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AP® CHEMISTRY EQUATIONS AND CONSTANTS

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

L, mL = Iliter(s), milliliter(s) mm Hg = millimeters of mercury
g = gram(s) J, kI = joule(s), kilojoule(s)
nm = nanometer(s) A\ = volt(s)
atm = atmosphere(s) mol = mole(s)
ATOMIC STRUCTURE
E = energy
E=hv v = frequency
¢=Av A = wavelength
Planck’s constant, 4 = 6.626 x 103*Js
Speed of light, ¢ = 2.998 x 108 ms~!
Avogadro’s number = 6.022 x 10> mol™!
Electron charge, ¢ = —1.602 x 10~'? coulomb
EQUILIBRIUM
c d
K. = [C]ai]b, where a A+bB =2 ¢cC+dD Equilibrium Constants
Al'[B
A] [ ] 4 K. (molar concentrations)
(o) (Bp)
K = ————— K, (gas pressures)
SENUNEGNS 0 :
A) UB K, (weak acid)
K = [H'][AT] K, (weak base)
¢ [HA] K
. ,» (water)
K, = [OH ][HB"]
[B]
K, = [H*][OH7] = 1.0 x 107% at 25°C
= Ka X Kh
pH = —log[H*], pOH = —log[OH]
14 = pH + pOH
— [A7]
pH = pK, + log [HA]

pK,=-logK,, pK, =-logK,

KINETICS

In[A], = In[A], = —kt

I S
(Al Al
0.693

l‘1/2=T

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



GASES, LIQUIDS, AND SOLUTIONS

PV = nRT

moles A

P, =P, . xX,, where X, = —————
A total A AT total moles

PtOlLll=PA+PB+PC+"'

n=-22

M
K =°C +273
_m
D'v

KE per molecule = % mv?

Molarity, M = moles of solute per liter of solution

A =abc

pressure

volume

temperature

= number of moles
= mass

molar mass

density
kinetic energy

velocity

absorbance
molar absorptivity

= path length

S s k. ROUES TN
I

= concentration

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

1l atm =

THERMODYNAMICS/ELECTROCHEMISTRY

q = mcAT

AS° = ZSO products — ZSO reactants

AH° = ZAH)? products — ZAHJ? reactants

AG° = ZAGJ? products — ZAG}’ reactants

AG°® = AH° — TAS®
= —RTInK
= —nFE°

1 =14
t

g = heat

m = mass

¢ = specific heat capacity

T = temperature

S$° = standard entropy

H° = standard enthalpy

G° = standard Gibbs free energy
n = number of moles

E° = standard reduction potential
I = current (amperes)

q = charge (coulombs)
t = time (seconds)

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

1 joule

Ivolt = 1 coulomb
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AP Chem: Effective Study Skills Tips and Tricks!
Study smarter, not harder. ©

What to Do

What NOT to Do

Be ACTIVE in while learning/studying:

Close your booklet and try problems on your own with
just a periodic table and formula chart! Only check your
answer/work when you’ve finished, or you can’t go any
farther.

Use flashcards (physical or digital)

Struggle with challenging problems and keep trying, even
if you’re stuck initially (or convinced you're doing it
wrong)

Be passive while learning/studying:

Re-read over your booklet and practice
problems you’ve already completed

Ask your friend or look up the answer if you
don’t immediately know how to do the
problem

Focus when studying

Decrease distractions while studying; don’t read texts,
check social media, or watch Netflix while studying. Put
your phone out of sight/hearing.

Multitask

Study while checking/writing texts, checking
social media, and/or watching Netflix.

Keep your computer or tv on in the
background

Use Intensity when studying

You control the effort that you apply in your work! 30
minutes of high focus, high intensity study can be better
than 2 hours of unfocused, low energy multi-tasking.

Low intensity/low effort

Look over problems and try them “in your
head” but then just look up the answer

Use flashcards but don’t try to recall the info
on the other side before looking at the answer

Space out studying over time
Study a little bit of chemistry most days

Start long-term homework (like Mastering Chem or lab
reports) the day they’re assigned, and work a little bit
every day or two

Less is more! Spaced practice studying is more effective
than LONG hours of “studying” with multitasking and
little focus.

Cram
Only study for quizzes/tests the night before

Start Mastering Chem or your lab report only
1-2 days before it’s due

Study for many hours at a time all at once

Interleave your Studying

Study more than just one type of problem; mix it up and
jump between different concepts

Review and practice old units while studying (especially
important since AP Chem assessments are cumulative!)

One Concept Studying

Study only one type of problem, and practice
those problems over and over

Don’t review older content or units while
studying

Test Yourself!

The best way to prepare for a test is to take a test!

o Time yourself while trying practice problems

o Access only the AP Periodic Table and Formula Chart
when practicing problems

Open Notes Practice

Use your notes, friends, and/or the internet
while trying practice problems
Give yourself unlimited time for each problem
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AP Chemistry Unit 5 Objectives

BIG IDEA 4 - Rates of chemical reactions are determined by the details of the molecular collisions.

e Enduring Understanding 4.A: Reaction rates that depend on temperature and other environmental factors are
determined by measuring changes in concentrations of reactants or products over time.

e Enduring Understanding 4.B: Elementary reactions are mediated by collisions between molecules. Only collisions
having sufficient energy and proper relative orientation of reactants lead to products.

e Enduring Understanding 4.C: Many reactions proceed via a series of elemental steps.

e Enduring Understanding 4.D: Reaction rates may be increased by the presence of a catalyst.
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Kinetics Day 1: Zoom!

Chemical Kinetics: area of chemistry concerned with the of chemical reactions.

- Simply because a reaction is considered spontaneous, implies NOTHING about the speed. Spontaneous does not

mean fast.
- Thermodynamics says “ .” Kinetics says “ " and “how "
The Rate of a Chemical Reaction: a measure of how the reaction occurs.

- The reaction rate of a chemical reaction is defined as the change in concentration of a reactant or product per

unit time.
— A[Reactant] A[Product]
Rate = - R -
Atime Atime
. M . -1 mol — 1 -1
Rate Unit: — ,M time™,——, mol L™ "time
time L time

(Hint: all of these units are all the thing!!)

For ,a sign is placed in front of the definition. Because reactant concentrations

decrease as a reaction proceeds, the change in the concentration in the reactants is negative. The negative sign
thus makes the overall rate positive.

Reaction Rate Changes Over Time

e Astime goes on, the rate of a reaction generally because the concentration of the reactants

e At some point in time the reaction stops, either because the reactants run out or because the system has reached
equilibrium.

Reaction Rate and Stoichiometry: For reactions in which the coefficients of the balanced equation are not all the same,
the change in the number of molecules of one substance is a multiple of the change in the number of molecules of
another.

To be consistent, the change in the concentration of each substance is multiplied by
Given the reaction: A+3B > 2C

pate - A __1[B] _14[c)
TE=TAr TT37Aar T 27 Ar

For example: given the following equation:

2NO,(g) = O,(g) + 2NO(g)

If we know, through experimentation, that the rate of production of NO is 8.57 x 107® M/s, what is:

1. What is the rate of NO; consumption?

2. Whatis the rate of O, production?
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Four Factors Affecting Reaction Rate: MEMORIZE THESE!!!!

1. Increasing the of a solid reactant can increase the rate by increasing the
number of collisions between the reactant particles.

2. increase the rate by lowering the activation energy of a reaction.

3. Increasing the results in a faster reaction: ‘em up, ‘em up!

=>» The rate constant is temperature dependent and a rise in temperature will increase the rate constant!

4. Increasing concentration of increases the number of reactants colliding with each
other, thus yielding more product.

The Rate Law: the mathematical relationship between the rate of the reaction and the concentrations of the reactants
and homogeneous catalysts as well.

- The rate law must be determined !

For the reaction aA + bB — products
The rate law would have the form Rate = k[A]"[B]™
1. The exponent on each reactant, n and m, are called the with respect to that reactant.
2. kis called the :alarger k means a reaction!
3. nandmare necessarily the stoichiometric coefficients of A and B.
4. n+m=np,the rate order (or the order of the ).

Note: The concentrations of the products do not appear in the rate law because the reaction rate is being studied under
conditions where the reverse reaction does not contribute to the overall rate.

Example

2 NO(g) + 02(g) — 2 NO2(g)

the experimentally determined rate law is
Rate = k[NOJ?[O].
The reaction is said to be:
_____order with respect to NO,
___order with respect to O,

order overall.

For example: given the following equation: NO + F; > NO;F+F
If we know, through experimentation, rate law = k[NO,][F: 13,

1. What the order of the reaction relative to NO,?
2. What the order of the reaction relative to F,?

3. What is the order of the reaction overall?



Overall Reaction Order
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order reaction rate: the rate of the reaction is always the

ald - bB

e Doubling [A] will have

e Rateis

Rate = k[A]° =k

effect on the reaction rate.

of time!

order reaction rate: the rate of the reaction is directly proportional to the reactant concentration.

aA - bB

e Doubling [A] will

Rate = k[A]' = k[A]

the reaction rate.

order reaction rate: the rate is directly proportional to the

e Doubling [A] will

How to determine orders:

1. Order must be determined

2. Inreaction with multiple reactants, changing the concentration of

the reaction.

a. Change the initial concentration of

other reactants

aA - bB

Rate = k[A]?

the reaction rate.

Rate versus Reactant Concentration

Rate (M/s)

0.018

0.0167

0.014+
0.012

0.010]

0.008

0.0067

0.004—

0.002

Zero order
Rate = K[A]°

First order
Rate = K[A]'

Second order
2

Rate = K[A]"

/

0

0

| 1 | |
0.2 0.4 0.6 0.8

[A]

b. Conduct

of reactant concentration.

reactant will affect the overall rate of

reactant at a time, while holding the initial concentration of the

trials with changing concentrations of each reactant and measure the rate

each time to determine the effect of each change.
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Example:

For example, for the following reaction, 2NO‘(9) + C|2(g) —2 2NOC|(g)

this data was collected:

Trial [NO] mol/L | [CL,] mol/L Rate
1 0.200 0.200 120 3616°
2 0.400 0.200 4.80 x 10°°
3 0.200 0.400 2.40 X 10
4 0.400 0.400 9.6 X 10-¢

a) Comparing Trial 1 and Trial 2:
=>» the concentration of NO:

=» the concentration of Cly:

=» The reaction rate is increased times,

Therefore, the rate of reaction with respect to NO is order (2°=4).

To justify your answer, you will need to explain this process. You could explain the above answer like this:

b) Comparing Trial 1 and Trial 3:
=>» the concentration of NO:

=>» the concentration of Cl,:

=>» The reaction rate is increased times,
Therefore, the rate of reaction with respect to Cl; is order (2' =2).

Justify your answer here:

c¢) What is the rate law for the reaction?

d) What is the value of the rate constant, k? (You can use any trial!)

e) For trial 3, calculate the concentration of Cl; remaining when 25% of the original amount of NO has been
consumed.



You can use the same method for gaseous reactions with

-> is directly proportional to
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Example: The reaction between H; and NO occurs according to the equation

2 Ha(g) + 2 NO(g) = 2 H,0(g) + Na(g)

Six trials of the reaction were carried out. The initial rate of change of pressure for each trial was measured

and recorded below.

Trial PNO
I 0.50
I 0.50
I 050
IV 0.09
Vv 0.18
VI 0.27

Initial Pressure (atm)

Py,

0.09
0.18
0.27
0.80
0.80
0.80

Initial Rate

Aatm min -1

0.025
0.050
0.075
0.0063
0.025
0.056

Based on these results, what is the rate law for this reaction? Justify your answer.

Multiple Choice Practice

1. The reaction below was performed several times, and the following data was gathered. What is the rate law

for this reaction?

INO(g) + Br,(g) <» ZNOB1(g)

Tnal [NOL_, [Br,]_., Initial Rate of
(M) (M) Reaction
(M/min)
1 020 M 0.10M 5.20 x 107
2 0.20 M 0.20 M 1.04 x 10~
3 040 M 0.10 M 2.08 x 107

(A) Rate = k[NO][Br,*
(B) Rate = K[NOJ[BrJ?

(C) Rate = k[NO][Br,]
(D) Rate = k[NOJ?[Br,]
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2. Achemicalreacton A — 2B + C performed with an initial [A] = 5.25 x 103 is found to have [A] = 4.74 x

1073 M after 2.5 minutes. What is the concentration of B after 2.5 minutes?

(A)5.10x 107 M (B)9.48x1073M

(C) 1.02x 1073 M

3. A(g) + B(g) « 2 C(g)

(D)4.x107* M

When the concentration of substance B in the reaction above is doubled, all other factors being held constant, it
is found that the rate of the reaction remains unchanged. The most probable explanation for this observation is

that

a) the order of the reaction with respect to substance B is zero

b) substance B is not involved in the reaction

c) substance B is probably a catalyst, and as such, its effect on the rate of the reaction does not depend

on its concentration

d) the reactant with the smallest coefficient in the balanced equation generally has little or no effect

on the rate of the reaction

More Practice!!!

