each idea has a worked example.
New ideas

B 1 Acids and bases

By the Brgnsted—Lowry idea, an acid Jig gives away a proton (H") and a base T
accepts one. When an acid loses its proton it becomes its conjugate base FL&EH.

AP Chemistry  Holiday Homework — 8 Acids, bases, and pH — Part 1
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strong acid weak acid
fully dissociated: many ions mostly molecules: few ions

B 2 The pH scale
The pH measures acidity:

pH = —log[H*].
pH = — log[HT)
0 7 14
acidic neutral alkaline

A lower pH means a higher [H*] and a more acidic solution.

B 3 Strong acids and bases

A strong acid #fig or strong base 7§ dissociates completely in water, so all
of it splits into ions. Then [H'] equals the acid’s concentration, and you can find the
pH directly.

Worked exzample. For 0.010 M HCI (a strong acid, fully dissociated), [H*] = 0.010 M,
so pH = —1og(0.010) = 2.0.

Watch out: pH is a logarithmic scale, so each step of 1 pH unit means a ten-fold
change in [HT]. A solution of pH 2 is ten times more acidic than pH 3, not just a
little more.

AP Chemistry ¢ Holiday Homework — 8 Acids, bases, and pH — Part 1
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Practice
Try these in order. The methods are all above.

2.1 State the Brgnsted-Lowry definitions of an acid and a base.

2.2 State what happens to a strong acid when it dissolves in water.

2.3 Find the pH of 0.10 M HCI (a strong acid).

2.4 Find the pH of a solution with [H*] =1 x 107° M.

2.5 A solution of pH 3 is compared with one of pH 5. State how many times more acidic

the pH-3 solution is.

AP Chemistry  Holiday Homework — 8 Acids, bases, and pH — Part 1
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[

Compound | Melting Point (°C)
Lil 449
KI 686
LiF 845
NaF 993

6. A student learns that ionic compounds have significant covalent character when a cation has a polarizing effect

on a large anion. As a result, the student hypothesizes that salts composed of small cations and large anions
should have relatively low melting points.

(a) Select two compounds from the table and explain how the data support the student’s hypothesis.

(b) Identify a compound from the table that can be dissolved in water to produce a basic solution. Write the net
ionic equation for the reaction that occurs to cause the solution to be basic.
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CH,CH,COOH(aq) + H,0(l) 2 CH,CH,CO0 (ag) + H;0*(aq)

2. Propanoic acid, CH;CH,COOH, is a carboxylic acid that reacts with water according to the equation above. At
25°C the pH of a 50.0 mL sample of 0.20 M CH;CH,COOH is 2.79.

(a) Identify a Brgnsted-Lowry conjugate acid-base pair in the reaction. Clearly label which is the acid and
which is the base.

(b) Determine the value of K, for propanoic acid at 25°C.

(c) For each of the following statements, determine whether the statement is true or false. In each case, explain
the reasoning that supports your answer.
(i) The pH of a solution prepared by mixing the 50.0 mL sample of 0.20 M CH;CH,COOH with a
50.0 mL sample of 0.20 M NaOH is 7.00.
(ii) If the pH of a hydrochloric acid solution is the same as the pH of a propanoic acid solution, then the

molar concentration of the hydrochloric acid solution must be less than the molar concentration of the
propanoic acid solution.

A student is given the task of determining the concentration of a propanoic acid solution of unknown
concentration. A 0.173 M NaOH solution is available to use as the titrant. The student uses a 25.00 mL
volumetric pipet to deliver the propanoic acid solution to a clean, dry flask. After adding an appropriate indicator
to the flask, the student titrates the solution with the 0.173 M NaOH, reaching the end point after 20.52 mL of
the base solution has been added.

(d) Calculate the molarity of the propanoic acid solution.

(e) The student is asked to redesign the experiment to determine the concentration of a butanoic acid solution
instead of a propanoic acid solution. For butanoic acid the value of pK, is 4.83. The student claims that a
different indicator will be required to determine the equivalence point of the titration accurately. Based on
your response to part (b), do you agree with the student’s claim? Justify your answer.

Name:

AP Chemistry: 2016
C¢HsOH(aq) + H,O(l) 2 C¢Hs0 (ag) + H;0*(aq) K,=1.12x 1071
4. Phenol is a weak acid that partially dissociates in water according to the equation above.

(a) What is the pH of a 0.75 M C4HsOH(ag) solution?

(b) For a certain reaction involving CsHsOH(aq) to proceed at a significant rate, the phenol must be primarily
in its deprotonated form, CH;O™(aq). In order to ensure that the C;HsOH(ag) is deprotonated, the reaction
must be conducted in a buffered solution. On the number scale below, circle each pH for which more than

50 percent of the phenol molecules are in the deprotonated form (C4HsO™(ag)). Justify your answer.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
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2. Propanoic acid, CH;CH,COOH, is a carboxylic acid that reacts with water according to the equation above. At

25°C the pH of a 50.0 mL sample of 0.20 M CH;CH,COOH is 2.79.

(a) Identify a Brgnsted-Lowry conjugate acid-base pair in the reaction. Clearly label which is the acid and
which is the base.

(b) Determine the value of K, for propanoic acid at 25°C.

(c) For each of the following statements, determine whether the statement is true or false. In each case, explain
the reasoning that supports your answer.

(i) The pH of a solution prepared by mixing the 50.0 mL sample of 0.20 M CH;CH,COOH with a
50.0 mL sample of 0.20 M NaOH is 7.00.

(ii) If the pH of a hydrochloric acid solution is the same as the pH of a propanoic acid solution, then the
molar concentration of the hydrochloric acid solution must be less than the molar concentration of the
propanoic acid solution.

