Calculations
In Chemistry

* * % X %

Module 27 — Kinetics: Rate Laws

Module 27 - Kinetics: Rate Laws
Lesson 27A:

Lesson 27B:

Lesson 27C:
Lesson 27D:

Lesson 27E:
Lesson 27F:

Lesson 27G:
Lesson 27H:

Lesson 271:

................................................................................ 773
Kinetics Fundamentals ............cccocooiiiiiiiiiiiiicccccccces 771
Rate LaWS ..ot 778
Integrated Rate Law --Zero Order............cccccociiiniiiciiiiiininiiiccieicccaes 787
Base 10 Logarithims ..........cccccceciviniiiiiciiiiiciccciceceeeeeeeee s 795
Natural Log Calculations ............cccccciiiiiiiiiiiiiiiiccccccee 804
Integrated Rate Law -- First Order ..........ccccoceeiiiiiiiiiiniiiiciccee 812
Reciprocal Math ......c.cocoivieiniriciiciieirceeectreeeeeere e 822
Integrated Rate Law -- Second Order ...........ccccccouviiiiiiiiniiiiiiiiice, 828
Half-Life Calculations ...........cccceiiiiiiniiiiiniiiicccccccces 835

For additional modules, visit www.ChemReview.Net
i

©2009 ChemReview.net v. 2e


http://www.chemreview.net/

Module 27 — Kinetics: Rate Laws

Module 27 — Kinetics: Rate Laws

Prerequisites: It will be helpful if you have completed Module 20 - Graphing before this
module.

* * k% % %

Lesson 27A: Reaction Rates

Introduction to Reaction Rates

In most chemical reactions, for the reaction to take place, the reactant particles must collide.

As the temperature at which a reaction is run increases, the reaction nearly always occurs at
a faster rate. Why? If reactant particles are at higher temperatures, they are traveling faster
on average, and they have higher average kinetic energy on average. This means that when
they collide, at higher temperatures they hit harder, and when they collide with higher
energy they are more likely to react.

Reactions also proceed faster when the reactants are at higher concentrations in solvents or
in gas mixtures. Why? When the particles are more concentrated, they collide more often.

Kinetics
Reaction kinetics includes the study of
e the speed (the rate) of chemical reactions;

e the mechanism of chemical reactions: the “intermediate” particles that form in the
transition from reactants to products; and

e reaction energetics: how much energy is needed to form intermediates, and how
reaction rates are affected by temperature.

Why is kinetics important? We would like to speed up certain reactions that are important
to society, such as the

¢ Dburning of gasoline in internal combustion engines, so that incompletely burned
combustion products do not escape into the environment; and

e converting graphite (pencil lead) into “industrial diamonds” for drills and cutting
tools.

Other reactions, we would like to slow down, such as
e the conversion of the iron in steel to iron oxide (rust), and

e the decay of ozone (O3) in earth’s upper atmosphere, which protects life forms from
the harmful elements of solar radiation.

Kinetics helps in understanding, and potentially controlling, these processes.
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Definitions

A rate is a change in a quantity per unit of time. A rate is a ratio that always has a time unit
in the denominator.

e Speed (or velocity) is a measure of how fast an object is moving: the rate of change
of position per unit of time, in units such as miles per hour or meters per second.

e An interest rate is the percentage of a loan amount you must pay, per month or per
annum (per year), in addition to re-paying the principal.
The rate of a chemical reaction measures how fast the reactants are used up, and/or how
fast the products are formed.

A reaction mechanism breaks down an overall chemical reaction into individual steps,
identifying the temporary particles that form in the transition from reactants to products.

The rate of a reaction is determined by the slowest step in the mechanism: the rate-
determining step. Rate-law equations measure the characteristics of the rate-determining
step of a reaction.

Catalysts are substances that cause a reaction to go faster, but are not used up in the
reaction.

e Metals such as platinum and palladium are used in a car’s catalytic converter to
help ensure that incompletely burned gasoline reacts with oxygen.

e Enzymes are biological catalysts: carbon-based molecules that regulate living
processes.

Average and Instantaneous Reaction Rates

In chemical reactions, the rate at which one reactant is used up, or one product is formed, is
defined as the rate of change of the concentration of the reactant or product.

Rate = changein [A]

change in time

For most reactions, a graph of the concentration of a reactant or product ([A]) versus time
will produce a smooth curve (an exception is the zero-order reaction, discussed below, for
which the graph is a line).

Two types of reaction rates are the average rate and the instantaneous rate.

e The average reaction rate between two times t; and t, is defined as

Average Rate = changein[A] =_A[A] = [Ab—[Al
change in time At th—1t

This equation must be memorized.

On a graph [A] versus time, the average rate will be the slope of the line between
the two points (t1, [A]7) and (tp, [A]>).
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e The instantaneous rate is, in the notation of calculus, d[A]/dt, the rate at a specific
time t. Ata given time, the instantaneous rate can be calculated by graphing

measurements for [A]

. . 0.12
versus time, drawing a

line tangent to the
curve at the time, and
calculating the slope of
the tangent line.

0.1+

0.08 ~

For most reactions, the two

slopes, representing the values X, 0087

for the average rate between

two close points, and the 0.041 .~
instantaneous rate at a time i
half-way between the two 0.02 1

points, will be close but not the

same. 0 w w w w w

——DATA
— Average Rate

- -Instantaneous
Rate

Average Rate Calculations

10 20 30

40 50 60

Time (Seconds)

To calculate an average reaction rate from concentration versus time measurements:

1. Select the two measurements of concentration versus time to be averaged.

2. Assign the lower time to be t{, and
3. Apply the average rate definition:
Average Rate = change in [A]

A[A] = [Alp—[A]l

change in time

Use those steps on the following example.

At h—t

Q1. For the data at the right, calculate the average rate of the
reaction for the time between three and five minutes.

(When you come toa *

* * *x * [ine, cover below the line

and answer the questions above the line in your notebook.)

* * *x *x %

Assign tq to be the lower time: 3.0 min. [A]g is then 0.275 M.

Using the equation for average rate:

Average Rate = _A[A] = [AL—[Al1 = 0215M— 0275M

At

©2011 ChemReview.net v. 2z

th—1t 5.0 min. — 3.0 min.

Time [A]

0 0.500M
1.0min. | 0395 M
20min. | 0.325M
3.0min. | 0.275M
40min. | 0.240M
5.0min. | 0.215M

= | —0.030 _mol
L * min.

Page 775




Module 27 — Kinetics: Rate Laws

Note about this result:
1. The negative sign for the rate reflects that [A] is decreasing with time.

2. The units can be written in several equivalent ways.

M =Memin~1l= mol ¢ 1 = mol = mol * L1 ¢ min. 1
min. L min. L ¢ min.

Follow the math from step to step between these equivalent forms.

3. Note the similarity between the equation for average rate between two times and the
formula for the slope of a line on a graph:

m=slope=_rise = changeiny = Ay = Y271
run change in x Ax Xoy = Xq

The equation for the average rate between two times matches the form of a slope
formula in which the x values are always time values.

The average rate of a reaction is the slope of a line between two points on a graph
that represent the concentrations plotted at y; and y, at times ¢; and ¢, plotted on
the x-axis.

Practice A
1. State two ways to speed up the rate of a reaction.

2. For the reaction A + 2B - 2C, the average rate of reaction of A is —1.50 x 107> M * s™1

during the first 2.00 minutes of the reaction. If [A]=0.240 M after 2.00 minutes, what
was the initial [A]?

Rates of Disappearance versus Appearance

If the balanced equation for a reaction is known, and the rate at which any one of the
reactants is used up or products form is known, all of the rates of disappearance of
reactants and appearance of products can easily be calculated. The coefficients of a
balanced equation supply the simple whole-number ratios needed for these calculations.

Try applying that rule to the following example.

Q. The Haber process uses nitrogen gas (isolated from air) and hydrogen gas (which
can be produced from water) plus catalysts and energy to produce ammonia.
Ammonia can be converted to fertilizers that improve food production.

The Haber process reaction is: Nz( g) +3 Hz( g) > 2 NH3( g)

At a time when the nitrogen gas is reacting at a rate of 0.060 M/s,
a. What is the rate of reaction of the hydrogen gas?

b. What is the rate of ammonia formation?
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Solve, then check your answer below.

* * % *x %

a. For every one Ny molecule used up, three Hy must be used up, so the rate of change
in hydrogen gas concentration is: (—0.060 N> M/s) x (3 Hyp/N») =—0.180 H, M/s.
Note that though a rate of disappearance can be labeled as positive, what is measured
rate equations is a rate of change in concentration, so that in calculations, a rate at
which substances are used up must be assigned a negative sign.

Try Part B.

* * % *x %

b. For every one nitrogen molecule used up, two ammonia molecules must be formed.
The rate of ammonia formation must be 0.060 M/s x 2 =+ 0.120 M/second .

Practice B: Check your answer after each part. Time [N7Os]
1. The gas dintrogen pentoxide decomposes to form nitrogen 0 0.200 M
dioxide gas and oxygen gas. The balanced equation is 1.0 min 0141 M
2Ny05 > 4NO + 10 20min. | 0.100 M
Measurements of [NyOs] are recorded at the right. 3.0 min. | 0.0707 M
a. Calculate the average rate of reaction of NpO5 during the 4.0 min. | 0.0500 M

first three minutes of the reaction.

b. Calculate the average rate of oxygen gas formation during the first three minutes of
the reaction.

c. Calculate the average rate of NO, formation between 2.0 and 4.0 minutes.