Consider the reaction represented to the right and the experimental data below. A(g) + B(g) = C(g)
. .. .. Initial Rate of
Experiment # Initial [A] Initial [B] Formation of C
0.0030 0.0010 X
0.0060 0.0020 ?

If the reaction is first order with respect to A and second order with respect to B, what is the initial rate of formation
of Cin experiment 2 (in terms of X)? Justify your answer.

A student wants to determine the rate law for the following reaction: Os(g) + NO(g) = NO,(g) + O2(g). First, the
student runs the reaction with a 0.50 M initial concentration of O3(g), and a 0.20 M initial concentration of NO(g).
They determine the rate of the reaction from these starting conditions is 0.0012 M/s.

What other data the student would need to collect to be able to determine the rate law of the reaction? Be specific!
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Integrated Rate Laws

Method #2: Go straight! Different orders require different plots to generate straight lines.

To create the needed graphs, set time as your x-axis, and graph three different y-axes (in alphabetical order!)

» C: Concentration of the reactant, [A] vs time
> L: Natural log of the concentration, In[A] vs time
> R: Reciprocal of the concentration, 1/[A] vs time

The graph which is most linear is the one you want!

[Alp

(Al

"

‘ Zero order I

Slope = —k

Time

First order
s\

Second order |

In[A]g
- Slope = —k =
= —~|<
= Slope = k
1
[Aly
Time Time

Note: for each rate order, the absolute value of the slope is equal to the rate constant = IF you pick the correct graph!

k = |slope|
Rate Units Integrated Straight-Line Half-Life
Order Law of k Rate Law Plot Expression
A
—y-intercept = [A]g [Al, 1 [Al,
_ _ = iy =—"—"=—"—""
0 Rate = [A]® M-s~? [Al: = —kt + [Aly = Slope — —k R k2
Time t
A
In[A}, = —kt +In[A]
t g /}f—intercepl = In[Aly .
_ =< 0.693
1 Rate = k[A]" 51 = tyg == = (0.693)
Slope = —k
A
LI
[Aln
Time t
k
| _
A DR SR B BN N G
2 Rate = K[A] M "s [A]; (Al 5 2 KAl k [Alg
y-intercept = 1/[A],

>

Time t
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Units for the Rate Constant (k): different depending of your overall reaction order! The AP Test loves to ask you about
the correct units for k given a specific rate law.

Remember: the units of rate are always M/time (often, M/sec; be sure to notice which of time is used).

To determine the unit of k for a given rate law, you can use dimensional analysis (yum!) or the following handy equation:

If p = overall rate order ( of the rate order of each reactant), then:
Units fork = M1P time™?

Now you try! Determine the units of k for each of the following rate laws.

1. Rate =k[NO,], overall order of reaction: _ unitsofk =
2. Rate = k[H2][NOJ?, overall order of reaction: _____ unitsofk =
3. Rate = k[H;0]°, overall order of reaction: _ unitsofk =
4. Rate =k[03]?, overall order of reaction: _ unitsofk =

Multiple Choice Practice!

Questions 1-3 refer to the following reaction and rate laws. A+B->C

(A) Rate = k [A]
(B) Rate = k [A]?
(C) Rate = k [A][B]?
(D) Rate = k [A]*[B]
(E) Rate =k [B]

1. Which represents a reaction that is zero order with respect to reactant A?

2. Which represents a reaction that is second order with respect to reactant A and is third order overall?
3. Which represents a reaction that is zero order with respect to reactant B and is second order overall?

4. For the reaction whose rate law expression is rate = k[X]*, a plot of which of the following is a straight line?

a) [X]versustime

b) [X]versus 1/time
c) 1/[X] versus time
d) In [X] versus time

e) In[X]versus 1/time

5. Each of the following factors can affect the rate of a chemical reaction EXCEPT

a) increasingtemperature

b) decreasingreactant concentration
¢) adding a catalyst

d) removing products

e) breaking up solid reactants
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In[A]

time

Which of the following statements best describe this graph?

I. The graph represents a reactant that is second order.
Il. The absolute value of the slope for the graph is equal to the rate constant, k.

lII. The units for the rate constant, k will be M " time™

a) lonly d) lland lll only

b) Il only e) I, Iland 1l
c) landllonly

As the reaction A + 2B - C proceeds at constant temperature, the reaction rate

a) remains the same since there is no catalyst present

b) remains the same since the temperature is constant

c) increases because the rate constant is a large number

d) increases because the rate of effective collisions increases over time

e) decreases because the concentrations of the reactants decrease as the reaction progresses

For the reaction whose rate law is given below, a plot of which of the following is a straight line?
rate = k[X]

a) [X]vstime c) In[X]vs 1/time

b) 1/[X] vs time d) In[X]vstime

What are the potential units for the rate constant for the reaction below?

A+B->C+D rate = k[A][B]?
a) st b) stm? c) sim? d sim3

2H,0->2H,+0,
Which of the following is true of the relative rates of disappearance of the reactants and appearance of the products?
a) 0, appears at twice the rate that H,0 disappears.
b) H, appears at half the rate that H,O disappears.

c) H, appears at twice the rate that H,O disappears.
d) O, appears at half the rate that H,O disappears.
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Free Response Practice Part 1

A+B->2C
1. An experiment was performed to determine the rate law for the reaction above. The data below was collected.

Trial [A] (M) [B] (M) rate (M h™)
1 0.50 0.50 1.20x 10~
2 1.0 0.50 4.80x 1073
3 2.0 1.0 3.84x 10
4 1.0 1.0 9.60 x 1073

a. What is the order of this reaction with respect to A? Justify your answer.

b. What is the order of this reaction with respect to B? Justify your answer.

c. What is the rate law for this reaction?

d. What is the value of the rate constant, k? Include units.
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Free Response Practice Part 2

The reaction between bromate ions and bromide ions in acidic aqueous solution is given by the equation:
BrOs(ag) + 5Br(ag) + 6H'(ag) = 3Bn(f) + 3IH.0(0)

The table below gives the results of four experiments.

Experiment Initial Tritial Tnitial Measured initial rate
[BrOs7] [Br] [H] (mol/Les)
1 0.10 0.10 0.10 B0 = lI:l"f
2 0.20 0.10 0.10 1.6 = 107
3 0.20 0.20 0.10 3.2 =107
4 0.10 0.10 0.20 3.2x=107

a. Using the data above, determine the order for all three reactants and the overall reaction order. Justify.

b. Write the rate law for the reaction.

c. What is the value of k, and what are the units of k?

d. For experiment 4, calculate the amount of BrOs™ remaining when 75% of the H* has reacted.

e. What is the rate of formation of Br; in experiment 1?
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Colorimetry: An Experimental Method to Measure Reaction Rate

Colorimetry: an experimental method to measure reaction rate by using a (or
spectrophotometer) to determine the of solution by analyzing its color intensity.
e Light from an LED light source passes through a (tiny
container) filled with a solution sample, as shown in the figure to the right. Source DEteﬁ’r
D] [
e Some of the incoming light is by the solution. As a LED Transmitted
. . . . . light
result, light of a intensity strikes a photodiode. 9

e The colorimeter is set to a wavelength the solution being studied absorbs the most, based on the color of the

solution: of course, colorimetry only works if one of your reactants or products is .

Beer’s Law
A = abc

A: absorbance
a: molar absorptivity (a proportionality constant that’s different for every solution)
b: path length (usually 1.00 cm)

c: concentration (measured in molarity)

e Beer’s Law is important because it demonstrates that absorbance is proportional to

concentration (providing the absorbing substance, wavelength, and path length are fixed).

e By measuring the change in absorbance over , you can use Beer’s law to convert absorbance to

e Graphing [reactant] vs. time, In[reactant] vs. time, and 1/[reactant] vs time will allow you to determine if the
reaction being studied is zero, first, or second order with respect to that reactant:

0 If [reactant] vs. time is most linear, the reaction is order with respect to that reactant.
0 If In[reactant] vs. time is most linear, the reaction is order with respect to that reactant.
0 If 1/[reactant] vs. time is most linear, the reaction is order with respect to that reactant.

Swamping

In order to focus on the order of a reaction with respect to a single reactant, a technique called

is used.
e All but one of the reactants will start at extremely concentrations (1000X or more in excess)

e The reactants that are in excess won’t change significantly during the experiment, so their concentrations
can be considered effectively ; thus, any change in the measured rate of the reaction must
be due to the limiting reactant being studied.

e A rate constant determined using the swamping technique is called a rate constant (since you
will only know the order with respect to a single reactant).
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AP Free Response Practice, yum! (2015 FR, modified)

Na,C5,H3yN,5;04 + OCI™ —  products

blue colorless

Blue food coloring can be oxidized by household bleach (which contains OCI) to form colorless products, as

represented by the equation above. A student used a spectrophotometer set at a wavelength of 635 nm to study the

absorbance of the food coloring over time during the bleaching process. In the study, bleach is present in large excess

so that the concentration of OCI” is essentially constant throughout the reaction. The student used data from the

study to generate the graphs below.

Absorbance

0.9 0.0 I 45

0.8 05+ 40

0.7 5 -1.0 m 35

0.61 2 15 . 2 30 :

0.5 £ 50 1. £ 25

0.4 z ¢ 220

0.3 . G . Z 15 .

0.2 =-30 . — 10 .

. =35
0.1 i : ST
0.0 -4.0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Time (s) Time (s) Time (s)
Graph 1 Graph 11 Graph III

Based on the graphs above, what is the order of the reaction with respect to the blue food coloring? Justify your
answer.

What would the units be for the rate constant, k?

In a second experiment, the student prepares solutions of food coloring and bleach with concentrations that differ
from those used in the first experiment. When the solutions are combined, the student observes that the reaction
mixture reaches an absorbance near zero too rapidly. In order to correct the problem, the student proposes the
following three possible modifications to the experiment.

e Increasing the temperature

e Increasing the concentration of the food coloring

e Increasing the concentration of the bleach

Circle the one proposed modification above that could correct the problem and explain how that modification
increases the time for the reaction mixture to reach an absorbance near zero.
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d. Inanother experiment, a student wishes to study the oxidation of red food coloring with bleach. How would the
student need to modify the original experimental procedure to determine the order of the reaction with respect
to the red food coloring?
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Crystal Violet Lab:

Determination of the Rate of a Reaction, Its Order, and the Effect of Temperature

Introduction

In this experiment you will investigate the reaction of crystal violet with sodium hydroxide using a colorimeter. Crystal
violet, in aqueous solution, is often used as an indicator in biochemical testing.

We see crystal violet as purple, since it is reflecting a mixture of red and blue light, thus absorbing green light.

M(CHsl N{CHS )

H
'_Q_N{CH’”’ *Of- ——» C/—O—mcmh

PURFLE COLORLESS

MN(CHs)2 N{CHz}s

The reaction of this organic molecule with sodium hydroxide can be simplified by abbreviating the chemical formula for
crystal violet as CV.

CV'(ag) + OH (ag) — CVOH(aq)

As the reaction proceeds, the violet-colored CV+ reactant will slowly change to a colorless product. The color change will
be precisely measured by a colorimeter set at 565 nm (green) wavelength. You can assume that absorbance is directly
proportional to the molar concentration of crystal violet according to Beer’s law:

A = abc

A: absorbance
a: molar absorptivity (a proportionality constant that’s different for every solution)
b: path length (usually 1.00 cm)
c: concentration (measured in molarity)

coloured filter cuvette

\ light detector
—¥ Fi

e 1|} |=( I
ight source F \

T

e absorbance
readout
absorbs transmitted light
lighit

e Beer’s Law demonstrates that absorbance is directly proportional to concentration.

e By measuring the change in absorbance over time, you can use Beer’s law to convert absorbance to
concentration.
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Swamping: Determining a Pseudo Rate Constant

The rate law for this reaction is in the form: rate = kK[CV*]"[OH"]", where k is the rate constant for the reaction, m is the

order with respect to crystal violet (CV*), and n is the order with respect to the hydroxide ion. Since the hydroxide ion

concentration is much more than the concentration of crystal violet, [OH-] will not change appreciably during this

experiment. This technique is often referred to as “swamping”. Thus, you will find the order with respect to crystal violet

(m), but not the order with respect to hydroxide (n). Therefore, the rate constant you will determine is a pseudo rate
constant.

Objectives: In this experiment, you will

React solutions of crystal violet and sodium hydroxide at different temperatures.

Graph the concentration-time data and use the integrated rate law methods to determine the order of CV and
the value of a pseudo rate constant, k, for the reaction.