A student is given the task of determining the concentration of a propanoic acid solution of unknown
concentration. A 0.173 M NaOH solution is available to use as the titrant. The student uses a 25.00 mL
volumetric pipet to deliver the propanoic acid solution to a clean, dry flask. After adding an appropriate indicator
to the flask, the student titrates the solution with the 0.173 M NaOH, reaching the end point after 20.52 mL of
the base solution has been added.

(d) Calculate the molarity of the propanoic acid solution.

(e) The student is asked to redesign the experiment to determine the concentration of a butanoic acid solution
instead of a propanoic acid solution. For butanoic acid the value of pK, is 4.83. The student claims that a
different indicator will be required to determine the equivalence point of the titration accurately. Based on
your response to part (b), do you agree with the student’s claim? Justify your answer.
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2. Propanoic acid, CH;CH,COOH, is a carboxylic acid that reacts with water according to the equation above. At

25°C the pH of a 50.0 mL sample of 0.20 M CH;CH,COOH is 2.79.

(a) Identify a Brgnsted-Lowry conjugate acid-base pair in the reaction. Clearly label which is the acid and
which is the base.

(b) Determine the value of K, for propanoic acid at 25°C.

(c) For each of the following statements, determine whether the statement is true or false. In each case, explain
the reasoning that supports your answer.

(i) The pH of a solution prepared by mixing the 50.0 mL sample of 0.20 M CH;CH,COOH with a
50.0 mL sample of 0.20 M NaOH is 7.00.

(ii) If the pH of a hydrochloric acid solution is the same as the pH of a propanoic acid solution, then the
molar concentration of the hydrochloric acid solution must be less than the molar concentration of the
propanoic acid solution.

A student is given the task of determining the concentration of a propanoic acid solution of unknown
concentration. A 0.173 M NaOH solution is available to use as the titrant. The student uses a 25.00 mL
volumetric pipet to deliver the propanoic acid solution to a clean, dry flask. After adding an appropriate indicator
to the flask, the student titrates the solution with the 0.173 M NaOH, reaching the end point after 20.52 mL of
the base solution has been added.

(d) Calculate the molarity of the propanoic acid solution.

(e) The student is asked to redesign the experiment to determine the concentration of a butanoic acid solution
instead of a propanoic acid solution. For butanoic acid the value of pK,, is 4.83. The student claims that a
different indicator will be required to determine the equivalence point of the titration accurately. Based on
your response to part (b), do you agree with the student’s claim? Justify your answer.
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8 Weak acids and buffers — Part 2

Name: Class: Date:

Vocabulary Fa)jC

Write each word three times. R4S FAIRPE =k

English Fi3C Write it 3 times (English)
weak acid BETIA

titration curve THE LR
equivalence point 4524 5,

buffer RGN

Recall

In Part A you met acids, bases, and pH. Now the difference between strong and weak,
and a special mixture that resists pH change:

o A strong acid splits fully into ions; a weak acid only partly.
o Blood and many chemicals keep a steady pH — thanks to buffers.

Each idea has a worked example before the Practice.
New ideas

B ] Weak acids

A weak acid 55fiE only partly dissociates in water — most of it stays as whole
molecules. So at the same concentration a weak acid has a lower [H'], and a higher
pH, than a strong one.

Worked example. 0.10 M HCI (strong) has pH 1.0, but 0.10 M acetic acid (weak) has
pH about 2.9 — less acidic, because only a little of it dissociates.

AP Chemistry  Holiday Homework — 8 Weak acids and buffers — Part 2

B 2 Titration curves

A titration curve i E £k plots pH as base is added to acid. It rises gently, then
jumps steeply at the equivalence point Z£24 5 (where the moles of acid and base
are equal).

14 q
12 4 K/_
10 A
indicator range
8 -
T o7
6 -
4
end point
2 — weak acid + strong base
— strong acid + strong base
0 T T T T 1
0 10 20 30 40 50
volume of strong base added / cm?3
B 3 Buffers

A buffer ZF4 K resists changes in pH. It contains a weak acid and its conjugate
base together.

- +
add H A” 4+ H' > HA

buffer store:

HA and A~

add OH™ HA + OH™ — A~ + H.0

either way, the pH barely changes

B 4 How a buffer works

Add acid, and the conjugate base mops up the extra H*: add base, and the weak acid
supplies H to replace what is removed. Either way, the pH barely moves.

‘Watch out: a buffer needs both a weak acid and its conjugate base present at once.

A strong acid alone is not a buffer — it cannot soak up added acid.

AP Chemistry ¢ Holiday Homework — 8 Weak acids and buffers — Part 2



Practice

Try these in order. The methods are all above.

2.1 State the difference between a strong acid and a weak acid.

2.2 Explain why 0.10 M acetic acid has a higher pH than 0.10 M hydrochloric acid.

2.3 On a titration curve, state what happens to the pH at the equivalence point.

2.4 State the two things a buffer solution must contain.

2.5 Explain how a buffer keeps the pH steady when a small amount of acid is added.

AP Chemistry « Holiday Homework

8 Weak acids and buffers

(1]

Name: AP Chemistry: 2025

7. Answer the following questions about the glycolate ion, CoH303 , which acts as a base in
aqueous solution. A Lewis diagram for the ion is provided.

Il{ :0:

.. ..

H—Q—?—C—Qz
H

A. On the Lewis diagram in part A, circle the atom that accepts the proton when the glycolate
ion reacts with water.

When the glycolate ion reacts with water; it forms glycolic acid, HC;H303, according to the
following equation. The K, expression for the reaction is provided.

- _ [HC,H30, ] OH |
2H3V3

B. At 25°C, a 2.5 M solution of glycolate is found to have [OHf] =13%x107° M.
i. Calculate the value of Kj, for the glycolate ion.

ii. Using your answer to part B (i), calculate the value of K, for glycolic acid at 25°C.
Glycolic acid can be produced from the hydrolysis of methyl glycolate, C3HgO3. A proposed
mechanism for the reaction is given.