ANSWERS

Practice A

1.

Increase the temperature at which the reaction is run or increase the concentration of one or more of the
reactants.

WANTED: Initial [A] , which in symbols is [A]q , the concentration of A at time = 0.
The problem provides the average rate, and the average rate equation is the only one we know so far.
Average Rate = OA] = [A—[Al{ = —150x10—3M+s—
At th —t4
DATA: [A]p=0.240M [A]4= [Alp=? tp =2.00 min.=120.seconds t{ =0s

The rate constant uses seconds, but the data includes minutes. In equations, the units must be consistent.
The easier conversion is to seconds. If needed, adjust your work and complete the calculation.

* * % *x %
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SOLVING in symbols first: ? = [Alg = [Alf = —{( —150x 103 M+s~) (ty—t{)— [Alp } =
=—{(—150x10~3M+s=1) (1205)—0.240 M} =—(—0.180 M —0.240 M) = 0.420 M = [A]

Practice B
la.  Average Rate = AN20s] = [NoOslp — [N2Osly = 0.0707M— 0.200M = | —0.043 _ mol
At ty—1t4 3.0 min. — 0 min. L « min.

1b.  For every two NoOs used up, one is Oo is formed.

Average Rate of Op formation = —0.043 M /min.x 1/2 = |+ 0.022 M/min.

1c.  The only data available during that time period is for NoO5 being used up, but if we know that average
rate, we can use coefficients to calculate rates for the other reactants and products.

Average Rate = AIN2Os] = [N2Os]p — [N2Os]4 = 0,0500 M— 0.100 M = —0.025 mol N2Os
At th—1t4 4.0 min. — 2.0 min. L« min.

In the balanced equation, NO, is being produced at double that rate. Substances being used up should
be given a negative, and substances being formed a positive, rate of change in concentration.

(—0.025 M/min NoOg ) x2 = | +0.050 M/min. NO9

* 0k 0k K %
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Lesson 27B: Rate Laws

A rate law (also called a differential rate law) expresses how the rate of a reaction depends
on the concentration of reacting particles.

When studying the impact of a single reactant particle A on a reaction rate, the rate law
equation is

Rate= _A[A] = k[A]M
At

where k is the rate constant and n is an exponent that is termed the order of the
reactant.

The rate constant k is a number with units that will always be the same when a given
reaction is carried out at the same temperature. For most reactions, the rate constant will
change significantly even with a small temperature change. Typically, an increase in
temperature of 10°C will roughly double a reaction rate.

In a chemical reaction: A + B + C > D + E , the rate of the forward reaction will be
predicted by the rate law:

Rate = k [A]™[B]°[C]P
where the exponents n, o, and p are the order of each reactant. If each exponent and the
rate constant k can be calculated, a complete rate law for the reaction can be written.

To understand the mechanism of a chemical reaction, the first step is to “determine the
form of the rate law” by determining the order (the exponent) for each [reactant] in the
rate-law equation.

Zero Order Reactants

If the exponent in a rate equation is zero (n = 0) for a reactant, the reaction is termed
zero order for that reactant, and the rate equation is: rate = k[A]? =k (anything to the
zero power equals one).

If a reaction has only one reactant, and that reactant is zero order, the reaction proceeds
at a constant rate: the rate does not depend on the concentration of the reactant.
Reactions where the rate is determined by a catalyst are often zero order.

First Order Reactants

For a first-order reactant, n =1, and rate = k|A]! = k[A] . The rate of the reaction is
directly proportional to the concentration of A: if the reactant concentration is doubled,
the reaction rate is doubled.

The decay of radioactive isotopes is one type of process with first-order kinetics.

Second Order Reactants

For a second-order reactant, n = 2, and rate = k[A]? . If the [reactant] is doubled, the
reaction rate will be four times as fast.
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Summary: Commit this chart to memory.

Order Zero First Second
Rate Law rate = k[A]0 =k rate = k[A]l = k[A] rate = k[A]2
When [A] doubles: rate stays same rate doubles rate quadruples

In a rate law, the value of the exponents is not determined by the coefficients of the
balanced equation. The order (the exponent) for each reactant must be determined by
experiment.

Three methods that can determine the order for a reactant are:
e Varying the reactant concentration, and analyzing the initial rate of the reaction;
e Arithmetic analysis of how the reactant concentration changes with time; and
e Graphical analysis of how reactant concentration changes with time.

Let’s consider these one at a time.

Finding the Order: Concentration versus Initial Rate

When determining the order of a reactant by varying its concentration, the initial rate of
the reaction is measured: the rate just after the reaction begins, when very few of the
products have been formed.

Why measure the initial rate? In theory, all chemical reactions are reversible: a reaction
that goes forward can go backward. In practice, some reactions go forward and backward
easily; the reversible color change of an acid-base indicator is one example. Other reactions
strongly tend to go only one direction: most “burning” goes strongly to completion.

Analysis of reaction-rate data can be difficult if a reaction is going both forward and
backward, but for a reaction to go backward, the products must exist. After reactants are
first mixed, when not much of the products have been formed, the reaction is going
forward far more than it is going backward. This simplifies kinetics calculations.

Use the characteristics of zero-, first-, and second-order reactants to solve this question.

Q. For the reaction: A - B, based on the Expt. [A] Initial Rate (mol/Ls)
data at the right,
a. determine the order of A. 1 020 M 1.3x10™4
b. Write the rate law. 2 040 M 26x104
* * * * %
Answer 3 0.60 M 3.9x104

a. The data shows that in Experiment 2, [A] is doubled compared to Experiment 1, and
the reaction rate doubled as well. Comparing Experiment 3 to Experiment 1, when
[A] was tripled, the reaction rate tripled.

This reaction fits the definition of “first order in A.”

b. The rate law is: Rate = k[A], where the exponent of [A] is one.
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Try one more example.

Q. For the reaction: C > D, the

Expt. [C] Initial Rate (mol /L s)
data at the left is collected.

a. Determine the order of C. 1 0.10 M 1.0 x 104

b. Write the rate law. 2 020 M 40x10—4

c. Using the results of Expt. 2
and the rate law, calculate a 3 040 M 16.0 x 104

value for the rate constant (k).
* * *x *x *
Answer

a.  In Experiment 2, the [C] is doubled compared to Expt. 1, and the reaction rate
quadrupled. Comparing Expt. 3 to Expt. 1, when [C] is four times higher, the
reaction rate is 16 times higher. This reaction is “second order in C.”

b. This behavior fits the rate law: rate = k[C]?2.
If needed, adjust your work and then try Part C.

* * % *x %

C. Since k is a constant in the rate law equation, data from any one of the three
experiments, substituted into the rate law, should give the same value for k.

Solve Rate = k[C]? for k in symbols first, then substitute data from Expt. 2 in the
chart above.

* % * * %
k =Rate =4.0x104 (mol/L*s) = 4.0x10™% mol ¢ 12 = |1.0x102 L
[C]? [0.20 mol/L]? 0040 L-s mol? mol - s

Recall that in simplifying the units, when a fractional unit is in the denominator, it helps to
separate the fractional unit into a reciprocal, then invert the reciprocal (see Lesson 17C).

The units of the answer above can be written in several equivalent ways, including

L = 1 = M legl = [, emol~1 es1
mol - s M-s

Concentration versus Initial Rate for More Than One Reactant

In an overall chemical reaction: A + B + C - D + E , the rate of the forward reaction
will be predicted by the rate law equation:

Rate = k [A]"[B]°[C]P
The overall reaction order for the reaction is the sum of the reactant exponents.

For a reaction with more than one reactant, it is relatively easy to determine the order of
each reactant if, in a series of experiments, the concentration of each reactant is varied while
the other reactant concentrations are held constant.
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This is a key principle of experimental design: when multiple variables affect an outcome,
vary one and measure the impact on the second while holding the others constant.

Try this problem.
Q. For thereaction A + B > C, the data Exot (Al (5] Initial Rate
i i xpt.
at the right is collected. P (mol /L +s)
a. Determine the order of A and B.
b. Write the overall rate law. 1 010M | 0.10M 21x107°
c. Find the overall reaction order. 2 020M | 010 M 8.0 x 10—5
d. Using the rate law and Expt. 1 data,
find a numeric value and units for k. 3 020M | 020M | 16.1x10~°

* * % *x %

Answers

a. Comparing Experiment 2 to Experiment 1, [B] is held constant, while [A] doubles,
and the reaction rate approximately quadruples. Allowing for experimental error,
this indicates that the power of [A] is 2, and A is therefore a second-order reactant.