Measure and record the effect of temperature on the reaction rate and rate constant.

Materials

Data collection device 0.20 M NaOH solution, 10 mL

colorimeter, cuvette 5.0 X 1073 M crystal violet (C25H30N3Cl), 10 mL
test tubes distilled water for calibration, about 10 mL
temperature probe Kimwipes

cups or beakers ice bath

Procedure: Someone will need to download the “Sparkvue” app on their phone. It’s free!

1.

Turn on the Sparklink Air using the button on the back, and then open Bluetooth settings on your phone, and
connect to the Sparklink Air.

Open Sparkvue on your phone.
a. Choose Sensor path, then choose Table and Graph. (It should already be connected to the Sparklink Air.)
b. Inthe lower left, choose “Periodic” and change the following:
i. Sample interval: click left until it reaches 10 seconds.
ii. Autostop: click “no conditions” and change to “stop after duration” and set the time to 180 seconds.
iii. Click okay.

c. Onthe graph AND the data table, choose where it says “Red Transmittance” and change to “Green (565 nm)
Absorb”.

a. Insert blank cuvette into colorimeter and close lid. (Blanks are labeled with a “B”). Hit the green button on
the colorimeter. The green light should turn on. After the light turns off, check your calibration: hit the green
“Start” button at the bottom of the screen (on Sparkvue, NOT the colorimeter), and collect data for at least
10 sec. All the absorption data should be zero. (DON’T TOUCH THE GREEN BUTTON AFTER CALIBRATION IS

Remove blank, and collect materials to start your crystal violet data collection!
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Read all steps in #4 completely before you begin.

You will need to MOVE QUICKLY in order to get good results.

4. The first trial will be performed at room temperature. You have been provided with a pipette of 0.20 M NaOH

(colorless solution) and a pipette containing an equal quantity of 5.0 X 103 M crystal violet (purple solution) in a

room temperature water bath.

Record the temperature of the water bath in your data table.

a.
b. Simultaneously squirt both solutions into a cup. Use the tip of one of the pipettes to stir the mixture.
b

Quickly fill the cuvette about % full with solution and cap it. Wipe exterior of cuvette with a Kimwipe.

o

Place the cuvette in the colorimeter and start data collection. (Hit the green start button on the
Sparkvue screen, NOT the colorimeter.)

d. Once data collection is finished, record your data in the table below, and discard the reaction mixture

into the sink.

5. Repeat step #4 using solutions of crystal violet and sodium hydroxide that have been sitting in an ice bath.

6. Clean all apparatus and your lab station: empty pipettes go in the trash, the solution can go down the drain.

Rinse all glassware (but NOT the blank cuvette). Return equipment to its proper place.

Crystal Violet Lab Data Table

Room Temperature ( ) Ice Bath ( )
Time (sec) Green Absorbance Time (sec) Green Absorbance
0 0
10 10
20 20
30 30
40 40
50 50
60 60
70 70
80 80
90 90
100 100
110 110
120 120
130 130
140 140
150 150
160 160
170 170
180 180
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Feeling Trendy? Data Analysis with Google Sheets

1. Download a copy of the “Crystal Violet Data Analysis Spreadsheet” from your teacher’s website. (The molar
absorptivity constant for crystal violet is 5.0 x 10* M~! cm™ and the path length of the cuvette is 1.0 cm.)

2. Add both sets of data: there is one tab at the bottom for ice bath data, and another for room temperature data.
Note 1: The trendline which shows an R? value closest to 1.00 is your most linear graph! (Yum, stats.)
Note 2: when looking at graphs, if the first couple of points are clearly erratic, remove from data set!

3. Use the graphs produced to answer the analysis questions below!

Analysis

1. Compare the three graphs created from your room temperature data: what is the order of the reaction with respect

to crystal violet? How do you know?

2. Compare the three graphs created from your ice bath temperature data: what is the order of the reaction with

respect to crystal violet? How do you know?

3. Are your answers to #1 and #2 the same, or different? Should they be the same or different?

4. In another experiment, the reaction is determined to be zeroth order with respect to hydroxide, OH™. Using this

information and your experimental results, write the rate law for the following reaction:

CV'(aq) + OH (aq) — CVOH(aq)

5. Which temperature produced the greatest slope in the [CV] vs time graph?

6. How does the slope of a graph relate to the rate constant of this reaction? Which graph will you use?
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7. Using your experimental data, determine the value of k, the rate constant (with units!) for:

a. thereaction at room temperature:

b. thereaction at ice bath temperature:

8. Which temperature caused the fastest reaction rate?

a. Explain what information you used from your data and experimental results to answer this question.

b. Explain what is happening on the molecular level to cause the reaction rate to increase under these
temperature conditions.
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A Brief Summary of Rate Laws

There are types of rate laws!

+« Differential rate law: data table contains and data. Compare change in rate

when one reactant is held constant but another doubles to determine the order of the reactants and the value
of the rate constant, k.

++ Integrated rate law: data table contains and

data. (BE CAREFUL: the Tro
textbook calls this the ‘differential rate law’!!) Use graphical methods determine the order of a given reactant
and the value of the rate constant k.

Integrated Rate Laws Review: set time as your x-axis, and graph three different y-axes (in alphabetical order!)

Order Rate Law Linear Plot Straight Line Equation Half-life
th _ 0_ . . _ _ totally exists.
0 Rate = k[A]® = k Concentration, [A] vs time [A]; — [A], = —kt (but not AP tested)
In(2 0.693
1% Rate = k[A]* Natural log, In[A] vs time Ln[A], — Ln[A], = —kt tyyy = % =0
2nd Rate = k[A]? Reciprocal, 1/[A] vs time L - L =kt totally exists.
- procal, 4], [Al, (but not AP tested)
Half-life ( ): time required for of the original reactant sample to disappear.

=>» The AP test focuses on the half-life of order reactions only!! They are the only types of reactions for

which the length of a half-life is

In a first order reaction, the half-life equation is as follows:

In(2) 0.693
ti2 = r k&

Half-Life for a First-Order Reaction

At £,
For a first-order reaction, the half-life is constant
RS- and independent of concentration.
e® ® o.'
W .. - L X
sps o. o,
After 1 half-life
1.00 —
« * v
240 After 2 half-lives
LS
= 075 * o° - :
= —— o After 3 half-lives
g
2
£ 0.50 - s
=
o]
o L]
L=
~ 0.25
0.00

Time (s)
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Let’s Practice!

1. A certain first order reaction has a half-life of 20.0 minutes.
a. Calculate the rate constant for this reaction.

b. How much time is required for this reaction to be 75% complete?

2. Dinitrogen pentoxide decomposes according to the equation N,Os = NO3+ NO;

The following data were collected for this reaction at a given temperature:

[NzOs] In[N205] 1/[ NzOs] Time (SEC)
1.00 0.00 1.00 0
0.82 -0.20 1.22 25
0.68 -0.39 1.48 50
0.56 -0.59 1.80 75
0.46 -0.78 2.18 100
0.38 -0.98 2.65 125
0.31 -1.17 3.23 150

a) What is the order of this reaction? Write the rate law expression. Justify your answer (you may include a sketch
of a graph as part of your explanation).

b) Determine the value of the rate constant for this reaction (including units).

c) Determine the half-life for the reaction under the conditions of this experiment.
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Half-Life Multiple-Choice Practice

1. Which reaction order is not the reaction order of this

reaction? 14
a. O™ order c. 2"order 0.9
b. 1% order d. 3“order ~ 08 ¢
2. What is the half-life of the element shown? “; 0.7 .
a. 2.05minutes c. 4.18 minutes ::'_: 0.6 Ik
b. 3.13 minutes d. 5.22 minutes § 0.5
. . , s 04 *
3. What is the molar concentration of this element after a O 03 FS
second half-life has elapsed? ’ 3
0.2 * +
a. 0.75M c. 0.25M
b. 0.50M d. 0.13M 0.1
U J
4. At what time has 75% of the sample decayed? 0 2 4 6 8 10

a. 4.17 minutes c. 6.08 minutes

Time (min)
b. 5.33minutes d. 7.51 minutes

5. The following data was collected at 25°C and 1 atmosphere of pressure for the reaction shown below. Which of
the following best represents the half-life for this reaction?

2N;0:(g) — 4NO(g) + O:(g)

Time [N,O]
{(minutes) (mol/L)
0 1.24 x 102
10, 092 x 10
20. 0.68 x 10
30, 0.50 x 10
40, 037 x 10
50, 0.28 x 10
70, 0.15 x 10
a. 15 minutes c. 36 minutes
b. 18 minutes d. 23 minutes

6. After 44 minutes, a sample of #*K is found to have decayed to 25% of the original amount present. What is the
half-life of 44K?

a. 11 minutes c. 44 minutes
b. 22 minutes d. 66 minutes
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Collision Theory: A Model that Explains Reaction Rates

Collision Theory is based on the reality that, for a given reaction to occur, molecules MUST !

**The rate of a reaction is directly proportional to the rate of reactant collisions.**

Two conditions must be met for an effective collision: (i.e., collisions of reactants that result in products &))

1. Correct orientation: atoms that will form new bonds must into each other.

2. Sufficient energy: atoms that will form new bonds must collide with enough energy to

the activation energy of the reaction.

Let’s take a look at both of these conditions.

Correct orientation: The reacting species must collide in an orientation that allows between the
atoms that will become together in the product.
e Sometimes known as the orientation : represents the fraction of collisions that occur

with an orientation that allows the reaction to occur.

. orientation factor = probability of an effective collision

A+BX —— B+AX

For an effective collision,
you want the atoms that will

@..‘_ - form bonds to
™ -
2 £ . bump into each other!
Ineffective Collision
@ Effective o
_|_
Colllsmn

Activation energy is the “push”
needed to start a reaction

Sufficient energy: The collision must occur with

enough energy to overcome the

attractions in the reactant molecules between each

bonded atom and their shared electrons, breaking the = ' ©
preexisting bonds and forming new bonds. N Starting free ®
energy level
e Must overcome the
energy! o

OQ Products

\boo

__ Final free energy level ™ ©%0
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The Reaction Pathway

Activation energy ( ): the energy barrier (or hump) that must be overcome for reactants to convert into products.
IMPORTANT: activation energy = reaction rate!
Activated complex (or transition state): the high energy state that is the collision product of the

reactants, with some bonds partially broken and some bonds partially formed. The activated complex can either revert
to reactants or proceed to products.

< Bonds that are breaking or forming
. ines!
F (activated complex) are shown as lines!
activation
% energy Activation energy of forward reaction = E;
j.
% Activation energy of reverse reaction = E5(fwd) — AH
w | MeftFe
= reactants
2 AH = —268
o kJ.mol ™!
....................... e
Time—
Effect of Temperature on Effective Collisions
As temperature increases, by definition the average energy of the particles also increases.
‘ _ ‘ |
emup = em up!
Higher temperature = (faster) reaction rate because:

Faster particles = ; ,
As temperature increases, the fraction

1. More total collisions of molecules with enough energy to surmount
the activation energy barrier also increases.

2. Higher energy collisions: a greater fraction of collisions will

have enough energy to overcome the activation energy

H w Eu
As you can see in the graph, 3 L_ Setivaition
e At alower temperature (T1), fewer particles have enough _g T, I energy
energy to overcome activation energy bS] T l
g I
e At a higher temperature (T,), particles have g (35 |
enough energy to collide and overcome the activation & LD |
energy (shaded part of graph) ' -
Energy
Please note:
Temperature does decrease activation energy!!

(Only a catalyst can decrease activation energy: more on that shortly!)
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Which is changing: the rate of reaction, or the rate constant, k?

changes will actually affect the rate constant, k, but lots of things can affect the rate of reaction!

The rate constant, k, is the proportionality constant related to the rate of a particular reaction.

Conditions that can change the Rate Constant, k
Increase k Decrease k
High temperature Low temperature
Lower activation energy (catalyst) Higher activation energy (no catalyst)

The rate of a reaction is the change in concentration of reactants or products per unit time.

Conditions that can change the Reaction Rate
High Reaction Rates Low Reaction Rates
High temperature Low temperature
Low activation energy High activation energy
Weak reactant bonds Strong reactant bonds
High orientation factor Low orientation factor
High reactant concentration Low reactant concentration

Collision Theory in a Nutshell

Collision theory states that:

1. Particles must collide
2. with sufficient energy
3. inthe correct orientation

=>» for an effective collision to occur (where reactants actually turn into products)

Collision theory explains why certain conditions increase the rate of reaction:

1.

Increased concentration of reactant particles: More particles means collisions, and thus more
opportunity to collide with correct orientation = faster reaction rate!

Increased temperature (i.e. increased kinetic energy): Particles move faster and collide more , Which
means greater chance of colliding with effective orientation AND they move faster and collide with greater
, thus having a better chance of overcoming the activation energy = faster reaction rate!