Step 1: C3HgO3+ H30" = CyH505" + CH3OH
Step 2: CyH505" + HyO = HCyH;504+ H30"
Overall: C3HgO3+ HyO = HCyH303+ CH30H

C. A student claims that H;O is a catalyst for the reaction. Do you agree or disagree? Justify
your answer based on the mechanism given.

STOP
END OF EXAM
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Name:

C¢HsOH(aq) + H,O(l) 2 C¢Hs0 (ag) + H;0*(aq) K,=112x 1071
4. Phenol is a weak acid that partially dissociates in water according to the equation above.

(a) What is the pH of a 0.75 M C;HsOH(ag) solution?

(b) For a certain reaction involving C4HsOH(agq) to proceed at a significant rate, the phenol must be primarily
in its deprotonated form, C¢H5;O0™(aq). In order to ensure that the C¢HsOH(ag) is deprotonated, the reaction
must be conducted in a buffered solution. On the number scale below, circle each pH for which more than

50 percent of the phenol molecules are in the deprotonated form (C4HsO™(ag)). Justify your answer.

9 10 11 12 13 14

AP Chemistry: 2024
Begin your response to QUESTION 1 on this page.

Name:

CHEMISTRY
SECTION II
Time—1 hour and 45 minutes

7 Questions

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.

For each question, show your work for each part in the space provided after that part. 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.

C3HgO5(aq) + NaOH(ag) — NaC3Hs05(aq) + H,O(1)

1. A student is studying the reaction between lactic acid, C3;Hg O3, and sodium hydroxide, NaOH, as represented in
the balanced equation above.

(a) The structural formula of lactic acid is shown in the following diagram. Circle the hydrogen atom that most
readily participates in the chemical reaction with sodium hydroxide.

(0}

—C—O0—H

H
C

H_

T—O—O—mT

(b) The student begins the experiment by dissolving 10.22 g of sodium hydroxide (molar mass 40.00 g/ mol) in
enough water to produce 500. mL of solution. Calculate the molarity of the sodium hydroxide solution.

GO ON TO THE NEXT PAGE.
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Name:

Continue your response to QUESTION 1 on this page.

The student uses the sodium hydroxide solution from part (b), a buret, a pH meter, and a 100 mL Erlenmeyer
flask to titrate a 25.0 mL sample of lactic acid solution. The student’s data are shown in the following graph.

14
12 =T
10

pH

(=2 S e
T
1
1
1
|
1
t
1

0O 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Volume of NaOH(ag) Added (mL)

(c) Use the information in the graph to determine the approximate pK,, of lactic acid.

© o © o|[e

‘ Q . Q O =C3H505

(d) The preceding diagram represents the relative amounts of major species in a sample of the solution in the flask
at one point during the titration. (Note that water molecules are omitted.)

(i) Draw an X on the preceding titration curve at a point in the titration where the reaction mixture would
be represented by this diagram.

(ii) Justify your answer.

GO ON TO THE NEXT PAGE.

Name:

AP Chemistry: 2024

Continue your response to QUESTION 1 on this page.

Experiment | Mass of NaOH(s) (grams) [ Volume of Solution (mL) Titration Curve

1 10.22 500. Already shown on graph

2 20.44 500. ?

(iii) The student repeats the experiment but uses a solution of NaOH(aq) with twice the concentration, as
shown in the preceding table. On the following graph, draw the titration curve that would be expected
for experiment 2.

Experiment 1
14 na

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Volume of NaOH(aq) Added (mL)

(e) In a third experiment, the student investigates the enthalpy of the reaction between lactic acid and sodium
hydroxide. The student combines 100.0 mL of a 0.500 M lactic acid solution at 20.0°C with 100.0 mL of a
0.500 M NaOH solution at 20.0°C in a calorimeter. The final temperature of the resulting combined solution
is 23.2°C. Assume that the density of each solution before combining is 1.00 g/ mL and that the specific heat
capacity of the combined solution is 4.2J/ (g - °C).

(i) Calculate the quantity of heat produced in the reaction, in J.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 1 on this page.

(ii) Calculate the molar enthalpy of reaction, in kJ / mol,.,,. Include the sign in your answer.

(iii) The student claims that if heat is lost from the calorimeter to the surrounding air during the reaction,
then the experimental value of the molar enthalpy of reaction will be smaller in magnitude than the
actual value. Do you agree or disagree with the student’s claim? Justify your answer.

GO ON TO THE NEXT PAGE.

Name: AP Chemistry: 2017

Ny(g) +0,(g) & 2NO(g)

3. At high temperatures, N,(g) and O,(g) can react to produce nitrogen monoxide, NO(g), as represented by the

equation above.

(a) Write the expression for the equilibrium constant, K, ’” for the forward reaction.

(b) A student injects N,(g) and O,(g) into a previously evacuated, rigid vessel and raises the temperature of
the vessel to 2000°C. At this temperature the initial partial pressures of N,(g) and O,(g) are 6.01 atm and
1.61 atm, respectively. The system is allowed to reach equilibrium. The partial pressure of NO(g) at
equilibrium is 0.122 atm. Calculate the value of K, .

Nitrogen monoxide, NO(g), can undergo further reactions to produce acids such as HNO,, a weak acid with a
K, of 40 10™ and a pK, of 3.40.

(c) A student is asked to make a buffer solution with a pH of 3.40 by using 0.100 M HNO,(ag) and
0.100 M NaOH(agq).

(i) Explain why the addition of 0.100 M NaOH(ag) to 0.100 M HNO,(ag) can result in the formation of
a buffer solution. Include the net ionic equation for the reaction that occurs when the student adds
the NaOH(ag) to the HNO,(agq).