Comparing Experiment 3 to Experiment 2, the [A] is held constant, while the [B]
doubles, and the reaction rate approximately doubles. This fits the profile for B
being a first-order reactant.

b. What is the overall rate equation for this reaction? Rate = k[A]?[B]! = k[A]%[B].

c. The “overall reaction order” for the reaction is the sum of the exponents: 2 +1 =3.
The reaction is said to be “third-order overall.”

d. Since k is constant in all of the experiments, you can use data from any one of the
experiments to calculate k. Since Rate = k[A]J?[B], if we use Expt. 1 data:
k= _Rate = 21x107° mol/L+*s = 21x10°mol/L+s =
[AI?[B]  (0.10 mol/L)2 (0.10 mol/L) 103 mol3/13

=21x102 mol @ 13 =] 21x10"2 12
Les mol3 mol2+s

* 0k Kk Kk %

Relationships to Memorize

1. Average Rate = changein [A] =_A[A] = [Al—[AlL = slope between points

change in time At th—t1 (t1, [A]q) and (tp, [A]).
2. Order: Zero First Second
Rate Law: rate = k[A]0 =k rate = k[A]! = k[A] rate = k[A]2
If [A] doubles, the rate: Stays the same Doubles Quadruples

3.. Forreaction A + B + C - D + E, the rate-law equation is: Rate =k [A]™[B]°[C]P

4. Opverall reaction order = sum of the exponents in the rate law.
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5. Knowing the rate of disappearance or appearance for any one of the reactants or
products, coefficients will calculate the rates for the other reactants and products.

Practice A: Finding Order From Concentration versus Initial Rate

Answers are at the end of this lesson.

1. For the reac‘fion .X +Y > Z, the Expt X V] Initial Rate
data at the right is collected. . (mol /L +s)
a. Determine the order of X and Y. 1 0.25 M 010 M 10x 105
b. Write the overall rate equation. 5
c. Find the overall order for the 2 025M 0.20M 4.0x10
reaction. 3 050M | 0.10M 40x10~5
d. Calculate a value for k.
2. Forthereaction A + B 2> C, the Initial Rate
data at the right is collected. Expt. [A] [B] (mol /L +s)
Determine the order of A and B. 1 020M | 050M 3.5 x 105
b. Write the overall rate equation.
2 040 M 1.0M 14x10~4
c. Find the overall order for the
reaction. 3 0.40 M 0.50 M 14x104

Finding the Order Using Rate, Time, and Half-Life

The half-life of a reactant measures how much time is required for half of the reactant to be
used up.

In problems where the goal is simply to determine the order of a reactant from
concentration versus time data, the order can often be determined by half-life analysis.

Half Lives and Order

If sufficient data is available, the order of a reactant can be determined by estimating the
percentage of the original concentration remaining at a time equal to double the first half-life.

e For zero-order reactants: after the first half-life, half of the reactant is used up. Ata
time equal to double the first half-life, all of the reactant is used up. A zero-order
reactant is used up at a constant rate.

e First-order reactants have a constant half-life: the time for the second half-life is the
same as the first.

For first-order reactants: after the first half-life, half of the reactant is used up, and
half remains. At a time equal to double the first half-life, half of that remaining 1/2
is used up, and 1/4 of the original amount remains. After triple the first half-life, 1/2
of the 1/4, = 1/8th of the original amount remains.

©2011 ChemReview.net v. 2z Page 783



Module 27 — Kinetics: Rate Laws

e For second-order reactants: after the first half-life, half of the reactant remains. At a
time equal to double the first half-life, 1/3 of the reactant remains. At a time equal to
triple the first half-life, 1/4 of the original reactant remains.

For second-order reactants, the time to reduce 1/2 to 1/4 is twice as long as to
reduce the original amount by half; the second half-life is twice as long as the first.

Summary: memorize these relationships.

1 Order = Zero First Second
2 | Rate Law rate =k[A]0 =k | rate =Kk[A]l =Kk[A] rate = k[A]2
3 | If[A] doubles, the rate: Stays the same Doubles Quadruples
4 At double the. fi.rst ha?lf- None 259% 339

life, [A] remaining is:

To Use the “Double the First Half-Life” Method to Determine Reaction Order

If sufficient data is available:

1. Estimate the first half-life: the time required for one-half of the original [reactant] to be
used up.

2. Estimate what percentage of the original concentration is remaining at a time that is
double the first half-life.

3. Use the “double the first half-life” rules to determine the order of the reactant.

Let’s apply this method to a problem. Time [C]

Q1. For the reaction: C - D, time and [C] are measured as a 0 1.00 M

reaction proceeds. Based on the rules above, 10. s 0.71 M

a. estimate the first half-life of C in the reaction. 20. s 050 M

b. Determine the order of reactant C in the rate law, 30. s 0.35 M

*x * *x *x %

40. s 025M

Answer 50.s 017 M

The original concentration is cut in half after 20. seconds, so the first half-life of Cis 20 s.
Double the first half-life is 40 s. The [C] at 40 s is 1/4 (25%) of the original concentration.
This behavior fits: rate = k[C]1 = k[C]. This reaction is first order in C.

Try another example. Time [R]
Q2. For the reaction: R > S, [R] and time are measured. 0 0.200 M
a. Estimate the first half-life of R in the reaction. 50s 0.125 M
b. Estimate the [R] after double the first half-life. 9.0s 0.095 M
c. Determine the order of reactant R, 14 s 0.074 M
X ok ok ok * 18 s 0.063M
22's 0.054 M
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Answer

a.

The original concentration is cut in half, to 0.100 M, after about 8 s.

b. Double the first half-life is about 16 s. The [R] at about 16 s is about 0.069 M.

Is this zero, first, or second order?

* * % *x %

C.

Since 0.069 M/0.200 M = 0.345; about 34% of the original concentration remains
at double the first half-life, which is close to 33%. This approximately fits the

profile for a second-order reactant: rate = k[R]? .

In many problems, not enough data is provided to allow analysis at “double the first half-
life,” and this method cannot be used. In those cases, however, the reaction order can often
be determined by the graphical analysis methods that we will learn in the next lesson.

Practice B: Order From Concentration, Time, and Half-life

reaction proceeds.

a.
b.

C.

d.

1. For the reaction: X > Y, [X] and time are measured as a Time [X]
0 0.100 M
Estimate the first half-life of X in the reaction. 75 s 0.079 M
Determine the order in X. 50. s 0.065 M
Write the rate equation. 100. s 0.048 M
Calculate the average rate of the reaction during its first 150. s 0.038 M
100 seconds. 200.s | 0.032M
Which of these can be written as an answer unit for
part d? After each, write YES or NO.
1) M 2) Mes—1 3) mol eL™1 es—1 4) _mol
S L es
2. For thereaction: D > E, [D] and time are measured at the Time [D]
right. Write the rate-law expression. 0 0.050 M
3. For thereaction: A > B, Time [A] 25s 0.044 M
[A]‘and time are me'asured. 0 0.100 M 50. s 0.038 M
Write the rate equation. 100. s 0.025 M
1.0 hour 0.095 M i i
20hours | 0.090 M 200. s oM

3.0 hours 0.085 M
4.0 hours 0.081 M
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ANSWERS

Practice A: Order From Concentration versus Rate

1

a.

The rate of the forward reaction will be Initial Rate
predicted by the rate equation: Expt. X1 [Y]
(mol/L+s)
Rate = k [X]"[Y]P

1 025M | 010M 1.0x10~>
To find the order for X, choose two
experiments where the other variable [Y] is 2 025M | 020M 4.0 x 10~5
held constant while [X] is changed. In
experiments 1 and 3, [Y] is held constant. 3 0.50 M 0.10 M 4.0x10~>

Comparing experiments 1 and 3, [X] is doubled, and the rate goes up four times. This indicates that
the reaction is “second order in X;” the exponent of [X] in the rate equation is two.

To find the order for Y, choose two experiments where the other variable [X] is held constant while [Y]
is changed. In experiments 1 and 2, [X] is constant.

Comparing experiments 1 and 2, [Y] is doubled, and the rate goes up four times. This indicates that
the exponent for [Y] is 2, and the exponent of [Y] in the rate equation is two.

The overall rate equation is: Rate =k [X]2[Y]2
The overall order for the reaction is the sum of the exponents: 2 + 2 = 4.

Since k is constant, you can use the rate law with data from any one of the experiments to calculate k.
Solving Rate = k [X]2[Y]2 for k, if we use data from Experiment 3:

?=k=_Rae = 4.0x10~ mol/L+s = 40x109mol/L+s =
[X12[Y]2 (5x 10— mol / L)2 (1 x 10— mol / L)? 25x10—4 mol4 /L4
= 016x10~" _mol e L4 ={16x1072__ L3
Les mol4 mol3« s

The _rate of the forward reaption will be Initial Rate
predicted by the rate equation: Rate =k Expt. [A] [B]

- (mol / L+ s)
[A]"[B]
To find the order for A, choose two 1 | 020M | 050M 35x107°
experiments where the other variable (B) is 4
held constant: experiments 1 and 3. 2 040M | 10M 1.4x10
To compare the rgtgg more easily, rewrite 3 040 M 0.50 M 1.4 x10—4
the values of the initial rates so that they all

have the same exponential term. It is

easiest if you give all of the values the same exponential term as the smallest exponential term in the
series, and change the others (see Lesson 1B) to match the exponential of the smallest.

If you needed that hint, try the problem again.

* * % *x %
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For experiments 2 and 3, the rate becomes 14 x 10—,

Comparing experiments 1 and 3, [A] is doubled, and the rate goes up 14/3.5 = 4 ; it quadruples. This
indicates that the exponent of [A] in the rate equation is two (when the concentration goes up by a
factor of 2, the rate goes up by a factor of 2 squared). The reaction is said to be “second orderin A.”