Increased pressure for gases: Particles are together and therefore likely to collide, and
thus more opportunity to collide with correct orientation - faster reaction rate!
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Let’s Practice! Mmm, delicious multiple choice.

1. Inthe synthesis reaction between ethene, CH,CH; and HCI, the molecule CH3CH,Cl is formed. Which of the
following options indicates a viable orientation of both reactant molecules prior to the collision? (Note: the arrow
indicates the direction the HCI molecule is moving prior to the collision.)

2. Which of the following reasons correctly explains one reason that increasing the temperature of a reaction increases
its speed?

All the reactant molecules will have more kinetic energy.
A larger percentage of reactant molecules will exceed the activation energy barrier.
A higher percentage of molecular collisions will have the correct orientation to cause a reaction.

Qa 0 T o

The order of each reactant will increase.

NH, '(ag) + NO, (ag) — N,(g) + ZH,0(])
3. Increasing the temperature of the above reaction will increase the rate of reaction. Which of the following is NOT a

reason that increased temperature increases reaction rate?

The reactants will be more likely to overcome the activation energy.
The number of collisions between reactant molecules will increase.
A greater distribution of reactant molecules will have high velocities.

Qa 0 T o

The decreased activation energy is easier for reactant molecules to overcome.

H:{g) + I:[ﬁg} — 2HI(g)
4. When the reaction given above takes place in a sealed isothermal container, the rate law is: rate = A[H][I2]. If a
mole of H; gas is added to the reaction chamber and the temperature remains constant, which of the following will

be true?

a. The rate of reaction and the rate constant will increase.

b. The rate of reaction and the rate constant will not change.

c. The rate of reaction will increase, and the rate constant will decrease.
d. The rate of reaction will increase, and the rate constant will not change.
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More Practice!
1. The diagram to the right shows the energy pathway for the
reaction Oz + NO --> NO; + O,. Clearly label the following

directly on the diagram. ?
i. The activation energy for the forward reaction. f-_‘-‘f 0,+NO
ii. The activation energy for the reverse reaction. % .
iii. The enthalpy change (AH) for the reaction. & NO, +0,
Reaction Coordinate

iv. The point where the activated complex is present.

The Lewis dot structures for O3z and NO are shown below. Use these and your knowledge of chemistry to draw a

b.
structure for a possible activated complex of this reaction given the incomplete structure below. Use solid lines
to represent unchanged bonds and dotted lines to represent any bonds that are broken or formed in the
reaction.
Reactants:

:(.)./ \‘C.): + « N—/O.

Activated Complex:

O O O N O

2. The reaction 2 N;Os = 4 NO;, + O, is first order with respect to N,0Os.

Using the axes to the right, complete the graph that represents the

change in [N,Os] over time as the reaction proceeds.
Initial +
[Mg0g]

a.

b. Considering the rate law and the graph in (a), describe how the value of
the rate constant, k, could be determined. (Hint: there are two ways!)

Time

c. If more N,Os were added to the reaction mixture at constant temperature, what would be the effect on the rate

constant, k? Explain.
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Reaction Mechanisms: Elementary, my dear Watson!

Collision theory assumes that most reactions occur in a series of steps where one or more reactant particles collide,
known as the

Example
Overall reaction
2NO;(g) + Fa(g) = 2NO:F(g)
Reaction Mechanism
Step 1: NO»(g) + F2(g) = NO2F(g) + F(g)
Step 2: NO2(g) + F(g) = NO:F(g)

Elementary steps: each single in the mechanism: cannot be broken down into simpler steps

e Elementary steps occur exactly as written: they represent the chemical species that are
interacting.

e Because F(g) is made and then consumed, F(g) does show up in the overall reaction: species that are

products in an earlier step but then used up as reactants in a later step are called

e  When all elementary steps are together, they must add up to be the balanced
reaction.

Molecularity (number of molecules participating in an elementary step)

0 Unimolecular: reactant particle is involved in an elementary step (it may collide with a solvent
molecule or other non-reactive particle that is present)

0 Bimolecular reaction: reactant particles are involved in an elementary step

0 Termolecular reaction: reactant particles are involved in an elementary step (very
since three particles would need to simultaneously collide with correct orientation and sufficient
energy)

Rate Laws for Elementary Steps

e Each elementary step in the mechanism has its activation energy and its rate law.

e Although the rate law and orders for an overall reaction MUST be determined

the rate laws and orders of an elementary step can be derived from the of that

specific elementary
Example
Overall reaction

2N02(g) + Fz(g) = 2N02F(g) rate = kO[NOZ]from exp.data[Fz]from exp.data

Reaction Mechanism

Step 1: NO2(g) + F2(g) = NO>F(g) + F(g) rate = k;[NO,]*[F,]* from step 1 coefficients

—

Step 2: NO2(g) + F(g) = NO2F(g) rate = k;[NO,]*[F]* from step 2 coefficients



Elementary Step
A —> products

A+ A —— products
A+ B —— products

A+A+A — products

A+A+ B —— products
A+ B+ C —— products

Rate-Determining Step ( ): the
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In Summary:

Molecularity
1
2
2
3 (rare)
3 (rare)
3 (rare)

Rate Law
Rate = k[A]
Rate = k[A]?
Rate = k[A][B]
Rate = k[A]®
Rate = k[A]’[B]

Rate = k[A][B][C]

elementary step in the reaction mechanism

e In areaction mechanism, product production cannot occur any faster than the

this step determines the rate of the overall reaction.

e The slowest, or

step, so

determining step, has the largest activation energy.

e To determine the rate of the overall reaction, you must combine the rates of

to and

the slowest step in the mechanism.

Energy Diagram for a Two-Step Mechanism

Because E, for Step 1 > E, for Step 2, Step 1
has the smaller rate constant and is rate limiting.

i ’

Eal

' Transition
/ states

1 \Eaz

« Step 1 has higher
activation energy.

« Step 1 has smaller
rate constant.

« Step 1 determines
overall rate.

Energy

Reactants

Products

Step 1

Step 2

Reaction progress

To validate a reaction mechanism, two conditions must be met:

1. Elementary steps must

2. Rate law predicted by the

to overall reaction.

slowest step (RDS) in the mechanism) must be consistent with the

elementary steps

(the combined rates of all elementary steps up to and including

observed rate law.

To get credit for free response:

You MUST relate the
the rate law to justify the mechanism!

from the balanced RDS (

step) to the

of
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Guided Practice

1. Consider the following two step mechanism:

Reaction Mechanism
Step 1: 2A- A, slow
Step 2: A, +B - A,B fast

a. Determine the overall reaction.

b. Predict the rate law for the overall reaction. Justify your answer.

c. lIdentify the intermediate in the mechanism. Justify your answer.

Independent Practice

2. The balanced equation for the reaction of the gases nitrogen dioxide and fluorine is:

A suggested mechanism for this reaction is

Step 1: NO2(g) + F2(g) = NO2F(g) + F(g)
Step 2: NO,(g) + F(g) = NO2F(g)

a. Label each step of the reaction mechanism with its molecularity.

2 NO»(g) + F2(g) = 2 NO2F(g)

b. The experimentally determined rate law is: Rate = k[NO:][F.]. Which of the two steps in the mechanism

shown above is the slow step? Explain your reasoning.
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Mechanisms with a Fast Initial Step

1. When a mechanism contains a fast initial step, the rate limiting step may contain

2. When a previous step is rapid and reaches , the forward and reverse reaction rates are

, o the concentrations of reactants and products of that step are related — the product is an
intermediate.
3. Substituting into the rate law of RDS will produce a rate law in terms of just

Example: Nitrogen oxide is reduced to hydrogen gas to give water and nitrogen: 2 Hx(g) + 2 NO(g) = Na(g) + 2 H,0(g)
The experimentally determined rate law for this reactionis:  rate = k[H2][NO]?

One possible mechanism to account for this reaction is:

Rate Law
Step 1: 2 NO(g) = N,01(g) Fast equilibrium
Step 2: N,0,(g) + H2(g) = N2O(g) + H20(g) Slow
Step 3: N,O(g) + Ha(g) = Na2(g) + H20(g) Fast

To determine the rate law,

1. Write the rate law for the slow step:

2. Substitute reactants from the equilibrium step to replace any intermediates in the rate law:

Let’s Practice!
1. Write the rate law for the mechanism shown below. What is the overall reaction?

A+Bo M Fast equilibrium
M+A—->C+X Slow
X->D Fast
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2. Write the rate law for the mechanism shown below. What is the overall reaction?

2 NO; - NO3 +NO slow step
NO;s; + CO - NO; + CO, fast step

3. Thereaction A + B — C + D, obeysthe rate law expression Rate = k[A][B]. Is the following mechanism
consistent with this information? Justify your answer.

step 1: A +B o E fast, equilibrium
step 2: A+E —> C+ B slow

4. The rate law for CO + NO2 — CO3 + NO is rate = k [NO2]2. Which of the following mechanisms is consistent with
the data? Justify your choice.

(b) 2 NOz = N204 fast
N204+2CO—>2C0O2+2N0O slow

(c) 2 NO2 — NO3 +NO slow
NOs3 + CO — NO2 + CO3 fast
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Released AP Free Response Practice — Whee!

1. The following results were obtained when the following reaction was studied at 25°C: 2A+B > C+D

R

Experiment i
o | | | Pl
1 0.25 0.75 4.3x10™
2 0.75 0.75 1.3x10°
3 1.50 1.50 5.3x103

a. Determine the order of the reaction with respect to A and to B. Justify your answer.

b. Write the rate law for the reaction.

c. Calculate the value of the rate constant, k, for the reaction, specifying units.

d. Predict the initial rate of the disappearance of A if [A]init = 0.75 mol L™ and [B]init = 1.50 mol L.

e. Isthe reaction mechanism represented below consistent with the rate law developed in part (b)? Justify your
answer.
B M Fast equilibrium
M+A->C+X Slow
X+A—-D Fast
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Catalysts
Catalyst: something that the rate of a reaction being consumed in the reaction.
e Provides a surface or better orientation (an alternate pathway) for reaction, increasing __ of effective
collisions
e Usually replaces activation energy step with __ ormore activation energy

steps (you need to draw a new energy diagram for catalyzed reaction)

o s in an early mechanism step and then in a later step.

e Does not change thermodynamics, only kinetics! (can speed up a reaction, but is the same)

Energy Diagram for Catalyzed and
Uncatalyzed Pathways

Transition state Mechanism without catalyst:
- 03(9) +0(g) = 202(9) very slow
Transition
states\ 1
| &+ O Mechanism with catalyst:
T + .//4/\_// -\ \\'. Uncatalyzed
o \ | pathway step1: Cl(g) + 03(g) = 0,(g) + ClO(g) fast
Reactants Catalyzed pathway: "
lower activation step2: ClO(g) +0(g) = 0,(g) +Cl(g) slow
energy barrier \
\ 0, + O,
@+ @
Products

Reaction progress

Catalysts vs. Intermediates: two species that can appear in a reaction mechanism, but NOT in the overall reaction!

- Both are species crossed off when summing a reaction mechanism into overall reaction

= |f aspecies forms as a in an earlier step and is used up as a in a later step
(and cancels out), it’s an intermediate.

= [faspeciesisusedasa in an earlier step and is re-formed as a in a later
step (and cancels out), it’s a catalyst.

Let’s Practice!

1. HEDZ {ag) + I {aq) — H20 i + 1O~ {aq) slow
HeOz (agy + 107y = HMOqy + Ozqq + 17 (aq fast

Does this reaction mechanism have an intermediate and/or catalyst? Identify and explain your classification.



42
2. Monoxygen reacts with ozone to produce dioxygen molecules in the upper atmosphere: 0+03 > 20;

The potential energy diagram for this reaction is shown to the

right.
a. Modify the diagram to the right to show any changes to the oF
reaction pathway that would result for the catalyzed P .- \
reaction involving these steps: :9_ \
w
Step 1: O3 +NO > NOz+0; slow g
4]
Step 2: NO2+0 > NO+0; fast R T
Explain your reasoning.
Reaction Progress
o
b. Modify the diagram to the right to show any changes to the P /
reaction pathway that would result when the starting _§ T \
w \
temperature of the reaction was doubled. Explain your =
reasoning. E
- T .
(VI
Reaction Progress
c. Modify the diagram to the right to show any changes to the ui
reaction pathway that would result when the concentration 8
@ J \
of ozone, O3, was decreased by a factor of 3. Explain your o *~.‘
reasoning. E
=
()]
3 ..
a

Reaction Progress

Multiple Choice Practice FTW!
4 NH;(g) +5 0, (g) > 4 NO(g) + 6 H,0(g)

1. The above reaction will experience a rate increase by the addition of a catalyst such as platinum. Which of the
following best explains why?
a. The catalyst causes the value for AG to become more negative.
b. The catalyst increases the percentage of collisions that occur at the proper orientation in the reactant

molecules.
The catalyst introduces a new reaction mechanism for the reaction.

d. The catalyst increases the activation energy for the reaction.
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Use the following information to answer questions 2 - 5.