(ii) Determine the volume, in mL, of 0.100 M NaOH(agq) the student should add to 100. mL of
0.100 M HNO,(ag) to make a buffer solution with a pH of 3.40. Justify your answer.

(d) A second student makes a buffer by dissolving 0.100 mol of NaNO,(s) in 100. mL of 1.00 M HNO,(ag).
Which is more resistant to changes in pH when a strong acid or a strong base is added, the buffer made by
the second student or the buffer made by the first student in part (c) ? Justify your answer.

(e) A new buffer is made using HNO,(aq) as one of the ingredients. A particulate representation of a small
representative portion of the buffer solution is shown below. (Cations and water molecules are not shown.)
Is the pH of the buffer represented in the diagram greater than, less than, or equal to 3.40 ? Justify your
answer.

|OJHNO2 molecule  QNO, ion |

@) 0)0
o &
D o
Co
o % @

o
Q

cOQ
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Ny(g) +Oy(g) & 2NO(g)

3. At high temperatures, N,(g) and O,(g) can react to produce nitrogen monoxide, NO(g), as represented by the
equation above.

(a) Write the expression for the equilibrium constant, K o’ for the forward reaction.

(b) A student injects N,(g) and O,(g) into a previously evacuated, rigid vessel and raises the temperature of
the vessel to 2000°C. At this temperature the initial partial pressures of N,(g) and O,(g) are 6.01 atm and
1.61 atm, respectively. The system is allowed to reach equilibrium. The partial pressure of NO(g) at
equilibrium is 0.122 atm. Calculate the value of K, .

Nitrogen monoxide, NO(g), can undergo further reactions to produce acids such as HNO,, a weak acid with a
K, of 4.0 x 107 and a pK,, of 3.40.

(c) A student is asked to make a buffer solution with a pH of 3.40 by using 0.100 M HNO,(aq) and
0.100 M NaOH(ag).

(i) Explain why the addition of 0.100 M NaOH(ag) to 0.100 M HNO,(ag) can result in the formation of
a buffer solution. Include the net ionic equation for the reaction that occurs when the student adds
the NaOH(ag) to the HNO,(aq).

(ii) Determine the volume, in mL, of 0.100 M NaOH(agq) the student should add to 100. mL of
0.100 M HNO,(ag) to make a buffer solution with a pH of 3.40. Justify your answer.

(d) A second student makes a buffer by dissolving 0.100 mol of NaNO,(s) in 100. mL of 1.00 M HNO,(aq).
Which is more resistant to changes in pH when a strong acid or a strong base is added, the buffer made by
the second student or the buffer made by the first student in part (c) ? Justify your answer.

(e) A new buffer is made using HNO,(aq) as one of the ingredients. A particulate representation of a small
representative portion of the buffer solution is shown below. (Cations and water molecules are not shown.)
Is the pH of the buffer represented in the diagram greater than, less than, or equal to 3.40 ? Justify your
answer.

|C)DHNO2 molecule  QNO, ion |

0 @
Q;doo,o
') O
Cr
‘OQOQO’

Name:

AP Chemistry: 2025

1. Answer the following questions about magnesium.

A. An incomplete mass spectrum for magnesium is shown in the diagram.

100

80

60
Relative

Abundance

40

20

24 25 26

Mass (amu)

The percent abundance of magnesium-24 is 79%. The percent abundances of the other two
natural isotopes of magnesium, magnesium-25 and magnesium-26, are approximately equal.
i. Complete the mass spectrum in part A by drawing thick lines in the appropriate locations
to represent the percent abundance of magnesium-25 and magnesium-26.
ii. Describe the difference in atomic structure that accounts for the difference in mass
between magnesium-25 and magnesium-26.
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Name:

OO I I £V U T e e M W e

A student prepares a 1.85x10~° M solution of Mg(NOs),(aq) in beaker 1 and a 2.80x10™% A
solution of NaOH (ag) in beaker 2, as shown.

B @
SOING
(1)
Mg Zs = 280 x 1074 M
@Q 1.85x 103 M O

Mg(NO3),(aq)

@ Beaker 1 Beaker 2
35.00 mL 50.00 mL

B. The particle diagram shown represents a magnesium ion, Mg?", in beaker 1. A sodium
ion, Na*, in beaker 2 has a weaker attraction to water than the MgQJr does. Explain this
phenomenon using Coulomb’s law and each of the following.

i. The relative charge of the ions
ii. The relative radii of the ions
C. Calculate the pH of the solution in beaker 2.

AP Chemistry: 2025

e U vt muev vy

Name:

D. A student combines 35.00 mL of 1.85x10~2 M Mg(NO3),(ag) with 50.00 mL of

2.80x10"* M NaOH (ag), as shown in the diagram. Calculate [MgH] after the two solutions are
combined but before any reaction takes place. (Assume that volumes are additive.)

35.00 mL 50.00 mL
1.85x 103 M 280X 1074 M
Mg(NO3),(aq) NaOH(aq)

Beaker 2

Beaker 1

———
Beaker 3

E. The dissolution of magnesium hydroxide is represented by the following equation.
Mg(OH)y(s) = Mg** (ag) + 2 OH (ag) K, = 5.61x107"2
i. Write the expression for the solubility product constant, K.

ii. After the two solutions are combined in beaker 3 as described in part D, but before any
reaction takes place, [OH_] =165x10"* M. Using your answer to part D, calculate the
value of the reaction quotient, Q.

iii. Using the reaction quotient, Q, predict whether a precipitate should form as the mixture
in beaker 3 approaches equilibrium. Justify your answer.