To find the order for B, choose two experiments where the other variable (A) is held constant;
experiments 2 and 3.

From experiment 3 to 2, [B] is doubled, but the rate stays the same. This indicates that the exponent
for [B] is 0.

b. The overall rate equation is: Rate =k [A]Z[B]0 =k [A]2
c. The overall order for the reaction is the sum of the exponents: 2+ 0 = 2.

Practice B: Order From Concentration, Time, and Half-life

1. a. Theinitial concentration is reduced to one-half after about 95 seconds. Time [X]

b. Double the first half-life would be about 190 s. At that point, about 34% 0 0.100 M

of the initial concentration remains (0.034/0.100). After double the first 5 0.079 M
half-life, 0% remains if zero order, 25% if first order, and 33% if second S :

order. The data fit second order in X. 50. s 0.065 M
c. Rate=k[X]? 100.s | 0.048 M
Average rate = change in [X] per unit of time.  Set t; as the lower t value 150. s 0.038 M
(t=0). 200.s | 0.032M

Averagerate = A[X] = K~ Xy = 0.048 M — 0.100M = —0.052M = |— 52x10—4M
At th—1t 100s—0s 100 s S

e. Allare YES. All four forms are equivalent

2. a. Theinitial concentration has been cut in half after 100 seconds. Time [D]

Double the first half-life is 200 s. At 200 s, no D remains. This fits 0 0.050 M

behavior that is “zero order in D.”
25s 0.044 M

Rate =k [D]° =k - Y
.S .

Zero order in D would also mean a constant rate of change for [D].
Check: do the [D] numbers drop by about the same amount every 50 100.s | 0.025M

seconds? 200. s oM

3. Some problems will not offer enough data to get close to “double the first half-
life.” This is an example. Though [A] seems to be falling at a constant rate, which would indicate zero
order, zero and first order have similar rates initially. This problem does not provide enough data to use the
“double the first half-life” method, and at this point the rate equation cannot be determined.

* % * % %
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Lesson 27C: The Integrated Rate Law — Zero Order

Prerequisites: Lessons 27A and 27B. In addition, you will need to know the rules for
graphing in Graphing Module 20.

* % % % %

Two Forms of the Rate Law

In a chemical reaction: A + B + C > D + E , the rate of the forward reaction will be
predicted by the rate equation:

Rate = k [A]™[B]°[C]P

In the previous lesson, the rate constant and the order of the reactants was determined by
measurements of the concentration of each reactant versus

e the initial rate of the reaction, and

e the concentration at a time that is double the first half-life.

A third method of determining the rate law is to graphically analyze the measurements of
concentration versus time.

The rate law above uses concentration and ratfe as variables. To calculate a rate law
graphically, the rate laws are stated using concentration and time as variables.

To begin, commit the following chart to memory.

Rate Law Summary

1 Order »> Zero First Second
2 | Differential Rate Law rate = k[A]0 = k rate = k[A]1 = k[A] rate = k[A]?
3 | If[A] doubles, the rate: Stays the same Doubles Quadruples
4 At double the. fi.rst he.\If- None 259% 339%
life, [A] remaining is:
1 =+kt + 1
Aly=—kt+[A In[A]¢ = —kt + In[A = =
5 | Integrated Rate Law | [Al¢ [Alo [Al¢ [Alp [Al; [Alo

In the chart:

e The Row 2 equations are usually called the rate laws, but the more proper term, to
distinguish them from Row 5, is the differential rate laws. In calculus, the
instantaneous rate is defined in terms of the differential d[A]/dt.

e Row 5 is termed the integrated rate laws because those laws can be obtained by
integrating (using calculus) the form of the rate law in Row 2.

¢ In the differential rate laws, concentration and rate are variables. In the integrated
rate laws concentration and time are variables.

e The In in the first-order integrated rate law represents the natural logarithm; and

e [A]p represents the initial concentration of a reactant, the concentration at time = 0.
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The two rate equations in each column are mathematically equivalent: the differential and
integrated rate laws for each order are the same relationship stated in two different ways.

Since the Row 2 equations are more simple, why bother with Row 5? Row 5 has one
advantage: all three of the Row 5 equations are in the form y =mx + b, which is the
general equation for a line.

(The zero- and first-order differential-rate laws can be matched to y = mx + b, but the
second order rate law is in the form y = mx2, which is algebraically quite different. The
form y = mx + b fits all three of the integrated rate laws.)

Let’s briefly review the rules for the equation for a line.

Analyzing Linear Data

When values of x and y are graphed in Cartesian (x,y) coordinates, if the points fall on a
straight line, the data will fit the equation y = mx + b . In this equation,

e yand x are variables, and m and b are constants.

e m is the slope of the line. A line has a constant slope; m will have the same value
between all points on the line. If m is positive, the slope of the line is up (/); if mis
negative the slope is down (\).

e To calculate m, memorize: m =slope =_rise = changeiny = Ay = Y27
run changeinx Ax Xy —Xq

e Db is the y-intercept: the value of y when x = 0, which is the value of y when the line
crosses the y-axis. b will be positive if a line crosses the y-axis above the origin of
the graph and negative if the line crosses below the origin.

¢ Once the value of the slope is calculated, b can be calculated by substituting into
y =mx +b for any data point on the line.

¢ While m and b have constant values in the equation for a line, y and x can change.
If a value is chosen for either y or x, and the values for the constants m and b are
known, the equation y = mx + b can be solved for the other variable.

o If the values for any three of the terms y, m, x, and b are known, the equation can be
solved for an unknown fourth term.

Practice A: Answers are at the end of this lesson. If you are unsure about an answer,
check after each part. If you need additional help with this topic, see Module 20.

1. If graphed data fits the equation: y =mx + b
a. What ratio will be constant between any two points?

b. What formula is used to calculate slope?
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2. Using the data at the right, with °C values on the x-axis, °F °C
Calculate the slope between any two points. Include units. —40. —40.
b. Calculate the slope between any other two points. 32 0
c. Are the slope results consistent with the equation 68 20.
y=mx +b? Why or why not? 122 50.
d. Substituting the variable symbols in the data, write the 212 100.

equation for the line.
e. What is the numeric value and unit of m ?

f. Using the equation, the m value, and any x and y value in the data table, calculate
the y-intercept.

g. Write the equation for the line, substituting both the symbols for the y- and x-axis
variables and the numeric values and units for the two constants.

h. Test the equation. Picka °C value from the table that you have not used in your
calculations. Plug that °C value into your Step g equation and calculate a °F.
Compare the calculated °F to the actual °F in the table at that “C.

i. Starting from the data table, what were you able to accomplish by the steps above?

The Zero-Order Integrated Rate Law

Compare the zero-order integrated rate law:  [A]= —kt + [A]p

mx + b

to the equation for a line: y
The two equations have the same form:

e Like y and x, [A]t and t are variables: quantities that are varied to study the rate.

e [A]pis constant: the [A] at the start of the experiment (when t = 0).
e —kisa constant. Its value is minus the rate constant for the reaction.

If data for [A] and t obey the zero-order rate law above, then

e A graph of must be a straight line; and
e A value for k can be calculated from the slope of the graph of .

e The slope of the line (a constant) must be equal to minus the rate constant k;

Once k is known at the temperature conditions of the reaction, a complete rate law,
including values for the constants, can be written. Whenever the reaction is run at that
temperature, that rate law can then be used to predict [A] at any stated t, or to predict the
time when [A] will reach a certain value.

This fulfills a central purpose of science: to develop equations that accurately predict
results of a process under a variety of conditions.
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Calculating the Slope to Find the Rate Constant

To practice using rate laws, let’s go back to data from the previous lesson that we thought
might be zero order and apply graphical analysis.

Q. For thereaction: D = E, measurements of [D] and time Time [D]
are recorded at the right. 0 0.050 M
Do the following steps. 25 0.044 M
a. Assuming the reaction is zero order in D, write the 50 s 0.038 M
differential and integrated forms of the rate law for this
100. s 0.025 M
reactant.
. x o x % 150. s 0.013 M

Differential Rate Law: rate = k[D]0 =k
Integrated Rate Law:  [D]¢ = —kt + [D]g

b. Match the symbols in the zero-order integrated rate law to the symbols in the
equation for a line.

y=
m=
x=
b=

* * * *x *

The zero-order integrated rate law: [D]y = —kt + [D]p
The equation for a line: y = mx+ b

y = [D]¢ = the variable concentration of D at a variable time t

m= —k = aconstant = minus the rate constant
x= t = time, a variable
b= [D]p = 0.050 M = the concentration of D initially, att =0.

c¢. What data plotted on y and x will result in a straight line with a slope = —k ?

*x * * *x *

When y = mx+b, a graph of will be a straight line with a slope m.

For this data, plotting [D] on y and t on x should result in a straight line with a
slope=m= —k

d. Graph the data in the table above that should result in a straight line. Either use a

graphing program or use your own graph paper and the “graphing by hand” rules
in Module 20.