A multi-step reaction takes place with the following elementary steps:

Step I: A+B<C
Step II: C+A->D
Step llI: C+D->B+E

2. What is the overall balanced equation for this reaction?
a. 2A+B+2C+D>C+D+B+E c. A+2C->D+E

b. A+B>D+E d 2A+C-E

3. What is the function of species B in this reaction?

a. Without it, no reaction would take place.
b. Itis areaction intermediate which facilitates the progress of the reaction.
c. ltis a catalyst which lowers the activation energy of the reaction.

d. Iltincreases the temperature, thus increasing the rate of the reaction.

4. |If step Il is the slow step for the reaction, what is the overall rate law?
a. rate = k[A]%[B] c. rate = k[A][B]

b. rate = k[A][C] d. rate = k[A]/[D]

5. Why would increasing the temperature make the reaction rate go up?

a. ltis an endothermic reaction that needs an outside energy source to function.
b. The various molecules in the reactions will move faster and collide more often.
c. The overall activation energy of the reaction will be lowered.

d. A higher fraction of molecules will have the same activation energy.

Step 1: O3 +NOz 2 NO3 + 03 slow
Step 2: NOsz + NO2 2> N;05 fast

6. A proposed reaction mechanism for the reaction of nitrogen dioxide and ozone is detailed above. Which of the
following is the rate law for the reaction?

a. rate = k[NO;][O3] c. rate = k[NO,]?[03]
b. rate = k[NO3][NO;] d. rate =k[NO3][0,]
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Unit 5 MC Practice

Use the following information to answer questions 1-3.

The following experimental data was collected for the hypothetical decomposition reaction 2A - B + C.

Experiment [A] (M) T (K) t12 (min)
1 0.200 298 0.270
2 0.400 298 0.270
3 0.200 273 0.350
4 0.400 273 0.350

1. Based on the information above, what is the order of the reaction?
a. The reaction is second order, because the stoichiometric coefficient of the reactant is 2.
b. The reaction is first order, because half-life is independent of reactant concentration.
c. Thereaction is zero order, because changing the reactant concentration did not affect the half-life.

d. The reaction is second order, because decreasing the temperature of the reaction increased the half-life.

2. For which experiment is the intial rate of the reaction highest?

a. Experiment 1, because fewer reactant molecules will need to be converted into product.
b. Experiment 2, because both the temperature and reactant concentration are maximized.
c. Experiment 3, because a lower temperature will decompose A most efficiently.

d. Experiment 4, because a lower temperature and higher [reactant] maximizes reaction rate.

3. Calculate the rate constant, k, for this reaction at 273 K.

a. 2.86min7! b. 2.86min"tMm1? c. 1.98min? b. 1.98min"Im1?

2H; 0 — 2H;0 + O

4. The decomposition of hydrogen peroxide is shown above and has the following proposed mechanism:

H.0; + I- = H.0 + IO
H0: + I—- HO0 + O+ T

Which of the following substances serves as a catalyst for this reaction?

4. HzOz b. I~ C. Hzo d. 10~

5. For the reaction whose rate law is given below, a plot of which of the following is a straight line?

rate = k[X]
a. [X]vstime b. 1/[X] vstime c. In[X]vs 1/time d. In[X] vstime
6. A+B->C+D rate = k[A][B]?

What are the potential units for the rate constant for the above reaction?

a. st b. sim1 c. sim? d. sim3
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Use the following information to answer questions 7-8.

Reactant A underwent a decomposition reaction: A - 2B + C. The concentration of A was measured periodically
and recorded in the chart below.

Time (Hours) [A]M
0 040
1 0.20
2 0.10
3 0.05

7. Based on the data in the chart, which of the following is the rate law for the reaction?

a. rate =k[A] b. rate = k[A]? c. rate =2k[A] d. rate=7%k[A]

8. What would be the concentration of B after two hours?

a. 015M b. 020M c. 030M d. 0.60M

Use the following information to answer questions 9-10.

2NO(g) + Br,(g) «<» 2NOBrx(g)

The above experiment was performed several times, and the following data was gathered:

Tral [NO] . [Br,]._., Initial Rate of

(M) (M) Reaction
(M/min)

0.20M 0.10 M 520 x 10~
0.20M 0.20M 1.04 x 10~
0.40M 0.10 M 2.08 x 107

g | b | =

9. What is the rate law for this reaction?

a. rate = k[NO][Br,]? b. rate = k[NO]?[Br;]? c. rate =k[NO][Br;] d. rate = k[NO]?[Br;]

10. What would be the initial rate of the reaction if [NO]init = 0.40 M and [Br;]init = 0.20 M?
a. 2.08x1072M/min b. 4.16 x 102 M/min c. 6.24x1072M/min d. 8.32x1072M/min

11. A proposed mechanism for a reaction is as follows:
NO; + F; > NO,F+F slow step
F+NO,; - NO,F fast step
What is the order of the overall reaction?

a. zero order b. first order c. second order d. third order
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2N;05(g) — 4NO:(g) + O:(g)

12. The following data was collected at 25°C and 1 atm of pressure for the reaction shown above.

Time IN,Os]

{(minutes) (mol/L)
0 1.24 x 102
10. 092 % 10
20. 068 <107
30, 0.50 % 10
40 0.37 = 102
S0, 028 x 10
70, 0.15 x 10

Which of the following best represents the half-life for this reaction?

a. 15min b. 18 min c. 23 min d. 36 min

Use the following information to answer questions 13-14.
2:":\.1 + Bz — 2C
Step 1: A +B, > 2AB (slow)
Step 2: Ab+2AB->2C

13. The activated complex that forms in Step 1 of the mechanism shown above could have which of the following
structures? (The dotted lines represent partial bonds.)

A seseeenes A Aceenne C A C A A
Bl B, B C _ B cC , B B

14. Which of the following rate law expressions best agrees with the proposed mechanism?

a. rate = k[A;] b. rate = k[A;]? c. rate = k[A;][R] d. rate = k[A;][B:]
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A—->B+C rate = k[A]°
15. Which of the following graphs may have been created using data gathered from the above reaction?
(A) (©)
[Al In [A]
Time Time
(B) (D)
1
[A] [A]
Time

Time

2HO,(ag) — 2ZH,O() + O,(2)

H-O-O-H (x8) H-O-O-H (x4) H-O0-0-H (x2)

H-O-H (x4) H-O-H (x6)
0=0 (x2) 0=0 (x3)
t=0s r=200s t=400s

16. The above diagrams show the decomposition of hydrogen peroxide in a sealed container in the presence of a
catalyst. What is the overall order for the reaction?

a. zero order b. first order c. second order d. third order
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Unit 5: AP Free Response Practice #1 [2022 #5, 4 points]

1. The following equation represents the decomposition of N,Os, for which the rate law is rate = k[N,Os].
2 N,0s(g) > 4 NO2 (g) + O2(g)

A sample of pure N,Os(g) is placed in an evacuated container and allowed to decompose at a constant

temperature of 300 K. The concentration of N,Os(g) in the container is measured over a period of time, and the
measurements are recorded in the following table.

Time (hr)|[N2Os] (M)

0 0.160
1.67 0.0800
3.33 0.0400

5.00 0.0200

a. Determine the value of the rate constant, k, for the reaction. Include units in your answer. [2 points]

b. The following mechanism is proposed for the decomposition of N,Os(g).
Step 1: N,Os(g) — NO,(g) + NOs(g)
Step 2: NO»(g) + NO3(g) — NO,(g) + NO(g) + O5(g)
Step 3: N,Os(g) + NO(g) — 3 NO,(g)

Identify which step of the proposed mechansim (1, 2, or 3) is the rate-determining step. Justify your answer
in terms of the rate law given. [1 point]

c. If this experiment was repeated at the same temperature but with twice the initial concentration of N,Os,
would the value of k increase, decrease, or remain the same? Explain your reasoning. [1 point]
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Unit 5: AP Free Response Practice #2 [4 points]

2. The rate of decomposition of azomethane (C;HsN2) was studied by monitoring the partial pressure of the reactant
as a function of time, and the data below was collected.

Time (s) P (mmHg) In(P)
0 284 5.65
100 220 5.39
150 193 5.26
200 170 5.14
250 150 5.01

a. Determine if the data above support a first order reaction. Justify your answer. [1 point]

b. Calculate the rate constant for the reaction, including units. [2 points]

c. Inasecond trial, the initial pressure of azomethane was doubled. Does the rate constant, k, for the reaction
increase, decrease, or stay the same? Justify your answer. [1 point]
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Unit 5: AP Free Response Practice #3 [2013 #5, 8 points]

3. Asample of C;H4(g) is placed in a previously evacuated, rigid 2.0 L container and heated from 300 K to 450 K. The
pressure of the sample is measured and plotted in the graph below.

Pressure (atm)

300 450
Temperature (K)

a. Describe TWO reasons why the pressure changes as the temperature of the C,H4(g) increases. Your
descriptions must be in terms of what occurs at the molecular level. [2 points]

C2H4(g) reacts readily with HCI(g) to produce C;HsCl(g), as represented by the following equation.
C,H4(g) + HCI(g) - C,HsCl(g)  AH° =-72.6 kJ/molxn

b. When HCl(g) is injected into the container of C;H4(g) at 450 K, the total pressure increases. Then, as the
reaction proceeds at 450 K, the total pressure decreases. Explain this decrease in total pressure in terms of
what occurs at the molecular level. [1 point]
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It is proposed that the formation of C;HsCl(g) proceeds via the following two-step reaction mechanism.

Step 1: C,H,(g) + HCl(g) —» C,Hs"(g) + Cl(g) rate-determining step
Step2: C,Hs"(g) + Cl(g) —» C,HCl(g) fast step

c. Write the rate law for the reaction that is consistent with the reaction mechanism above. [1 point]

d. Identify an intermediate in the reaction mechanism above. [1 point]

e. Using the axes provided below, draw a curve that shows the energy changes that occur during the progress
of the reaction. The curve should illustrate both the proposed two-step mechanism and the enthalpy change

of the reaction. [2 points]

Potential Encrgy

Progress of Reaction

f.  On the diagram above, clearly indicate the activation energy, E,, for the rate-determining step in the
reaction. [1 point]
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Unit 5: AP Free Response Practice #4 [2010 #4, 8 points, modified]

8 H*(aq) + 4 C1™(aq) + Mn0, "~ (aq) — 2 Cl,(g) + Mn3*(aq) + 4 H,0(1)

Clz2(g) can be generated in the laboratory by reacting potassium permanganate with an acidified solution of sodium
chloride. The net ionic equation for the reaction is given above. An initial rate study was performed on the reaction
system. Data for the experiment are given in the table below.

Trial [CIT] [MnO47] [H4 Rate of Disappearance of MnO4~ in M s™?
1 0.0104 0.00400 3.00 2.25x107®
2 0.0312 0.00400 3.00 2.03x1077
3 0.0312 0.00200 3.00 2.03x1077

a. Using the information in the table, determine the order of the reaction with respect to each of the following. Be sure
to justify your answers.

i. CI"[1 point]

ii. MnO4™ [1 point]

b. What other experiments would need to be run in order to determine the reaction order with respect to H*? [1
point]
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c. After further experimentation, the reaction is determined to be second order with respect to H*. Using this
information and your answers to part (a) above, complete the following:

i. Write the rate law for the reaction. [1 point]

ii. Calculate the value of the rate constant, k, for the reaction, including appropriate units. [2 points]

d. Three graphs are constructed: [H*] vs time, In[H*] vs time, and 1/[H*] vs time.

i. Which graph would have the most linear slope and why? [1 point]

ii. How could you use these graphs to determine the rate constant, k, for the reaction? [1 point]
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Electrochem Equilibrium Summary

Given on formula chart:

AG°
AG°

o
_nFEcell

—RT InK

Not given on formula chart:

K = e—AG°/RT

n = e transferred, F = Faraday’s constant

R =8.314 J/(mol K), T = temp (K), In(k) = natural log of K

e =2.718,R=8.314 J/(mol K), T = temp (K), AG must be in J/mol

Exergonic Reaction (-AG)

Endergonic Reaction (+AG)

Spontaneous

(Thermodynamically Favorable)

Not Spontaneous
(Thermodynamically Unfavorable)

+E°..1 = voltage created (battery)

—E°_.e1 = external power source needed

K>1

K<1

Free energy

("]

Free energy

@ &

For Spontaneous Reactions: What if it’s not at standard conditions?