F. In a separate experiment, the student adds HNO3(aq) to decrease the pH of a saturated
solution containing undissolved Mg(OH),(s). Does the amount of undissolved Mg(OH),(s)
increase, decrease, or remain the same as the HNO3(aq) is added? Justify your answer.
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9 Entropy and free energy — Part 1

Name: Class: Date:

Vocabulary Fa)jC

Write each word three times. R4S FAIRPE =k

English Fi3C Write it 3 times (English)
Entropy I

Gibbs free energy 5 i i H

i fig
thermodynamically # 77 2%
favorable g}

Recall
You already have a feel for these ideas:

o Gases are more “spread out” and disordered than solids.
o Some reactions happen on their own; others need pushing.
» You have met exothermic (heat out) and endothermic (heat in) reactions.

This sheet explains what decides whether a reaction happens by itself. Each idea has a
worked example.

New ideas

B 1 Entropy

Entropy 4 S measures how spread-out and disordered a system is. It increases
going solid — liquid — gas, when a solid dissolves, or when more gas is made.

AP Chemistry  Holiday Homework — 9 Entropy and free energy — Part 1

)

entropy increases: AS > 0

000 @ @G ©
LA e oo

eoo0o ® -0
— | 090 — | ® @ 0o
o000 00O e 0o
o000 e®e® e ® o
solid (ordered) liquid gas (spread out)

B 2 Gibbs free energy
Whether a reaction happens on its own depends on Gibbs free energy # 1l 5 H
fig:

AG = AH —TAS.

A reaction is thermodynamically favorable #}j2#4 % (it can happen by itself)
when AG < 0.

AS positive AS negative
AH neg. feasible at feasible only at
all temperatures low temperature
feasible only at
AH . . i
pos high temperature never feasible

AG = AH —TAS; feasible when AG <0

B 3 Enthalpy and entropy together
+ Exothermic (AH < 0) and entropy-increasing (AS > 0) — always favorable.
o If they oppose each other, the temperature decides.

Worked ezample. A reaction with AH = +40 kJ and AS = +0.120 kJ/K becomes

A 40 .
favorable only above T' = AS = 0130 = 333 K (about 60°C).

B 4 Favorable is not the same as fast

AG < 0 means a reaction can happen, not that it happens fast. A favorable reaction
can still be very slow if it has a high activation energy (diamond turning to graphite
takes ages).

‘Watch out: match your units before using AG = AH —TAS — AH is usually in kJ
but AS in J, so convert one of them first.

AP Chemistry ¢ Holiday Homework — 9 Entropy and free energy — Part 1



Practice
Try these in order. The methods are all above.

2.1 State whether entropy increases or decreases when a gas condenses into a liquid. [1]
2.2 State the condition on AG for a reaction to be thermodynamically favorable. 1]

2.3 A reaction has AH = —50 kJ and AS = +0.10 kJ/K. State whether it is favorable,
and why. 2

2.4 A reaction has AH = 430 kJ and AS = +0.10 kJ/K. Find the temperature above
which it becomes favorable. 3

2.5 Explain why a reaction can be thermodynamically favorable but still not happen at
a noticeable rate. 2

AP Chemistry « Holiday Homework 9 Entropy and free energy — Part 1
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Name: AP Chemistry: 2019

CHEMISTRY
Section IT
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.

-'ﬁ'-
H—N— C—IT'I—H

H H

1. The compound urea, H,NCONH,, is widely used in chemical fertilizers. The complete Lewis electron-dot
diagram for the urea molecule is shown above.

(a) Identify the hybridization of the valence orbitals of the carbon atom in the urea molecule.

(b) Urea has a high solubility in water, due in part to its ability to form hydrogen bonds. A urea molecule and
four water molecules are represented in the box below. Draw ONE dashed line (----) to indicate a possible
location of a hydrogen bond between a water molecule and the urea molecule.

e® - B
% o

H,NCONH,(s) & H,NCONH,(aq)

The dissolution of urea is represented by the equation above. A student determines that 5.39 grams of
H,NCONH, (molar mass 60.06 g/mol) can dissolve in water to make 5.00 mL of a saturated solution at 20.°C.
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(c) Calculate the concentration of urea, in mol/L, in the saturated solution at 20.°C.

(d) The student also determines that the concentration of urea in a saturated solution at 25°C is 19.8 M. Based
on this information, is the dissolution of urea endothermic or exothermic? Justify your answer in terms of
Le Chatelier’s principle.

Polystyrene Thermometer Stirring Bottle of Balance Distilled
Cup Rod Urea Water

(e) The equipment shown above is provided so that the student can determine the value of the molar heat of
solution for urea. Knowing that the specific heat of the solution is 4.18 J/(g-°C), list the specific
measurements that are required to be made during the experiment.

§° (J/(mol-K))

H,NCONH,(s) 104.6

H,NCONH,(aq) ?

(f) The entropy change for the dissolution of urea, ASS, ,is 70.1 J/(mol-K) at 25°C. Using the information in

soln >

the table above, calculate the absolute molar entropy, S°, of aqueous urea.

(g) Using particle-level reasoning, explain why ASg, is positive for the dissolution of urea in water.

(h) The student claims that AS® for the process contributes to the thermodynamic favorability of the dissolution
of urea at 25°C. Use the thermodynamic information above to support the student’s claim.

Name:

AP Chemistry: 2017

2. Answer the following questions about the isomers fulminic acid and isocyanic acid.

Two possible Lewis electron-dot diagrams for fulminic acid, HCNO, are shown below.

H—C=N—(: H—C=N=0¢

(a) Explain why the diagram on the left is the better representation for the bonding in fulminic acid. Justify your
choice based on formal charges.

Fulminic acid can convert to isocyanic acid according to the equation below.