* * % *x %
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Your graph should look
similar to the graph at the [D] versus time
right. 0.05
The straight line means that 0.04 ‘\\
the data fits the behavior o N
expected for a zero-order 2003 ~
reaction. < 002 T~
]
e. Calculate the slope between two - 0.01 e
widely separated points on the
line. 0 '
0 50 100 150
seconds

* * *x *x %

The calculation below uses the two points at the left and right sides of the plot.

However, the value for the slope should be the same no matter which two
points on the line are used to calculate the slope. On a straight line, the slope
between any two points is the same: a constant.

Setting xq = t; = 0 s (the lower time), y; will then = 0.050 M.

m =slope = rise= Ay =Y27 Y1 = 0.013M—0.050M = —0.037 M =
run Ax  xp—xq 150s—0s 150 s

= | —25x10~% Mss |

f. The graph is consistent with [D]¢ = —kt + [D] ; the integrated rate law equation for
a zero order reactant.
If the values of the two constants —k and are [D]j are known, the integrated rate
law can be used to make predictions about [D] and t.

Find the numeric value and units of the rate constant in the integrated rate law that
fits this data.

* * % *x %

The integrated rate law is: [D]l¢= —kt + [D]p
and the equation for a line is: y = mx+b
m=—k, so |[k=—m =+ 25x10~4moleL1.5~1

Write the value of [D]g that can be substituted into the integrated rate law for the
data above.

SAl

* * % *x %

[D]p is the [D] in the data at time = 0 seconds, so [D]g = 0.050 M

h. Write the integrated rate law, substituting the numeric values of the two constants
found above in place of the symbols for the two constants.

* * % *x %
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[D]; = —kt + [D]g . | [D]g = — (+2.5 x 10—4 mol/L * s)( t) + 0.050 M

g. Test the equation: plug in data for a time in the data table that was not used to
calculate the slope. See if the equation predicts the [D] in the data at that time.

To match the answer below, use t = 50 s.

X ok x %
Use [D]g=—(25x10~%mol/L+s)(t)+0.050 M.
Att=50s,
=—(25x10~4mol/L+s)(50 s) + 0.050 M =— (12.5 x 103 mol/L) + 0.050 M
=—(0.0125mol/L) + 0.050 M = 0.0375M = 0.038 M

which agrees with the data in the table at t = 50. s. The integrated rate law, with its
constants added, correctly predicts the experimental result.

* 0k Kk 0k %

Summary: Use these steps to calculate the constants for a zero-order-rate equation
from experimental data.

1. Write the zero-order integrated rate law: [A] = —kt + [A]p
and, under it, the equation for a line: y = mx+b

2. Graph the values of y and x in the data table for the experiment. If the data
points fall close to a straight line, the data fit the prediction for a reactant that is
zero order in A.

3. Calculate the slope for two widely separated points on the graph.
m = Ay/Ax = A[A]/At

3. Write the equation that explains and predicts the data.
Use the slope (m) to write a value for k.

b. Write the zero-order integrated rate law substituting numeric values in
place of the symbols for the two constants: k and [A]y.

c. Test the rate law: pick an unused time from the data table, plug that time
into the rate law, and see if the equation predicts the [A] that is in the data
at that time t.

d. If yes, the data is consistent with a zero-order reactant.

If no, and if the graph was a line, check your values for k and [A].

* % % % %
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Practice B. Use the steps above for these calculations.

1. For the data at the right, Time [A]

a. Graph the data, putting the independent variable (see 0 0.500 M

Lesson 19C if needed) on the x-axis. 10min. | 0460 M

b. Does the data fit the prediction for zero-order in A? Why 25 min. | 0400 M

or why not? X
3.5min. | 0360 M

c. Calculate the slope between two widely spaced points of

data. 5.0 min. 0.300 M

70min. | 0.220M

d. Write a rate law that fits the data. Include values and
units for the two constants in the rate law.

e. Test your rate law: see if it correctly predicts [A] at
t =3.5 min.

2. If experimental data fits the linear equation In[A] =—kt + In[A],

a. What values would be plotted on the y-axis, and what on the x-axis, to produce the
graph of a line?

b. What term in the equation above would be the y-intercept?
What ratio would be constant between any two points?

d. What is the relationship between k and the slope?

ANSWERS
Practice A

la. If y=mx + b, constant ratio? The slope: Ay /Ax

m=slope=_rise_= changeiny - aAy = YoV
run changeinx  Ax Xo — X4

m=slope=rise = Ay = AF = R °F 'C
run AX A°C °C2— °C1 —40. —40.
2 a. Using the 2" and last points, setting x4 as the lower x number, 32 0
m=_T2~F1 = (22— 3)°F = [180 FrC =m 08 20.
212 100.
b. All slopes should calculate to the same result.

c. y=mx+b is the equation for a line, and a line has a constant slope, so two equal slopes are
consistent with the equation for a line.

d. Equation for line: F= (m)(°C) +b
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See Part A answer: m= {1.80 °F/°C

Since y=mx + b , if we choose the easy case, in whichx="C=0°C, y =°F=32"°F,

Substituting into the rate law: 32 °F=(m)(0)+ b,so| 32°F= b |

“F= (1.80 °FI'C)°C + 32°F |

Ifwe choose 50°C, ‘F= (1.80°F/°C)(50°C)+ 32°F = 90'F + 32°F =| 122 °F |
In the data table, 50°C = 122°F . The equation correctly predicted the °F result.

You were able to derive an equation which explains the numbers in the table and predicts results for
measurements not in the table. In science, that’s considered “cool.”

The above relationship is generally remembered as ‘F = 9/5(°C )+ 32 which matches the equation
for the DATA developed above.

Practice B

la.

1b.

1c.

1d.

The independent (more

controlled) variable in this [A] versus time

experiment is the time at 0.5 4
which the measurements P~
were taken. 0.4 7 \"\\,\
= ~—
Your results should be similar 2 031 T
to the graph at the right. The £ 02 T
points fall close to a straight <
line. 0.1
If the points on a graph of [A] 0

versus time fall close to a
straight line, the data fits zero
order behavior.

minutes

If you use any two widely spaced points, your answer should be close to the slope found below.
If the points chosen are at the left and right sides of the graph above,
Atx4 =ty = 0 minutes (the lower time), y; =0.500 M

Estimating that at xo = t, = 8 minutes, y, = 0.18 M.

m=rise =Ay = Y27Y1 = 0.18M—0.500M = —0.32M =0.040 M/min. =
run - Ax Xy —Xq (8.0 —0) min. 8.0 min. =‘—4.0x10_2 M/min.

Since the slope is constant,
o the data is consistent with the equation y=m x + b , and since y = [A] and x = time for the graph,

o the data is consistent with the zero-order rate law: [A]¢=—kt+[A]g where

k (the rate constant) = —m = minus the slope; so k = ‘+ 4.0x10—2 M/min ‘ ,
and [A]p = the [A]in the data att =0, which is 0.500 M,. Since [A]¢=—k t + [A]g :
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the proposed specific rate law is | [Aly = —(+4.0x10—2 M/min)(t) + 0.500 M

Te. [Af = — (+4.0x10—2 Mimin)(t) + 0.500M =

— (+4.0x10—2 M/min)(3.5min.)+ 0500M =

— 14x10—2 M+0500M = — 014 M+ 0.500M = | 0.36 M |

This calculated [A] matches the data at t = 3.5 minutes. The proposed rate law works.

2a. This equation is linear: In[Alt = —kt + In[A]g
because it matches the form y = mx+ b
For linear data, the plot of y versus x is a line, so for the specific equation above, | In[A] vs.t | plots
as aline.

2b. The y-intercept? b = In[A]g
2c. Constant for a line, in general: Ay / Ax;

For this specific equation: m = slope =_rise = A_y = An[A] = In[A]2—In[A]1
run  Ax At th—1t

2d. k=—m (or m=—k)

* 0k Kk Kk %

Lesson 27D: Base 10 Logarithms

Prerequisites: Lessons 1A to 1C only.

Timing: This lesson must be done before first-order-integrated rate law calculations, but it
may be helpful at any time that base 10 logarithm calculations are encountered in science
classes.

Pretest: If you think you know this topic, try the last 4 calculations in Practice C at the end
of this lesson. If you can do those calculations, skip the lesson.
* % % % %
Logarithms
To solve first-order integrated rate law calculations, it will be necessary to
e Take the natural log of numbers, and

e Convert natural logs to numbers.

To do so, you will need to calculate using the In function and the number e. Let’s review
the rules for powers and logarithms.

As always, on the problems below, cover the answers below the* * * * *]line and write
your answer the questions that are above the line.

I. Numbers, Bases, and Exponents

Any positive value that is written in fixed-decimal notation (as a regular number) can
be expressed as a number (a base) to a power.
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For example: Computer science often calculates in base 2,
such as 1,024 = 210 | and (fill in the blank) 24 =

* %X % % *
24=2x2x2x2= 16.

However, values can be represented by any base to any power. Using your calculator,
convert this base and power to a fixed-decimal number:

3.527 = (Use the calculator that you will use for quizzes and tests.)

* * % *x %

e A standard TI-type calculator might use: 3.5 2.7 E|
e On a graphing calculator (if allowed), try: 3.5|" 2.7
e Onareverse Polish (RPN) calculator, try: 3.5 2.7

Write or circle a key sequence that gives a result of 29.4431...