Further from

At standard conditions

Closer to equilibrium

At equilibrium

equilibrium (1.0 M, 1.0 atm, 298K)
Q<1 Q=1 Q>1 Q>>1
K>>>Q K>>Q K>Q K=Q
[reactants] > [products] [reactants] = [products] [reactants] < [products] [reactants] << [products]
Higher voltage Equal voltage Lower voltage No voltage!
(than standard E°cen) (to standard E°cen) (than standard Eocen) (dead battery)
Ecenl > Ecell Ecell = ECcell Ecell < E°cl Ecen =0V

How Does this Happen?

e Increase reactants

e Decrease products

e Increase both, but
increase REACTANTS
more

e Decrease both, but
decrease PRODUCTS mo

How Does this Happen?
e Set [reactants]=1.0 M
e Set[products]=1.0 M

Increase both, but
increase BOTH the same

o Decrease both, but

decrease BOTH the same
re

How Does this Happen?

e Increase products

e Decrease reactants

e Increase both, but
increase PRODUCTS more

e Decrease both, but
decrease REACTANTS
more

How Does this Happen?

e Cell runs for a very
long time

o All reactants used up
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AP Fall Final Electrochem Review

OIL RIG — oxidation is loss, reduction is gain (of electrons)

Rules for Assigning Oxidation Numbers (in order of priority)

If any rules are in conflict, follow the rule that is on the list!
Oxidation

Oxidation Rules: Nonmetal State Example

1. Freeelements=0 Fluorine -1 MgF,
—1 ox state

2. All atoms in a neutral compound add up to 0. re— P, 1,0
3. All atoms in a polyatomic ion add up to the ion’s charge. ki
4. The rules below apply to bonded elements: < = b
a. Group 1A metals=+1 Group 7A -1 oo,

b.  Group 2A =+2 Group 6A -2 H,S
c. Non-metals usually follow the chart to the right, in order: ahack i

. ., . . Group 5A -3 NH
d. Note: the carbon family (4A) isn’t mentioned — you will ALWAYS have to i 3 0xstte

solve for the oxidation number of group 4A elements in a compound.

Electrochemistry Involves TWO MAIN TYPES Of Electrochemical Cells:

1. Galvanic (voltaic) cells — thermodynamically favorable = battery (+Ec.i , -AG, K> 1)

2. Electrolytic cells —thermodynamically unfavorable and require external power source (—Ecen , +AG, K < 1)

GALVANIC or VOLTAIC CELL “ANATOMY”

e Anode — (An Ox) the electrode where oxidation occurs,
loses mass into solution as the cell runs (“anode”-rexic) 4

e (Cathode — (Red Cat) the electrode where reduction occurs,
gains mass from solution as the cell runs (fat cat)

By
cathode

e Inert electrodes — used when a gas is involved OR ion to

ion; Pt (expensive) or graphite (cheap) gl

NaClfag)

e Salt bridge — used to maintain electrical neutrality in a 9
galvanic cell: anions to anode, cations to cathode

e Electron flow — ALWAYS through the wire from anode to
cathode (alphabetical order) **FAT CAT

1 M Zn(NO;),(aq) / 1 MCu(NO;);(aq)

oxidation half-reaction: reduction half-reaction:
Znfs) —» Zn**(aq) + 2e Cu?t(ag) + 26~ —» Culs)

CELL POTE NTIAL, Ecen overall reaction: Zn(s) + Cu?*(aq) — Zn**(ag) + Culs)
(@)

IM

e itis a measure of the electromotive force or the “pull” of
the electrons as they travel from the anode to the cathode, measured in Volts (V)

e F. becomes E°. when measurements are taken at standard conditions (1 atm, 1.0 M, and 25°C)

Standard Electrode Potentials (will be given as needed for each problem!)

e Galvanic/voltaic cells: The MORE POSITIVE reduction potential is reduced
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Calculating Standard Cell Potential Symbolized by E%

1. The Metal with the MORE POSITIVE REDUCTION POTENITAL is be REDUCED, so the other is oxidized.

2. Reverse the equation that will be oxidized and change the sign of its voltage: this is now E°.

0] — [0 0]
cell _on+ red

DEPENDENCE OF CELL POTENTIAL ON CONCENTRATION

e Voltaic cells at NONstandard conditions: Le Chatlier’s principle can be applied. An increase in the concentration

of a reactant will favor the forward reaction and the cell potential will increase. The converse is also true!
o 1 [reactants] or | [products]: Ecei > E°i, T voltage
o | [reactants] or 1 [products]: Ecei < E°i, | voltage

e For free response, write out how you calculate the value of the reaction quotient, Q, and compare that value to
when Q = 1 (standard conditions).

0 Q> 1: Asthe concentration of the products of a redox reaction increases, the value of the reaction
guotient, Q, increases and therefore the voltage decreases as the reaction shifts to the left decreasing
the driving force.

0 Q< 1: Asthe concentration of the reactants of a redox reaction increases, the value of the reaction
quotient, Q, decreases and therefore the voltage increases as the reaction shifts to the right increasing
the driving force.

ELECTROLYTIC CELLS 1. Comwert your Bme, t, into seconds.
e Thermodynamically unfavorable, therefore + AG® G
and - AE° : -
2. Multiply your time (sec) by the current (Amg) to
e Since an electrolytic cell is NOT spontaneous, it will solve for the charge (q) in Coulombs.
undergo a redox reaction only if an outside power 1=1 5 g=t¢-1
I

source is applied! Ty —
e AN OX and RED CAT still work = civbige oo,

e Used to separate ores or plate out metals.

L
Amip = —
arc

In an electrolytic cell, the amount of product made is 3. Divide by Faraday's constant (given on the formula chart) to
related to the number of electrons transferred. convert Coulombs into moles of electrons,
Essentially, the electrons are a reactant. q/F=mole

Faraday’s canstant, F, is the change on 1 mole af electrans.
F=0f 485 O/mol e
Use F = 100,000 [ LES) for multiple chaice!

You will need to be able to do two basic calculations for

quantitative electrolysis:

"hlote: & “Farsday” can be used to refer ta the number of moles of electrons
being transferred:

1. Giventime (sec) and current (A), calculate mass (g). - S farataye® 3 3 moles of & of transferrad

= 025 faradays® = 0.25 males of & af transfermad

2. Given mass (g) and current (A), calculate time

required (sec). G

4. Use the approprizte half-reaction to determine the moles of the metal formed.

Far example,

Quick Trick to remember the order of steps to calculate At fan)+ 3o < dwls)

This indicates for every 3 males of slectrans gained, 1 mole of solid gold is formed.

mass of a metal produced (given time and current):

T

Use molar mass to convert from moles to grams of metal.

Are you SAFe? MMM. =
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Study Guide or: How | Learned to Stop Worrying and Love Thermochem 4

First: determine what you’re being asked to find: AHxn or something else?

1. Asked to find AHxn? 3 Options!

Given? Asked to find? Use:
| ¢ ) 1. Draw the Lewis structures.
1. Alot of bond energies AH o 2. Use the following:
2. A ti ithout AH
reaction without o AHxn = Z(BEreactants)‘ Z(BEproducts)
1. A lot of heats of formation (AH¥)
AH xn AHrxn = 2AH¢ (products)— SAH+ (reactants)
2. A reaction without AHn
Hess’s Law! Rearrange the equations to
1. Multiple reactions with AH AH make the goal equation, then combine your
2. Agoal reaction without AHn mn new AH’s (remember, what you do to an
equation you must do to AH!)
1. info to calculate q (using mCAT or q
nCAT) AH rxn AI—ll'Xl’l =
molxp
2. Moles/grams of a chemical
2. Asked to find something else? 3 Options!
Given? Asked to find? Use:
A reaction with AHxn ; .
. 1. Either: Stoich! Don’t forget to convert
2. Either: a. gormolofa
between moles of your substance and
a. gor mol of asubstance substance molespan
b. energy change (J or kJ) b.energy change (J or ki)
1. A phase change (vaporizing,
condensing, freezing or Enerev change
fting) gy chang q = nAH
melting (heat absorbed or released)
2. AHvap or AHfus
1. Atemperature change
2. Mass or moles of a substance Energy change q=mCAT
) J ] (heat absorbed or released)
3. Heat capacity ( 7 or — )
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Thermodynamics Study Guide

AG = AH — TAS’

Elements ARE zero for: AHO, AG’
Elements are NOT zero for: ASO

Nature favors:

[o]
1. +AS (increasing entropy, greater disorder)

o
2. —AH (exothermic, release of energy)

e Driven by enthalpy: a very exothermic reaction (~AH) overcomes a decrease in entropy

e Driven by entropy: an endothermic reaction occurs spontaneously because of a highly positive AS

e You can use the signs of AS and AH (together with the reaction AG = AH - TAS) to qualitatively predict the
spontaneity of a given reaction. You can show this graphically, which leads to the best graph of all time (but

SHHHH! It’s a secret. )

. S
(J'f'l\f(’,h L:] Al 25 A/\- AT C.ffiUﬁM Laj'
enthalpy (=, ) (+,+) enteops
AND v s (% AR
ntrepy | Alugys Fqu! | Fau € high tonp.
' AR
g
C\f“]‘fﬁ.’q ‘
i M Never fauorable
encthelp f —
(2%
0 0 K&Q Reaction Spontaneity in the Forward
Ecell AG K . . . . . . .
Relationship Direction Direction (as written)
+ - K>1 K>Q Forward thermodynamically favorable
- + K<1 K<Q Reverse NOT thermodynamically favorable
=0 =0 K=1 K=Q No reaction n/a
At standard conditions (1 M, 1 atm, 298 K): AG° = —nF gell

n = number of moles of electrons transferred in a BALANCED redox reaction
F = faraday’s constant = 96,485 C/ mol e™ (charge on one mole of electrons)

0
At standard conditions (1 M, 1 atm, 298 K): AG" = —RTInK
R==8.314 ) molt K™ T = temperature (in Kelvin) K = equilibrium constant

joules ]

For both reactions, the units for AG° = =
moleSreaction molyxn

END-ing a bond (or IMF/attraction) is always END-othermic! (+AH)




Determining

PROBLEM S@.VING IN THERMODYNAMICS

AH = Enthalpy

Calorimetry:

dgained = —Qiost
Assess everything losing and gaining heat in the system.
Determine energy change (J) associated with each.

Types of Calorimetry:

1. Things in water:

a. Solid, non-reacting metal
[MmCAT]water = —[MCAT]etar

b. Aqueous/reacting things
Qrxn = —MeprqCAT
Usually C = 4.18 J/g°C = Cwater, but not always! Be careful.

2. Things separate from each other (often this means
using a rxn to heat something up):

Qgained = —Yiost
[mCAT]gained = —[mCAT]os¢

Hess’s Law:

Using the AH’s from equations that were added to
get the “goal” equation.

Whatever you do to the equation, you must do to AH!
Ex.  Flipping an equation AH * (-1)

Multiply by two = AH * 2

Divide by two = AH/ 2

Standard Heats of Formation:
Amount of energy involved in the formation of 1 mole
of a substance.

AHrxn= 3> AHf products - > AHsreactants
*Don’t forget to multiply by coefficients!

The Question to answer: Is the reaction
thermodynamically favorable?

Determining
AG = Free Energy

Bond Energy:
The energy it takes to break a bond.

Higher BE implies stronger bonds. Higher
bond orders have higher BE’s.

AHrxn = > AHge reactants - > AHge products
AHixn = > AHge broken - > AHge formed

*Be sure to draw structures to see exactly
how many of each bond type are broken
and formed!

Using AH and AS:
When gas pressures all equal 1 atm.
AG = AH — TAS

**Units of enthalpy are often kJ/mol
while entropy is in J/Jmol K. Make them
match!

Determining
AS = Entropy

Qualitative:
Ssolid < Sliquid << Sgas
Compare products to reactants to judge if
entropy is increasing/decreasing. Entropy
is greater on the side with more moles of
gas... etc. Entropy is higher for molecules
of higher structural complexity.

Related to Q and K (Equil.):
AG® = -RTIn(K)
R = 8.314 x 103 kJ/mol*K

Write in alpha order to predict shift.
K > Q, shift right, AG = - (favorable)
K =Q, at equilibrium, AG=0
K < Q, shift left, AG = + (not favorable)

Le Chatelier’s Principle:

Endo (heat as reactant): ™ T, T K
Exo (heat as product): ™ T, ¢ K

Quantitative:
ASrxn = > S° products - > S°reactants

Related to E°c.i (Electro):
AG® = -nF (E°n)
F = 96,485 C/mol e-
n = number of electrons transferred

Free Energy of Formation:

AGrxn = 2AGs products - 2AGs reactants

equilibrium quotients.

If AG is negative, the reaction IS thermodynamically favorable.
If AG is positive, the reaction is NOT thermodynamically favorable.
*Be able to predict spontaneity based on enthalpy, entropy, temperature, voltage, and
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UNITS 1 & 2 FREE RESPONSE REVIEW
General Chemistry
1. [5 POINTS]

A sample of an unknown hydrocarbon was burned in air.