HCNO(g) = HNCO(g)

Sulminic acid  isocyanic acid

Fulminic Acid Isocyanic Acid

(b) Using the Lewis electron-dot diagrams of fulminic acid and isocyanic acid shown in the boxes above and the
table of average bond enthalpies below, determine the value of AH® for the reaction of HCNO(g) to form

HNCO(g).
Enthalpy Enthalpy Enthalpy
Bond 1 4 y/mol) Bond |4 p/mot) Bond 14 /mol)
N-O 201 C=N 615 H-C 413
C=0 745 C=N 891 H-N 391

(c) A student claims that AS® for the reaction is close to zero. Explain why the student’s claim is accurate.

(d) Which species, fulminic acid (HCNO) or isocyanic acid (HNCO), is present in higher concentration at
equilibrium at 298 K? Justify your answer in terms of thermodynamic favorability and the equilibrium
constant.

The ammonium salt of isocyanic acid is a product of the decomposition of urea, CO(NH,),, represented below.
CO(NH,),(agq) & NH,*(aq) + OCN (aq)



Name:

A student studying the decomposition reaction runs the reaction at 90°C. The student collects data on the
concentration of urea as a function of time, as shown by the data table and the graph below.

AP Chemistry: 2017

Time (hours) [ [CO(NH,),] 0.10
0 0.1000 —~, 0.08
5 0.0707 = 0.06 \\
10 0.0500 £ 004
15 0.0354 8 ' \
20 0.0250 - 002
25 0.0177 0.00
> G 0 10 20 30

Time (hours)

(e) The student proposes that the rate law is rate = k[CO(NH,),].

(i) Explain how the data support the student’s proposed rate law.

(ii) Using the proposed rate law and the student’s results, determine the value of the rate constant, k.
Include units with your answer.

(f) The student learns that the decomposition reaction was run in a solution with a pH of 13. Briefly describe
an experiment, including the initial conditions that you would change and the data you would gather, to
determine whether the rate of the reaction depends on the concentration of OH (ag).

Name:

NaHCO,(s) + HC,H;0,(ag) — NaC,H;0,(aq) + HyO(l) + CO,(g)

AP Chemistry: 2016

2. A student designs an experiment to study the reaction between NaHCO; and HC,H;0,. The reaction is
represented by the equation above. The student places 2.24 g of NaHCO; in a flask and adds 60.0 mL of
0.875 M HC,H;0,. The student observes the formation of bubbles and that the flask gets cooler as the reaction
proceeds.

(a) Identify the reaction represented above as an acid-base reaction, precipitation reaction, or redox reaction.
Justify your answer.

(b) Based on the information above, identify the limiting reactant. Justify your answer with calculations.

(c) The student observes that the bubbling is rapid at the beginning of the reaction and gradually slows as the
reaction continues. Explain this change in the reaction rate in terms of the collisions between reactant
particles.

(d) In thermodynamic terms, a reaction can be driven by enthalpy, entropy, or both.

(i) Considering that the flask gets cooler as the reaction proceeds, what drives the chemical reaction
between NaHCO;(s) and HC,H;0,(aq) ? Answer by drawing a circle around one of the choices
below.

Enthalpy only Entropy only Both enthalpy and entropy

(ii) Justify your selection in part (d)(i) in terms of AG®.

(e) The HCO;™ ion has three carbon-to-oxygen bonds. Two of the carbon-to-oxygen bonds have the same
length and the third carbon-to-oxygen bond is longer than the other two. The hydrogen atom is bonded to
one of the oxygen atoms. In the box below, draw a Lewis electron-dot diagram (or diagrams) for the HCO;~
ion that is (are) consistent with the given information.

(f) A student prepares a solution containing equimolar amounts of HC,H;0, and NaC,H;0,. The pH of
the solution is measured to be 4.7. The student adds two drops of 3.0 M HNO;(ag) and stirs the sample,
observing that the pH remains at 4.7. Write a balanced, net-ionic equation for the reaction between
HNOj3(aq) and the chemical species in the sample that is responsible for the pH remaining at 4.7.
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!. Answer the following questions about the element Si and some of its compounds.

(a) The mass spectrum of a pure sample of Si is shown below.

100

80
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40

Relative Abundance
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27 28 29 30 31 32

Mass (amu)

(i) How many protons and how many neutrons are in the nucleus of an atom of the most abundant
isotope of Si ?

(ii) Write the ground-state electron configuration of Si.

Two compounds that contain Si are SiO, and SiHy.

(b) At 161 K, SiH, boils but SiO, remains as a solid. Using principles of interparticle forces, explain the
difference in boiling points.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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At high temperatures, SiH, decomposes to form solid silicon and hydrogen gas.

(c) Write a balanced equation for the reaction.

A table of absolute entropies of some substances is given below.

Substance | S° (J/(mol - K))
Hy(g) 131
Si(s) 18

SiH, (g) 205

(d) Explain why the absolute molar entropy of Si(s) is less than that of Hy(§g).

(e) Calculate the value, in J/(mol- K), of AS® for the reaction.

(f) The reaction is thermodynamically favorable at all temperatures. Explain why the reaction occurs only at
high temperatures.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink onlv. Do NOT write vour name. Do NOT write outside the box.
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(g) A partial photoelectron spectrum of pure Si is shown below. On the spectrum, draw the missing peak that
corresponds to the electrons in the 3p sublevel.

Relative Number of Electrons

A N A

100 10 1 0.1
Binding Energy (MJ/mol)

—
[=]
(=]
(=]

(h) Using principles of atomic structure, explain why the first ionization energy of Ge is lower than that of Si.

(i) A single photon with a wavelength of 4.00 x 1077 m is absorbed by the Si sample. Calculate the energy of

the photon in joules.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.

AP CHEMISTRY « HOLIDAY HOMEWORK EifEll

9 Electrochemistry - cells and electrol-
ysis — Part 2

Name: Class: Date:

Vocabulary {ajJL
Write each word three times. B4 IRV E =3k .