A primary goal of science is to discover relationships that explain how our universe
works. Those relationships are often most simply expressed as equations that include
base e. Calculations involving these relationships may be done in both base 10 and
base e, but base 10 is more familiar, and the rules are parallel for all bases, so let’s
consider base 10 calculations first.

Powers of 10

Numeric values can be expressed by a variety of methods: as fixed-decimal numbers,
as exponential notation, or as a number to a power. In scientific calculations, we often
express numeric values as 10 to a power, where the power can be either an integer or a
number with decimals.

For example:
102 = the fixed-decimal number 100 and 103 = the number

Without a calculator, estimate the value of this number: 102-5 =

* * * *x *

100 =102 < 1025 <103 =1,000; half-way between 100 and 1000 is 550..., but the
answer is sure to be “somewhere between 100 and 1,000.”

Now, use a calculator to get an exact answer. 102> = what number?
*x * *x *x %

¢ On astandard TI-type calculator, you might try: 2.5
and/or 10 25 E| and/or 2.5 2" or INV log|. Try all three.
e On a graphing calculator, you might try: 10 2.5

e On an RPN scientific calculator, try: 2.5

Circle or write down a sequence that makes sense to you and gives this result: 316
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Compare 316 to your estimate. They should be close: maybe off by 2 or 3 times, but
not off by a whole decimal place or power. Most errors in your operation of a
calculator will be caught if you use the rule: “estimate, then calculate.”

On sf/rounding: When converting between numbers and exponentials or logarithms,
the statistical justification for significant figures breaks down. We will add a
systematic rule when we study acid-base pH. Until then, we will use these rules:

e If an exponent is a whole number, assume math rules and exact numbers.
e If an exponent has a decimal, round answers to 3 significant figures.

Q. Use your calculator key sequence tested above to convert these powers of 10 to
values in scientific notation.

If you are unsure about an answer, check it below before doing the next part.

a. 1023.7798 = (estimate): (calculate):

b. 10—3.9 = (estimate): (calculate):

* * * *x *

Answers

a. 1023.7798 = 6,02 x 1023

Note how your calculator displayed the exponent. You will need to translate the
calculator display into scientific notation when writing answers.

b. 10—39=126x10—"4
To enter a negative number, usually a or key must be used.

¢ On astandard TI-type calculator, try: 3.9
e Onan RPN calculator, try: 3.9 [+/-] |enter | |10X

Checking Powers of 10

One outcome of the estimation logic above is this rule that can be used to check values
expressed as powers of 10:

When a value expressed as 10 to a power is compared to the same value written in
scientific notation, the exponents of each 10 must be within +1 of each other.

Note how the rule applies to the answers to the two problems above.

Using your calculator, check that rule on these.

a. 1007 = (in scientific notation): (exponents +17?)___
b. 10797 = (in scientific notation): (expos £17?)
c. 10713:2= (in scientific notation): (expos *17?)
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* * % *x %

a. 1067= 501x100 . (expos*1? 6.7and 6= v)
b. 10797= 2.00x10"10 (expos £1?) v/

c. 107182= 631x10714 (expos+1?) Vv

Practice A: Use the calculator that you will use on tests. Answers are at the end of this

lesson.

1. 10%165 = (expos+17?) ____
2. 107165 = (expos+17?)__
3. 1022= (expos+17?)
4, 10117 = (expos+17?)__
5. 10707 = (expos+17?) __

III. Logarithm Definitions

In words, we will define a logarithm in two ways.

A logarithm is simply an exponent.

A logarithm answers the question: if a number is written as a base number to a
power, what is the power?

A logarithm can be a power of any base.
Example Because 24 = 16, the base 2 log of 16 can be written as: logy16 = 4

In science, base 10 and base e are the bases for logarithms that are used most often. The
symbol for a base 10 logarithm is simply log. If no base is specified, you should
assume that log means a base 10 log. The symbol for a base e log (a natural log) is In.

IV.Base 10 Logs

a. The log function on your calculator finds a base 10 log.

The log function answers the question: if a number is written as 10 to a power,
what is the power?

Using that rule, answer these without a calculator.

Write the logof 1) 102 2) 1000 3) 0.001

* * * * *

©2011 ChemReview.net v. 2z Page 799



Module 27 — Kinetics: Rate Laws

1) Thelog of 102is2. 2) log 1000 =log103=3 3) log 0.001 =log 103 =—3
b. The equation defining log is . It must be memorized memorized.

It may be helpful to remember this example: | the log of 100 is 2.

c. For a fixed-decimal number greater than one, its log value will be a positive
number.

Positive numbers between 0 and 1 have a negative log, as in example 3) above.

d. One way to check that you are doing calculator operation properly is to do a simple
calculation, first in your head or on paper, then on the calculator. The two answers
should agree. Let’s try that method.

Without a calculator, write the log of 1) 100 2) 10,000 3) 0.01
Using a calculator, find the log of 1) 100 2) 10,000 3) 0.01

* * % *x %
Without a calculator:: 1) The log of 100 = the log of 102 = 2,
2) Thelog of 10,000 = log 104 =4 3) The log of 0.01 =log 102 =—2
For part 1) on a calculator,

e A standard TI-type calculator might use: 100

¢ Onan RPN calculator, try: 100

e Some graphing calculators may not have a log button. You can learn a
work around (log x = In x/2.303) or buy an inexpensive calculator with a
log button.

Did the calculator answers agree with your mental arithmetic? They must.

e. To check a conversion between a base 10 log and a number, apply this rule.

The log of a number and the exponent of the number written in scientific notation
must agree within + 1.

Use your calculator to answer these, then apply the rule above to check your
answer.

1) Log(7.4x 108) = (on the calculator): (£1?_)

* * % *x %

1) Log(7.4x 108) = (on the calculator): 6.87 (£1? V)

Answer these using your calculator:

2) Log(7.4x 1070) = *1?_)

3) Log 2,000 = *1?_ )

* * % *x %

2) Log(74x 1076)= —513 (x1?V)
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Keys: 7.4|Eor EE| 6 [+/-|[log| orif RPN: 7.4|E or EE|6 |+/-]|enter]|log]

3) Log 2,000 =log(2x103) = 3.30 (£1?v)

Summary: Log Rules to Commit to Memory

1. Alogarithm is simply an exponent: the power to which a base number is raised.

2. Alogarithm answers the question: if a number is written as a base to a power,
what is the power?

3. The equation defining a log is |log 10¥ = x|; the log of 100is 2 .
4. Calculator buttons find the power of a value expressed as 10 to a power.

5. Checking log results: when a number is written in scientific notation, its power of 10
must agree with its base 10 logarithm within + 1.

Design flashcards or other memory devices and practice as needed so that you can apply
these rules intuitively and fluently in calculations.

Practice B: Practice with the calculator you will use on tests.

1. 10754 = (in scientific notation): (expos+17?)__
2. 107115 = (expos+17?)

3. 10705 = (number): ( scientific notation): (expos+17?)
4. Log(6.8x 1012) = (£12_)

5. Log(6.8x 10712) = E12_)

6. Log4.6= x1?_)

7. Log 0.0020 = x1?2_)

V. Converting From Logs to Numbers

a. Knowing a log, we need to be able to write the fixed-decimal number. This is
called taking the antilog, or taking the inverse log, but it is easier to remember
what this means (and what buttons to press) if you remember what a log is.

Alog is
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Module 27 — Kinetics: Rate Laws

A log is an exponent. If the log of a number is 2, the number is:

* * % *x %

Since a log is an exponent of 10, if the log is 2, the number is 102 = 100

As an equation, the rule for converting a log value to its corresponding number is:

10108 ¥ = x | Repeat to remember: “10 to the log x equals x.”

Try these without a calculator, then check your answer below.

If these are the logs of numbers, write the numbers.
1) 6 2) 2 3)0

* ok Kk Kk
1) If the log is 6 , the number is 106 2) If log(x) =—2, x = 102 =0.01
3) Iflog(x) =0,x= 100=1 (anything to the 0 power equals 1)

b. Knowing the log, to find the number, take the antilog: write the log as a power of
10, then convert that exponential term to a number (or to scientific notation).

On a calculator,

e input the log, then take the antilog: press |INV]|LOG|or|2nd || LOG]| or

e input the log, then press . A log is simply an exponent of 10.
¢ On some calculators, the steps are: input 10, , input the log value, E

The first key sequence is logical: to go from number to a log, take the log; to go
from log to number, go backward (take the antilog).

The second and third sequences are logical. To find the number, make the log
what it is: a power of 10.

Circle above or write in the following blank a key sequence that works on your
calculator for this calculation:

1) If thelogis 2, what is the fixed decimal number?

Test that sequence on these.

2) If thelogis 1, the number is (in your head): (calculator):

3) If the log is —2, the number is (in your head): (calculator):

* *x * *x %

2) Ifthelogis1, the numberis: 101 =10

3) Iflog= —2,the numberis: 1072=0.01. (Use: 2 to change sign.)
Using the same key sequences, try these on your calculator.

4) Iflogx=87,x= x1?_)

5 LogA=—107,A= *1?__)
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Module 27 — Kinetics: Rate Laws

Note the same “is it reasonable?” quick check. The log and the exponent of the
number in scientific notation should agree, £ 1.