(a) When the hydrocarbon sample was burned in a reaction that went to completion, 2.2 grams of
water and 3.6 liters of carbon dioxide were produced under standard conditions. What is the
empirical formula of the hydrocarbon? [2 POINTS]

(b) If the molar mass of the compound was determined to be 28.1 g/mol, what is the
molecular formula of the hydrocarbon? [2 POINTS]

(©) Write the balanced equation for the combustion reaction that took place in (a).
[1 POINT]

Foglino, Paul. Cracking the AP. 2013 ed. New York: Random House, 2012. Print.
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UNIT 3 FREE RESPONSE REVIEW
Electrochemistry
2. [9 POINTS]

A strip of Ni metal is placed in a 1.0 M solution of Ni(NO3). and a strip of Ag metal is placedina 1.0 M
solution of AgNOs. An electrochemical cell is created when the two solutions are connected by a salt bridge
and the two metal strips are connected by wires to a voltmeter.

Standard Reduction Potentials at 25°C
Reduction Half-Reaction E°(V)
Au®* + 3¢ — Au(s) + 1.50
Ag* + e — Ag(s) + 0.80
Ni#* + 2e” — Ni(s) —0.25
Na+ + e — Na(s) —2.71

(a)  Write the balanced chemical equation for the overall reaction that occurs in the cell, and
calculate the cell potential, E°. [2 POINTS]

(b) Calculate how many grams of metal will be deposited on the cathode if the cell is allowed to run
at constant current of 1.5 amperes for 8.00 minutes. [2 POINTS]

(©) Calculate the value of the standard free energy change, AG®, for the cell reaction. [2 POINTS]

Foglino, Paul. Cracking the AP. 2013 ed. New York: Random House, 2012. Print.
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UNIT 3 FREE RESPONSE REVIEW
Electrochemistry
(d) Predict: will the cell potential, Ec.i, at 25°C for the cell shown above be higher, lower, or
equal to the standard cell potential E°, if the initial concentration of Ni(NOs). is 0.100 M
and the initial concentration of AgNOs is 1.20 M. [2 POINTS]

(e) Is the reaction in the cell thermodynamically favorable under conditions described in part
(d)? Justify your answer. [1 POINT]

Foglino, Paul. Cracking the AP. 2013 ed. New York: Random House, 2012. Print.
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UNITS 4 and 5 FREE RESPONSE REVIEW
Thermochemistry and Thermodynamics

3. [8 POINTS]

CHa(g) + 202(g) CO2(g) + 2H20(I)

The above reaction for the combustion of methane gas has a standard entropy change, AS®°, with a value of
242.7 J/mol=K. The following data are also available.

Compound | AH® (kJ/mol)
CH.(q) —74.8
Hz0(1I) —285.9
CO:(q) —393.5

(a) What are the values of AH°s and AG°s for O2(g)? [1 POINT]

(b) Calculate the standard change in enthalpy, AH®, for the combustion of methane. [2 POINTS]

(©) Calculate the standard free energy change, AG®, for the combustion of methane. [2 POINTS]

(d) How would the value of AS® for the reaction be affected if the water produced in the
combustion remained in the gas phase? [1 POINT]

(e) A 20.0 g sample of CHa(g) underwent combustion in a bomb colorimeter with excess
oxygen gas.
O] Calculate the mass of carbon dioxide produced. [1 POINT]

(ii)  Calculate the heat released by the reaction. [1 POINT]

Foglino, Paul. Cracking the AP. 2013 ed. New York: Random House, 2012. Print.
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UNIT 6 FREE RESPONSE REVIEW

Kinetics

4. [8 POINTS]

A+2B—-2C

The following results were obtained in experiments designed to study the rate of the reaction above:

@

(b)

©)

(d)

©

. . Initial rate of
Experiment A Imt'aII/L B Imt'allll_ disappearance of
[A] (mol/L) [B] (mol/L) A (M/sec)
1 0.05 0.05 3.0x 107
2 0.05 0.10 6.0 x 107
3 0.10 0.10 1.2 x 102
4 0.20 0.10 2.4 x 107

Determine the order of the reaction with respect to A. Justify your response. [1 POINT]

Determine the order of the reaction with respect to B. Justify your response. [1 POINT]

Write the rate law for the reaction. [1 POINT]

Calculate the value of the rate constant, k, for the reaction. Include the units. [2 POINTS]

If another experiment is attempted with [A] and [B], both 0.020-molar, what would be the
initial rate of disappearance of A? [1 POINT]

Foglino, Paul. Cracking the AP. 2013 ed. New York: Random House, 2012. Print.
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UNIT 6 FREE RESPONSE REVIEW

Kinetics
) The following reaction mechanism was proposed for the reaction above:

A+B—->C+D
D+B—C

(i) Show the mechanism is consistent with the balanced reaction. [1 POINT]

(ii)  Show which step is the rate-determining step, and explain your choice. [1 POINT]

(iii)  In the mechanism, would D be classified as a catalyst or an intermediate? Justify your
response. [1 POINT]

Foglino, Paul. Cracking the AP. 2013 ed. New York: Random House, 2012. Print.



67

MMM, Delicious MC Practice for the AP Chem Fall Final!

1. Dark purple KMnOQ, solution is added from a buret to a colorless, acidified solution of H,0z(aq) in an Erlenmeyer
flask. (Note: At the end point of the titration, the solution is a pale pink color.)

5 H,05(aq) + 2 MnO4*(aq) + 6 H*(ag) = 2 Mn?*(aq) + 8 H,0(/) + 5 0,(g)

Which element is being oxidized, and what is the element’s change in oxidation number?

A

B
C
D

2. The equation for the reaction is:

Oxygen, which changes from -1to 0
Oxygen, which changes from 0 to -2
Manganese, which changes from -1 to +2
Manganese, which changes from +7 to +2

25(g) + 30,(s) = 2503(g)

Consider a mixture of sulfur atoms and dioxygen molecules in a closed container below:

e
o> 9% o

@ ¢
o ©

Which of the following best represents what’s in the container after the reaction goes to completion?

ge%%

@ e O
00

0 800800

% ¢

Qg,"ﬁ’

» ¥

k4
$o

¢
h 4

]

3. What is the net ionic equation for the acid-base reaction that occurs when nitric acid is added to solid copper (ll)

hydroxide?

a. H*{ag)+ OH {ag) = H,0()

b. 2H*(ag) + Cu{0H).(s) = Cu®*{aqg) + 2 H,0(1)

c. 2H%(ag)+ 2 NO3; (ag) + Cu**(ag) + 20H (aq) — Cu(NQO;),(aqg) + 2 H,0(1)

d. 2H%(ag)+ 2 NO3; (aq) + Cu®**(ag) + 20H (ag) = Cu®**(ag) + 2NO; (ag) + 2 H,0(I)
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4. When 2.00 g of H; reacts with 32.0 g of O; in an explosion, the final gas mixture will contain:

a. Hy, H;0, and O, b. HandH,Oonly c¢. 0OzandH,0 only d. HxOonly
or S e OO0 ¢ |00 g
o: ® O | @0 @0 © e ®
S e 00 o 09 3
Reaction | Reaction 11 Reaction 111

5. The following boxes represent reactions of A = B at equilibrium.

For which reaction shown above is K smallest?

a. Reaction|

b. Reactionll

c. Reactionlll

d. Cannot be determined.

6. Under equilibrium conditions, 0.60 moles of A, 0.60 moles of B and 0.60 moles of C are presentina3.1L
solution for the reaction shown below. Determine the value of the equilibrium constant, K.

2A+B« 2C
a. K=17 b. K=5.2 c. k=17 d. K=0.52

e * (S> OO Ag

e® By

% Oe O® Cy

7. The picture above shows the species initially present in a 1.0 L container. The chemical reaction shown be-
low takes place.

A+BeC K.,=23x107%

Which of the following statements is true?

a. The reaction shifts towards the products to reach equilibrium.
b. The reaction shifts towards the reactants to reach equilibrium.
c. The reaction mixture is at equilibrium.

d. The direction of shift cannot be determined from the information given.
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8. If the temperature at which a reaction takes place is increased, the rate of the reaction will
A increase if the reaction is endothermic and decrease if the reaction is exothermic.

B decrease if the reaction is endothermic and increase if the reaction is exothermic.

C increase if the reaction is endothermic and increase if the reaction is exothermic.

D decrease if the reaction is endothermic and decrease if the reaction is exothermic.

2H,(g) + Oa(g) — 2H:0(g)

9. Based on the information given in the table below, what is the £AH° for the above reaction?

Average Bond
Bond Energy (kJ/mol)
H—H 500
0=0 500
O—H 500
A +1000kJ B —500k/ C +1000kJ D —1500kJ

10. The equation for the combustion of the flammable gas ethene, C;Ha, is shown below.
C2Ha(g) + 302 > 2CO2(g) + 2 H0(1)

Given the table of bond energies below, what is the enthalpy change for this reaction?

Bond | Average Bond Energy | Bond Average Bond Energy
(kJ/mol) (kJ/mol)

C-H 413 C=0 799

c-C 347 H-0 467

c=C 614 H-H 432

Cc-0 358 0=0 495

A -1,313 ki/mol B +1,313 kiJ/mol C -952 ki/molimn D +952 kI/molixn

11.
-Q_Q_-l
Valtrater
Zn ’?‘ NO3 NE*T |— SN If the half-cell containing 1.00 M Zn?**(aq) to the left is replaced with a
1 half-cell containing 2.00M Zn?*(aq), what will be the effect on the cell
- potential and voltage of the galvanic cell?
aZne NOs The voltage will decrease and the cell potential will increase.
NO.» g2+ The voltage will increase and the cell potential will decrease.

The voltage will decrease and the cell potential will decrease.

Sn? (ag) + 2= Sn(s) - il
The voltage will increase and the cell potential will increase.

Znig)=Zn?’ (ag) + 2er

OO w>

Zn*+ 2 = Zn® BE=0.76V
Sn** + 2e = Sn® E=-0.14V
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12. How many electrons are transferred in the following reaction? (The reaction is unbalanced.)

Ca(s) + Cr¥(aq) — Cr(s) + Ca?*(aq)

A 2 B 4 c 3 D 6

13. What element is undergoing oxidation (if any) in the following reaction?

14.

15.

CHa(g) + 2 0,(g) = COx(g) + 2 H,0(g)

A O B H C C D bothCandH

2N,0s5(g) —= 4NO(g) + O2(g)

A sample of N,Os was placed in an evacuated container, and the reaction represented above occurred. The
value of Pn.os, the partial pressure of N,Os(g), was measured during the reaction and recorded in the table
below.

. ) 1
[Tr:*nTnj [F:;is} In({Pn,0,) Pn,0,
(atm1)
0 150 5.0 0.0067
100 75 4.3 0.013
200 38 3.6 0.027
300 19 2.9 0.053

Which of the following correctly describes the reaction?

A The decomposition of N,Os is a zero-order reaction.

B The decomposition of N,Osis a first-order reaction.

C The decomposition of N,Osis a second-order reaction.
D The overall reaction order is 3.

Zn(s) + Cu®*(aq) = Zn*(aq) + Cu(s)

Based on the reaction represented above, an electrolytic cell was constructed from zinc and copper half-cells. The
observed voltage was found to be 1.30 volt. However, the standard cell potential, E®, is 1.05 volts. Which of the
following could correctly account for this observation?

A The copper electrode was larger than the zinc electrode.

B The Cu?* solution was more concentrated than the Zn?* solution.
C The Zn* solution was more concentrated than the Cu?* solution.
D The solutions in the half-cells had different volumes.
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16. Which of the following sets of conditions must be true for a reaction that is thermodynamically favorable at low

temperatures?
A AH>0,AS>0 C AH<O,AS>0
B AH>0,AS<0 D AH<0,AS<O

Consider the following potential energy diagram and the statements that follow for the general reaction

A+B—=X+Y
51/
A+B

© d

o
-

€

X+Y

a

Potential energy —s

-

Reaction progress —
17. Which of the following statements are true?
I. The reaction represents an endothermic reaction.
Il. Arrow d represents the enthalpy change for the reaction.

Ill. The reaction releases heat energy to the surroundings.

A llandlll only B Il only C lonly D Ilandllonly

18. The energy diagram for the reaction X + Y = Z is shown below. The addition of a catalyst to this reaction would
cause a change in which of the indicated energy differences?

[
=
£
11}
o
=]
©
=
=
5
(L,
Reaetion Coordinate
A lonly B llonly C lllonly D Ilandllonly

19. Consider the following equilibrium: Ha(g) + I2(s) = 2HI(g)
The proper Keq expression is:

A FE LD B [Hpll] ¢ rmp D [mI]

[HI]? [HI] [H,11,] [H,]
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Refer to the following equation for the following two questions.