English 225'8 Write it 3 times (English)
galvanic cell JEHL Y

electrolytic cell FL fifth
anode FHR
cathode A%

cell potential CERTIINEER
electrolysis HL i

Faraday’s law R A e
e

Recall
You have seen electricity and chemistry meet before:

o A battery uses a chemical reaction to push a current.
« Electrolysis uses a current to split compounds (like water or molten salts).
« Redox reactions move electrons.

This sheet lines up how chemical reactions and electricity connect. Each idea has a
worked example.

AP Chemistry ¢ Holiday Homework — 9 Electrochemistry - cells and electrolysis — Part 2



New ideas

B ] Two kinds of cell

A redox reaction can push electrons through a wire:

(V)
N

Zn salt bridge Cu
- +
ZnSO4(aq) CuSO4(aq)
negative positive
(oxidation) (reduction)

o A galvanic cell JFHL i uses a favorable reaction to produce electricity (a bat-

tery).
o An electrolytic cell Hiff#ith uses electricity to force an unfavorable reaction.

B 2 Anode and cathode

In both, oxidation happens at the anode [{#}, and reduction at the cathode [}
.

B 3 Cell potential
The cell potential HE}iFE# E2 ) measures the driving force in volts:

e

o
Ecel

_ 10 o
1 — Ecathode - E

anode*
A positive value means the reaction runs on its own (a working battery).

Worked example. A copper—zinc cell has ES) = E2 040 — Panode = 0-34 — (—0.76) =
1.10 V — positive, so it works as a battery.

B 4 Electrolysis and charge

In electrolysis Hiff#, the amount of product depends on the charge passed (Fara-
day’s law JEFi7 %5 2 ). Charge = current x time.

AP Chemistry  Holiday Homework — 9 Electrochemistry - cells and electrolysis — Part 2

d.c. supply

molten lead(Il) bromide, PbBr,

cathode: Pb*" + 2¢~ — Pb (silvery lead)

anode: 2Br~ — Bry + 2¢~ (red-brown bromine)

Worked example. A current of 2.0 A for 30 min passes charge @ = It = 2.0 x 1800 =

3600 C, which is % = 0.037 mol of electrons.

Watch out: oxidation is always at the anode and reduction at the cathode — in
both galvanic and electrolytic cells. A handy memory: “an ox” (anode = oxidation),
“red cat” (cathode = reduction).

Practice
Try these in order. The methods are all above.

2.1 State the difference between a galvanic cell and an electrolytic cell. 2

2.2 State which electrode (anode or cathode) is where oxidation happens. 1]

2.3 A cell has EZ,} 4. = +0.80 V and Ey

anode

= —0.44 V. Find the cell potential. 2]

AP Chemistry ¢ Holiday Homework — 9 Electrochemistry - cells and electrolysis — Part 2



2.4 State what a positive cell potential tells you about the reaction.

2.5 A current of 1.5 A flows for 20 minutes. Find the charge passed.

AP Chemistry  Holiday Homework

9 Electrochemistry - cells and electrolysis

Part 2

Name: AP Chemistry: 2017

2. Answer the following questions about the isomers fulminic acid and isocyanic acid.
Two possible Lewis electron-dot diagrams for fulminic acid, HCNO, are shown below.

H—C=N—(: H—C=N=0¢

(a) Explain why the diagram on the left is the better representation for the bonding in fulminic acid. Justify your
choice based on formal charges.

Fulminic acid can convert to isocyanic acid according to the equation below.

HCNO(g) = HNCO(g)

Sulminic acid  isocyanic acid

Fulminic Acid Isocyanic Acid

(b) Using the Lewis electron-dot diagrams of fulminic acid and isocyanic acid shown in the boxes above and the
table of average bond enthalpies below, determine the value of AH® for the reaction of HCNO(g) to form

HNCO(g).
Enthalpy Enthalpy Enthalpy
Bond 1 4 y/mol) Bond |4 p/mot) Bond 14 /mol)
N-O 201 C=N 615 H-C 413
C=0 745 C=N 891 H-N 391

(c) A student claims that AS® for the reaction is close to zero. Explain why the student’s claim is accurate.

(d) Which species, fulminic acid (HCNO) or isocyanic acid (HNCO), is present in higher concentration at
equilibrium at 298 K? Justify your answer in terms of thermodynamic favorability and the equilibrium
constant.

The ammonium salt of isocyanic acid is a product of the decomposition of urea, CO(NH,),, represented below.
CO(NH,),(agq) & NH,*(aq) + OCN (aq)
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Name:

A student studying the decomposition reaction runs the reaction at 90°C. The student collects data on the
concentration of urea as a function of time, as shown by the data table and the graph below.

Time (hours) [ [CO(NH,),] 0.10
0 0.1000 —~, 0.08
5 0.0707 = 0.06 \\
10 0.0500 £ 004
15 0.0354 8 ' \
20 0.0250 - 002
25 0.0177 0.00
> G 0 10 20 30

Time (hours)

(e) The student proposes that the rate law is rate = k[CO(NH,),].

(i) Explain how the data support the student’s proposed rate law.

(ii) Using the proposed rate law and the student’s results, determine the value of the rate constant, k.
Include units with your answer.

(f) The student learns that the decomposition reaction was run in a solution with a pH of 13. Briefly describe
an experiment, including the initial conditions that you would change and the data you would gather, to
determine whether the rate of the reaction depends on the concentration of OH (ag).

AP Chemistry: 2018

Name:

Cr(s) Ag(s)

|
i i

Cr¥*(aq) Ag*(aq)

6. A student sets up a galvanic cell at 298 K that has an electrode of Ag(s) immersed in a 1.0 M solution of
Ag*(ag) and an electrode of Cr(s) immersed in a 1.0 M solution of Cr**(ag), as shown in the diagram above.