* * % *x %

4) Logx=87,x=|501,00,000 or 501x108 | (£1?v)

5) Logx=—10.7,x=]200x10711 | (x1?2v)

In cases like 4) and 5), your calculator may answer in exponential notation and display
the exponent far to the right -- where you may miss it when looking for just the
significant digits. That’s another reason to check your answers.

Summary: Add these to your memorized log rule list.

6. Knowing the log of a number, to find the number, calculate the value for 10log,
This is called “taking the antilog” or “finding the inverse log.”

7. [10108 X = x |, Recite and repeat to remember: “10 to the log x equals x.”

8. On a calculator, to convert a log value to a number:

e Input the log value, then press | INV |[LOG| ; or[2nd || LOG] ; or

e Input the log, then press . or input 10, , input the log, E
9. When you encounter log calculations, it helps to write:

. ; the log of 100is 2 ; and

. ; “10 to the log x equals x.”

Practice C

1. Logx=124,x= x1?_)

2. LogA=-59, A= x1?_)

3. LogDh=—025,D= x1?_)

4. Antilogof1.1 = F1?2__)

5. 10733 = (expos+17?)__
6. Log(20x 1079) = *1?2_)
7. Log0.50 = (x1?_)
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ANSWERS

Practice A

1. 10%16:5= 316x 1016 (expos+1?) v

2. 107165= 316x10~17 (expos+1?)v

3. 1022= 158x102 (expos+1?)Vv

Practice B

1. 10754= 398x 108 (x1?2)v

Module 27 — Kinetics: Rate Laws

4. 10~11.7 = 2.00x 1012
5.1007=2.00x10—1

2. 107115 = 316x10~12 (+17) v

3. 1070-5= (number): 0.316 (std. notation): 3.16x10~1 (£17?)v

4. Log(6.8x1012)= 1238
6. Log4.6= 0.663

Practice C
1. Logx=124,x=251x 1012
3. Logx=—0.25,x=0.562 = 562x 10—

5. 10733 = 5.01x10—4
7. Log 0.50 =—0.301

©2011 ChemReview.net v. 2z

5. Log(6.8 x 10712) = —11.2
7. Log 0.0020 = Log(2.0 x 1073) = —2.70

2. Logx=-59,x= 126x10"%
4. Antilogof 1.1 =101-1 =126 = 1.26 x 101
6. Log (20x 1079)=—8.70
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Module 27 — Kinetics: Rate Laws

Lesson 27E: Natural Log Calculations

Prerequisites: Complete Lesson 27D on base 10 logs before this lesson.

Timing: This lesson must be done before first-order-integrated rate law calculations, but it
may be helpful at any time that base e logarithm calculations are encountered in science
classes.

Pretest: If you think you know this topic, try the last 4 calculations in the Practice at the
end of this lesson. If you can do those calculations, skip the lesson.

* % * % %

I. Base e Calculations

a.

The Symbol e

In mathematical and scientific equations, the lower-case e is an abbreviation for a
number: 2.7182818... For calculations, the value e = 2.718 must be memorized.

The number e has many interesting mathematical properties. In science, e is found
in many equations that predict natural phenomena. In these equations, e is the
base for values expressed in the form eX, and e is termed the natural exponential.

Examples:
A process with a constant rate of growth will obey the equation

[Alf = [Alp - ekt where k is the rate constant and # is the time since =0 .
For a constant rate of decay, this rate law can be written in two equivalent ways:
[Aly =[A]g - ekt or as In[A]; = —kt + In[A]
To calculate first-order rate laws from time data, we will use both e and In.

Calculating with natural exponentials

We know that el equals what number?

* * % *x %

2.718.... Now find a value for el on your calculator, using 1 and the E"l

function. Write the key sequence that produces the answer 2.718...
*x * % *x %

e A standard TI-type calculator might use: 1 .

e Onan RPN scientific calculator, try: 1 .

Use your key sequence to calculate these, then check your answers below.

(Because the statistical basis for significant figures does not apply to logarithmic
calculations, in these lessons we will use this general rule: during e and In
calculations, round fixed-decimal numbers and significands in answers that are
not integers to 3 significant figures.)

* * % *x %
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Module 27 — Kinetics: Rate Laws

1) €2 = 7.39 2) e25=122
Recall that to enter a negative number, you usually use a key.

3) ¢1(=1/e=1/2718..) =0.368 4) ¢25(=1/¢25) =0.0821

Note: Some calculators use an E at the right side of the answer screen to show the power
of 10 for numbers in scientific notation. That E is not the same as the symbol e for the
natural exponential.

II. Calculations Using In

a. Natural Logs

The In function (the natural log) answers this question: if a number is written as
e to a power, what is the power?

Just as by definition, log 10¥ = x , the natural log definition is

Use the natural log definition to do these without a calculator.

1) IneV= 2) Inel= 3. Ine%=
* * *x *x *
1) IneV=0 2) Inel=1 3) Ine 4= —4

By definition, Ine =
* * % *x %
Ine =Inel =1.
Try this one in your head: In(2.718) should equal about

* * % *x %
In(2.718) ~ Ine ~ Inel ~ 1.

Now do the same calculation on your calculator: In(2.718) =

* % * * %
Is the calculator answer close to the mental arithmetic answer? It must be.
Write down the key sequence that works for In(2.718) above.

The same steps should take the natural log of any positive number. Try these

1) Using your calculator: In(314) =

X Kk Kk Kk ok
1) In 314 =5.75

To check an answer, after writing it down, use the key and see if you return to
the number you were taking the In of. Try that as a check on these:

2) In0.0050 = (after writing answer, use . Check? ___

3) In (6.02x1023) = Check? ___
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4) In(19.29 x 10715) = Check? ___

* * * *x *

2) In0.0050 =—5.30 3) In(6.02 x 1023) = 54.8 4)In(19.29 x 10~ 15) = —31.6

Note in part 4), that a calculator does not require the input of scientific notation.
However, if you use the key to check your answer, it will likely return the
original number converted to scientific notation.

Practice A: Use the calculator you will use on quizzes and tests to do these. Round
fixed-decimals and significands in answers that are not integers to 3 significant figures.

1.

3.

e20 = 0 47 =

e = 4. Ln(42)=
In(0.0200) = 6. In(9x 105 =
In(5.00 x 1074) = 8. In(10™4) =

b. Converting In Values to Numbers

A base 10 definition: | 10108 ¥ = x
A base e definition:

Both of those definitions must be memorized. Noting their similarities will help.

Using the bottom equation, for some calculations involving In and e you will not
need a calculator. Try this:

JAn(11) =

* * *x *x %

en(1l) = 11
The equation also means that if you know the In value, to find the
corresponding fixed-decimal number, make the In value a power of e.

If In(x) = 1, the value for the number x (do in your head) is

* * * *x %

If x=elnXx = g1=2718...

Knowing that answer, do the same In to number conversion on your calculator by
taking the antilog.

If In(x) = 1,, the value of x obtained using the calculator is

* * *x *x %

Input the In value, then press or press .
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Write or circle the key sequence that converted In(x) =1 to the number 2.718...

Use your key sequence to convert the following In values to numbers. Write first
write the number in terms of e, then the number, then the number in scientific
notation.

1) fIn(X)=6 ,X=e = (number): = (sci. notation):
* * * *x %
1) IfIn(X)=6 ,X= €% =(nbr): 403 = (sci. notation): 4.03 x 102

Unlike base 10, in base e calculations there is no obvious correlation between the
scientific notation exponent and the base e logarithm that helps in checking your
answer. However, you can check by taking the In of the number answer and see if
it returns to the original In value.

Try these.
2) IfIn(X)=—45; X=e = (nbr): = (sci. notation):

3) If In(X)=57.2; X =

4) IfIn[A]=0.0300 ,[A]= e = (nbr. and unit):

ok ox x %
2) IfIn(X)=—45, X= ¢ 45 = 00111 = 1.11x1072
3) In(X)=57.2, X=¢e572 =6.94x1024
4) IfIn[A]=0.0300 , [A] = €0-0300 = 1,03M

c. Units and Logarithms

Note that in 4) above, the unit expected for a concentration has been added. From
a strict mathematical perspective, logarithms cannot be taken of values with units,
and logarithm values do not have units. All precisely stated scientific relationships
obey these rules.

However, some of these precise scientific equations can be very complex, or they
can involve quantities that are difficult to measure. In those cases, the equations
we write in chemistry are often “shortcuts” that simplify the complex relationships
in order to speed problem solving.

When using these shortcut equations, the rules for dimensional homogeneity and
unit cancellation may not apply, and special rules may be needed to assign units to
answers. To make shortcut equations work, two of our rules will be

When taking the logarithm (using any base) of a value with units, write the
result as a value without units.

If a WANTED unit to be calculated is based on a logarithm value, convert all of
the units supplied in the problem to consistent units if needed, then attach the
appropriate consistent unit to the answer.
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The shortcut equations we will encounter frequently in upcoming lessons will
involve taking a logarithm of a concentration in moles per liter. The rule will be: if
a [x] is wanted, attach the unit moles/liter (M) to the answer.

Apply that rule to the following problems. Write the answer as a fixed-decimal
number or in scientific notation. When in doubt, check answers as you go.