Mn(s) + Cu®**(ag) = Mn?*(ag) + Cu(s) E°=1.52 volts

20. Which expression shows the calculations of AG® in kJ/mol for this reaction?

A C

~3% 8.3 % 1.52 % 1000 7% 96500 x 1.5
531
B _2 % 06500 x 1.52 D 5y 96500
1000 53l % 1.52

21. Which of the following statements about the above reaction are correct?

I.  Mn(s) is oxidized.
II. The Cu(s) acts as the anode.
[ll. The equilibrium constant, Keq, is less than 1.

A lonly C landllonly
B llonly D I Il,andlll

22. A galvanic cell consists of one half-cell that contains Ag(s) and Ag*(aq), and one half-cell that contains Cu(s) and
Cu?*(aq). What species are produced at the electrodes under standard conditions?

Ag*(aqg) + e — Ag(s) E°=+0.80V
Cu*(aq) + 2 e — Cu(s) E°=+0.34V

Cu(s) is formed at the cathode, and Ag*(aq) is formed at the anode.
Cu*(aq) is formed at the cathode, and Cu(s) is formed at the anode.
Ag(aq) is formed at the cathode and, Cu(s) is formed at the anode.

Ag(s) is formed at the cathode, and Cu?*(aq) is formed at the anode.

OO w>

23.

number of particles
I

0 1000 2000

molecular speed | ms-1

The Maxwell-Boltzmann distribution above represents four different temperature samples of the same gas
collected under constant pressure conditions. Which plot in the graph represents the sample at the highest
temperature?

A A B B c C D D
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24. How many Na* ions are in 500. mL of 0.20 M NaF solution?

A 3.01x10%ions C 6.02x10%ions
B 3.01x10%ions D 6.02x10%ions

25.
HCl(aq) + AgNOs(aq) — AgCl(s) + HNOs(aq)

One-half liter of a 0.20 molar HCl solution is mixed with one-half-liter of a 0.40-molar solution of AgNOs. A
reaction occurs forming a precipitate as shown above. If the reaction goes to completion, what is the mass of
AgCl produced?

A 14 grams B 70grams C 84 grams D 28grams
26.
.. .. Initial Rate of
Experiment ]181[112: EN]? ] I(l;i::;ll_[f?;] Formation of NO,
] ‘ (mol L' s71)
1 0.10 0.10 2.5 x 10
2 0.20 0.10 5.0 x 10+
3 0.20 0.40 8.0 x 10~

The initial-rate data in the table above were obtained for the reaction represented below. What is the
experimental rate law for the reaction?

2NO + 0~ 2 NO;
A rate = k[NO][O2] C rate = k[NOJ?[O2]
B rate = k[NO][O2]? D rate = k[NOJ?[O2]?

27. The equilibrium constant, K, for the reaction below is greater than 1x10°. Which of the following correctly
describes the standard voltage, E°, and the standard free energy change, AG®, for this reaction?

Zn(s) + Cu**(aq) = Zn*(aq) + Cu(s)
A E°is positive and AG® is negative. C E°and AG°® are both positive.

B E°is negative and AG® is positive. D E°and AG° are both negative.

28. For a galvanic cell that uses the following two half-reactions,

Cr207%(aq) + 14 H*(aq) + 6 e — 2 Cr3*(aq) + 7 H20(/)
Pb(s) - Pb%**(aq) +2e

how many moles of Pb(s) are oxidized by three moles of Cr,0,%?

A 3 B 6 c 18 D 9
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29. Carbon monoxide reacts with oxygen to form carbon dioxide by the following reaction:

2CO(g) + Oz(g) —# 2CO,(g)  AH= —-32.4 k!

How much heat would be released if 336 g of carbon monoxide reacted with sufficient oxygen to produce
carbon dioxide?

A 389kl B 672kl C 777k D 194kl

30. How long must a constant current of 50.0 A be passed through an electrolytic cell containing aqueous
Cu?* ions to produce 5.00 moles of copper metal?

A 5.4 hours B 0.37 hours C 1.7 hours D 0.19 hours

31.
CHs + 202 —= COZ + 2H20

If 16 grams of CH4reacts with 16 grams of O, in the reaction shown above, which of the following will be true?

A Equal number of moles of CO;and H,0 C The limiting reagent will be O..

will be formed.
B The limiting reagent will be CHa. D Equal masses of CO;and H,0 will be
formed.

32. Using the following standard reduction potentials,

Fe3*(aq) + e~ — Fe?*(aq) E°=+0.77 V
Ni%*(ag) + 2 e — Ni(s) E°=-0.23V

Calculate the standard cell potential for the galvanic cell reaction given below, and determine whether or not
this reaction is spontaneous under standard conditions.

Ni%*(aq) + 2 Fe?*(ag) — 2 Fe**(aq) + Ni(s)

A E°=+1.00V, spontaneous C E°=+1.00V, nonspontaneous
B E°=-1.00V, spontaneous D E°=-1.00V, nonspontaneous
33. The electrolysis of molten AlCls for 3.25 hr with an electrical current of 15.0 A produces g of

aluminum metal.
A 147 B 16.4 C 455x1073 D 0.606
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Multiple Choice Key
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STANDARD REDUCTION POTENTIALSIN AQUEOUS SOLUTION AT 25°C

Half-reaction E°(V)
F,(9) +2€ - 2F 2.87
Co®* + e - Co** 1.82
AUt + 3e” - Au(s) 1.50
Cl,(g)+2e” - 2ClI- 1.36
0,(@)+4H" +4e°  —  2H,0()) 1.23
Br,(I)+2e” - 2Br- 1.07
2Hg® + 2e” - Hg,?* 0.92
Hg?" + 2e” - Hg(l) 0.85
Ag' +e - Ag(s) 0.80
Hg,?" +2e” - 2Hg(l) 0.79
Fe3* 4+ o N Fe2* 0.77
I,(s5)+2e” - 21 0.53
Cu' +e - Cu(s) 0.52
Cu®* +2e” - Cu(s) 0.34
cut + e N cut 0.15
sn* 4+ 2e - sn* 0.15
S(s)+2H" +2¢e” - H,S(g) 0.14
2H" +2¢e” - H,(9) 0.00
Pb?* +2e” - Pb(s) -0.13
Sn? +2e” - sn(s) -0.14
Ni%" +2e - Ni(s) -0.25
Co?* +2e” - Co(s) -0.28
Cd* +2e” - Cd(s) ~0.40
cr¥ + e - cr® ~0.41
Fe®* +2e - Fe(s) -0.44
cr¥ + 3¢ - Cr(s) ~-0.74
Zn* +2e” - Zn(s) -0.76
2H,0(I)+ 2e” - H,(g)+20H~ -0.83
Mn?* +2e” - Mn(s) -1.18
AI¥ 1 3e - Al@ ~1.66
Be® + 2e - Be(s) ~1.70
Mg* + 2e - Mg(s) -2.37
Na" + e - Na(s) -2.71
Ca” +2e S ©) ~2.87
St 26 - Sr(s) —-2.89
Ba®* + 2e - Ba(s) ~-2.90
Rb* +e - Rb(s) -2.92
K'+e - K(s) -2.92
Cs' +e - Cs(9) —2.92
Li* +e” - Li(s) -3.05
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Polyatomic Ions

1st six-weeks

Nick the Camel ate an Icky Clam for Supper in Phoenix with his Bros

NO3~ nitrate Cl03~ chlorate P0O33~ phosphite

NO,~ nitrite ClO2~ chlorite BrOs~ bromate

COs2~ carbonate S042~  sulfate BrO,~ bromite

103~ iodate S032~  sulfite Consonants = # of Oxygen
—_ - . 3_

10, iodite POy phosphate Vowels = Charge

2nd six-weeks

Difference in

ClO4~ perchlorate 10~ hypoiodite Oxygen from ATE
Cl0~™  hypochlorite BrO4~ perbromate Per ate 1
Ate 0
104~ periodate BrO~ hypobromite Ite -1
Hypo ite -2

3rd six-weeks

H,PO,~ dihydrogen phosphate HCO3~  hydrogen carbonate or bicarbonate

HPO,2~  hydrogen phosphate HSO4,~  hydrogen sulfate

4t gix-weeks

NH4* ammonium OH~ hydroxide

C2H302” or CH3COO™ acetate H;0* hydronium

5th six-weeks

MnO4~ permanganate Cr042~ chromate

CN- cyanide Cr,07%2~ dichromate

6th six-weeks

Acid Nomenclature

0,2 peroxide C4sH4062 tartrate Binary Hydro ic
. ate ic
S,052~  thiosulfate C2042" oxalate -
ite ous




Br-Based lons

BrO” hypobromite
BrO, bromite
BrO;- bromate
BrO, perbromate

Cr-Based lons

cro,2”  chromate
r,0,>  dichromate
I-Based lons
10 hypoiodite
10, iodite
I0; iodate
10, periodate
P-Based lons
PO phosphite
PO, phosphate
HPO,>”  hydrogen phosphate
H,PO,  dihydrogen phosphate
Other lons
CN” cyanide
0, peroxide
MnO,  Permanganate

82
Polyatomic lons

C-Based lons
05>
HCO;
C3H50; or CH;CO0
C4H4O06>

0,7

Cl-Based lons

clo’
clo,
clos

clo,

N-Based lons

NO>

NO;

NH,"

S-Based lons

50,2

50,%
HSO,

5,0,

Acid & Base lons

H;0™"

OH

carbonate

hydrogen carbonate or bicarbonate

acetate
tartrate

oxalate

hypochlorite
chlorite
chlorate

perchlorate

nitrite
nitrate

ammonium

sulfite

sulfate

hydrogen sulfate

thiosulfate

hydronium

hydroxide
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AP® CHEMISTRY EQUATIONS AND CONSTANTS

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

L, mL = Iliter(s), milliliter(s) mm Hg = millimeters of mercury
g = gram(s) J, kI = joule(s), kilojoule(s)
nm = nanometer(s) A\ = volt(s)
atm = atmosphere(s) mol = mole(s)
ATOMIC STRUCTURE
E = energy
E=hv v = frequency
¢=Av A = wavelength
Planck’s constant, 4 = 6.626 x 103*Js
Speed of light, ¢ = 2.998 x 108 ms~!
Avogadro’s number = 6.022 x 10> mol™!
Electron charge, ¢ = —1.602 x 10~'? coulomb
EQUILIBRIUM
c d
K. = [C]ai]b, where a A+bB =2 ¢cC+dD Equilibrium Constants
Al'[B
A] [ ] 4 K. (molar concentrations)
(o) (Bp)
K = ————— K, (gas pressures)
SENUNEGNS 0 :
A) UB K, (weak acid)
K = [H'][AT] K, (weak base)
¢ [HA] K
. ,» (water)
K, = [OH ][HB"]
[B]
K, = [H*][OH7] = 1.0 x 107% at 25°C
= Ka X Kh
pH = —log[H*], pOH = —log[OH]
14 = pH + pOH
— [A7]
pH = pK, + log [HA]

pK,=-logK,, pK, =-logK,

KINETICS

In[A], = In[A], = —kt

I S
(Al Al
0.693

l‘1/2=T

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



GASES, LIQUIDS, AND SOLUTIONS

PV = nRT
P,y = P % X5 Where X, =

PtOlLll=PA+PB+PC+"'

n=-22

M
K =°C +273
_m
D'v

KE per molecule = % mv?

moles A

total moles

Molarity, M = moles of solute per liter of solution

A =abc

pressure
volume
temperature

= number of moles

= Imass

S s k. ROUES TN
I

Gas constant, R =

molar mass
density

kinetic energy
velocity
absorbance

molar absorptivity
path length
concentration

8.314 J mol"'K~!
0.08206 L atm mol~! K™!
62.36 L torr mol~! K™!

I atm = 760 mm Hg = 760 torr
STP = 273.15 K and 1.0 atm
Ideal gas at STP = 22.4 L mol™!
THERMODYNAMICS /ELECTROCHEMISTRY g = heat
g = mcAT m = mass
¢ = specific heat capacity
AS° = ZS ¢ products — ZS ° reactants T = temperature
S$° = standard entropy
AH° = » AH{ products — » AH? tant
z £ procducts 2 g reactants H° = standard enthalpy
G° = standard Gibbs free energy
AG° = » AG? products — Y AG7 reactants
2 s P z s n = number of moles
E° = standard reduction potential
AG®° = AH° —TAS® _
I = current (amperes)
= —RTInK g = charge (coulombs)
= _nFE° = time (seconds)
q

1 =12
t

Faraday’s constant, /' =

1 volt =

96,485 coulombs per mole
of electrons

1 joule
1 coulomb
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