(a) The student measures the voltage of the cell shown above and discovers that it is zero. Identify the missing
component of the cell, and explain its importance for obtaining a nonzero voltage.

Half-Reaction E° (V)
Ag'(ag) +e~ = Ag(s) +0.80
Cr¥*(ag) + 3 e~ — Cr(s) ?

(b) The student adds the missing component to the cell and measures E,; to be +1.54 V. As the cell operates,
Ag* ions are reduced. Use this information and the information in the table above to do the following.

(i) Calculate the value of E° for the half-reaction Cr3+(aq) +3e” — Cr(s).

(ii) Write the balanced net-ionic equation for the overall reaction that occurs as the cell operates.

(iii) Calculate the value of AG® for the overall cell reaction in J/mol,,,.
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7. A student wants to determine the concentration of H,O, in a solution of H,0,(ag). The student can use one of

two titrants, either dichromate ion, Cr2072’(aq), or cobalt(II) ion, Coz*(aq). The balanced chemical equations
for the two titration reactions are shown below.

Dichromate as titrant: Cr2072’(aq) +3 H,0,(aq) + 8 H*(aq) — 2 Cr¥*(aq) + 3 0,(g) + 7H,0()

Cobalt(II) as titrant: 2 Co**(aq) + H,0,(aq) + 2 H*(aq) — 2 Co**(ag) + 2 H,O(l)

The half-reactions and the E° values for the systems related to the titrations above are given in the following

table.
Half-Reaction a{529(;,i(
Co**(aq) + e~ — Co**(aq) 1.84
H,0,(aq) + 2 H*(aq) +2 ¢~ — 2 H,0()) 1.77
Cr,0,%(ag) + 14 H(ag) + 6 ¢ — 2 Cr**(aq) + 7 H,0(]) 1.33
0,(¢) + 2 H*(ag) + 2 ¢ — H,0,(aq) 0.70

(a) Use the information in the table to calculate the following.
(i) E° for the reaction between Cr,0,%(ag) and H,0,(aq) at 298 K

(ii) E° for the reaction between Co**(aq) and H,0,(aq) at 298 K

(b) Based on the calculated values of E°, the student must choose the titrant for which the titration reaction is
thermodynamically favorable at 298 K.

(i) Which titrant should the student choose? Explain your reasoning.

(ii) Calculate the value of AG®, in kJ/mol,,,,, for the reaction between the chosen titrant and H,0,(ag).

STOP

END OF EXAM
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CHEMISTRY
Section 11
7 Questions
Time—1 hour and 45 minutes

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.

Voltmeter
Switch
o
El Electrolyte
s Paste ~0:(8)
Anode Cathode

. Metal-air cells are a relatively new type of portable energy source consisting of a metal anode, an alkaline
electrolyte paste that contains water, and a porous cathode membrane that lets in oxygen from the air. A

schematic of the cell is shown above. Reduction potentials for the cathode and three possible metal anodes are
given in the table below.

Half Reaction EatpH 11 and 298 K (V)
0,(e) + 2H,0() + 4¢~ — 4 OH (ag) +0.34
ZnO(s) + H,0()) + 2¢~ — Zn(s) + 2 OH (ag) -1.31
Na,O(s) + H,O()) + 2¢~ — 2Na(s) + 2 OH (aq) -1.60
CaO(s) + H,O()) + 2¢~ — Ca(s) + 2 OH (ag) -2.78
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(a) Early forms of metal-air cells used zinc as the anode. Zinc oxide is produced as the cell operates according
to the overall equation below.

27Zn(s) +0,(g) — 2ZnO(s)
(i) Using the data in the table above, calculate the cell potential for the zinc-air cell.
(ii) The electrolyte paste contains OH™ ions. On the diagram of the cell above, draw an arrow to indicate
the direction of migration of OH™ ions through the electrolyte as the cell operates.
(b) A fresh zinc-air cell is weighed on an analytical balance before being placed in a hearing aid for use.
(i) As the cell operates, does the mass of the cell increase, decrease, or remain the same?

(ii) Justify your answer to part (b)(i) in terms of the equation for the overall cell reaction.

(c) The zinc-air cell is taken to the top of a mountain where the air pressure is lower.
(i) Will the cell potential be higher, lower, or the same as the cell potential at the lower elevation?
(ii) Justify your answer to part (c)(i) based on the equation for the overall cell reaction and the information

above.

(d) Metal-air cells need to be lightweight for many applications. In order to transfer more electrons with a
smaller mass, Na and Ca are investigated as potential anodes. A 1.0 g anode of which of these metals
would transfer more electrons, assuming that the anode is totally consumed during the lifetime of a cell?
Justify your answer with calculations.

(e) The only common oxide of zinc has the formula ZnO.

(i) Write the electron configuration for a Zn atom in the ground state.

(ii) From which sublevel are electrons removed when a Zn atom in the ground state is oxidized?

Name:
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Power
Source
Mg () Half-Reaction E° (V)
> =3 Mg? +2 e~ —Mg| -2.37
°0 — —
o8 L Cl, (o) Cl,+2e 2ClI |+ 1.36
Molten MgCl,
_ J

i. Molten MgCl, can be decomposed into its elements if a sufficient voltage is applied using inert electrodes. The

products of the reaction are liquid Mg (at the cathode) and Cl, gas (at the anode). A simplified representation
of the cell is shown above. The reduction half-reactions related to the overall reaction in the cell are given in the
table.

(a) Draw an arrow on the diagram to show the direction of electron flow through the external circuit as the cell
operates.

(b) Would an applied voltage of 2.0 V be sufficient for the reaction to occur? Support your claim with a
calculation as part of your answer.

(c) If the current in the cell is kept at a constant 5.00 amps, how many seconds does it take to produce 2.00 g
of Mg(/) at the cathode?

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.