5) In[Z] =—12.5,[Z] =

* * % *x %

5) [Z] =e™125 = 3.73x1070 M (attach the unit of concentration: mol/L)
6) In[R]=—0.17 , [R]=

7) [D] = e—1.39 , [D] =

8) In(0.250 M) =

9) In[A]=—2.63, [A] =

* * * *x %

6) [R] = e 017 =0844M (add M) 7) [D]= 0.249 M
8) In(0.250 M) = —1.39 (drop the unit)  9) [A] = ¢~ 2:63 =0.0721 M

d. Notes on Notation with e and In

Be careful to distinguish “taking the In” from “the In value.”
In(7.389) = . Try it. You should get close to 2.
But if In = 7.389 , the number with that In is Try it.
* * % *x %
If In = 7.389, the number is e/-389 = 1,620

If you get lost on a natural log calculation, a good strategy is to do a similar and
simple base 10 mental computation, and then apply the same logic to the natural
log case. Simple base 10 calculations can be solved in your head, and the formulas
and steps for base 10 and base e calculations are parallel.

e. Converting between base 10 and natural logs

A general rule for the logarithm of any base is logy (x) = In(x)/In(b) where b is

the base. For base 10 logs, this equation becomes

Logo(*) =In(x)/In(10) = Log;(x)=1In(x)/2.303

This relationship is generally memorized as In(x) = 2.303 log(x) | or as

“The natural log of a number is always 2.303 times higher than the base 10 log.”
Try using the above equation to solve this without a calculator:

Q1. In(10) =

* * % *x %

©2011 ChemReview.net v. 2z Page 809



Module 27 — Kinetics: Rate Laws

Al. In (10) = 2.303 log (10) =2.303 log (101) = 2.303 (1) = 2.303
Check this answer by solving Q1 using your calculator.

Try the following without a calculator in a manner similar to A1.

Q2. In (100) =
Q3. In(1)=
Q3. In(0.10) =

* *x * * *
A2. In (100) = 2.303 log (100) =2.303 log (102) = 2.303 (2) = 4.606
A3. In (1) = 2303 log (1) = 2.303 log (100) = 2.303 (0) = 0
A4. 1n (0.10) = 2.303 log (0.10) =2.303 log (10~1) = 2.303 (—1) = — 2.303

Now check these answers by solving Q2-4 using your calculator.

Summary: Add these rules to your in-memory log-rule list from the prior lesson.
Commit the log rules to memory. Design and use flashcards as needed.

10. The symbol e is an abbreviation for a number with special properties: |e = 2.718...

11. The In (natural log) function answers the question: if a number is written as e to a
power, what is the power?

12. When you encounter log or In calculations, it helps to write:

‘ log 10* = x | and ‘ 10l0g x = x | . “The log of 10 to the x is x; 10 to the log x is x.”

‘ Ine*=x ‘ and ‘ elnx =y ‘ . Write the base 10 rules, then substitute e and In.

Note the patterns. Note the logic: A log is an exponent.

13. Knowing the In value, to find the number, take the antilog. On a calculator,

e input the In value, then press ; Or

e Input the In value, then press . An In is simply an exponent of e.

14. | In(x) = 2.303 log(x)

15. Write logs as a value without units. If a concentration is WANTED, attach the
consistent concentration units to the answer.

Practice B: Try the odd-numbered problems first. Complete the even numbered
problems for additional practice or pre-test review. Round fixed-decimal numbers and
significands in answers that are not integers to 3 sf.

1' e5.2 = 2' e_1.7 = 3. 8_20'75 =
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4. In1066 = 5. In 0.0050 = 6. In(3 x 108) =
7. In(14.92 x 107) = 8. Inet-20 = 9. eln(42.6) =
10. IfIn(X)=—6.8 ,X=e = (number in sci. notation):

11. IfInD=74822 ,D= 12. IfIn(x)=—125 ,x=
13. Iflog[A]=—9 ,[A]= 14. Iflogx=13.7, x=

15. LogA=-—137,A= 16. 10—11.7 =

17. In[B]=-—13.7, [B] = 18. ¢—11.7 =

19. In(0.050 M) = 20. ¢—0.693 =

Solve the problems below in your notebook.

21. Iflog(x) =5.0,In(x) = 22. if In(x) =34.5, log(x) =
23, Ifln(x) = — (0.075 day—1)(4.0 days) ; x =72

24. Given: | In[A] = (= 0.0173s=1) () + 0.693 |
a. Ift=20.s, [A] =2 b. If[A] = 0.710 M, t = ?

25. Given: | In[A] = (— 0.0241yrs.=1) (t) — 4.61 |
a. If [A]=0.0025M, t="7? b. If t=28.8years, [A] =7

ANSWERS

Practice A

1. 20=1739 2. ¢47= 910x10~3 3. ¢ 11= 167x105 4. In42= 3.74
5. In0.020= =391 6. In(9x10% =137 7.In(5.0x10™4)= —7.60
8. In(104)= In(1x10~4)= —9.21

Practice B

1. €52= 181 2. ¢ 1.7=10.183 3. ¢20.75=974x10—10
4. In1066= 6.97 5. 1n0.0050 = —5.30 6. In (3x108) = 19.5
7. In(1492x1070) = —111 8. Ineb2= 6.20 9. eIn(42.6) = 426

10. IfInX =—6.8 ,X= ¢ 68 = (number in sci. notation): 1.11x 10—3
11. IfInD=7.4822 ,D = 1780 12. Ifln(x)=—125 ,x=¢"125 = 373x10~®
13. Iflog[A]=—9 ,[A]=1.00x10—9M  (When finding a concentration, add the unit)
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14. Iflogx =13.7, x = 5.01x 1013

15. Log A=—13.7, A= 2.00x10—14 16. 107117 = 2,00x 1012
17. In[B] =—13.7,[B] = 1.12x10~6M 18. e—11.7 = 8.29x 10—6
19. 1n(0.050 M) = —3.00 (When finding a log, drop the unit) 20. ¢—0:693 = 0500

21. Iflog(x) =5.00, In(x) = ? | In(x)=2.303log(x) | In(x)=(2.303)(5.00) = 11.5

22. IfIn(x) =345, log(x) =? | In(x)=2.303log(x) | ; log(x) =34.5/2.303 = 15.0

23. Ifln(x) = —(0.075 day—1)(4.0 days) ; x=?
In(x) = —0.300 (day—")(days) = —0.300day0 = —0.300 (1) = —0.300
x= eln(x) = ¢—0.300 = 0,741

24. Giventhat In[A]=(— 0.0173s~1)(t) + 0.693

a. Strategy: tofind [A], first solve for In[A]
? = In[A]= (—0.0173s=1)(20.0s) + 0693 = —0.346 + 0.693 = 0.347

WANTED is [A] at 20 s. Knownis: In[A]= 0.347 Solve for [A].

* * * % *

[A] = elnfA]= 0347 = 141 M (Ifa concentration is wanted, attach M as unit)

b. Strategy: Solve fortin symbols first.

* * * * *

t= In[A] — 0.693 = In[0.710M] — 0.693 = —0.342 — 0.693 =

—0.0173s~1 —0.0173s~1 —0.0173s~1
= _—103% = (answer unit math: 1/s—1= (s=1)—1=5 )
—0.0173s~1

25. Giventhat In[A]=(— 0.0241 /yr.)(t) — 4.61
a. Strategy: Solve for tin symbols first.
t =In[A] + 461 = 1In[0.0025M] +4.61 = —5.99 +461 =

— 0.0241 fyr. — 0.0241 yr—1 — 0.0241 yr—1
= —1.38 = | 57.3years =t
— 0.0241 yr —1
b. Strategy: to find [A], first solve for In[A]
? = In[A]= (— 0.0241yr—1)(28.8yr.) — 461 = —0.694 — 461 = — 530

WANTED is [A]. Knownis: In[A]= — 5.30 Solve for [A].

* * *x *x %

[A] = elnlA]= ¢=5.30 =0,00500M | Ifa [] iswanted, attach M to answer.

* * * * %
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Lesson 27F: Integrated Rate Law — First Order

Prerequisites: Complete Lessons 27D and 27E before this lesson.

* % % % %

For first-order reactants, one form that is written for the integrated rate law is
In[A]¢ =—kt + In[A]p

The most commonly encountered reaction that is first order is the nuclear process of
radioactive decay, which is always first-order. However, the steps of standard chemical
reactions can also be first order as well.

The easiest way to learn to use this rate law is by example.

First-Order Calculations

In some rate law calculations, the order of a reactant is supplied, and the problem can be
solved by simply writing and solving the appropriate rate law.

For the following problem, begin by listing and assigning symbols to the WANTED and
DATA. Then decide what equation relates those symbols. Solve the equation in symbols
before plugging in numbers. If you get stuck, read the answer until unstuck, then try
again.

Q. Radon-222 is a noble gas nuclide that decays to form other elements. The rate for
this radioactive decay is first order, with a rate constant of 0.181/day. If the
original [Rn-222] in a sample is 2.5 x 104 M, what will be the [Rn-222] after two
weeks?

* * %X *x %

WANTED:  [Rn]after 2 weeks = [Rnlg

DATA:  0.181 /day = 0.181day! = k (for the unit: 1/x = x~1 )
2weeks =t = 14 days (convert to units consistent with the rate constant)
Initial concentration = 2.5x 1074 M = [Rn]g
The rate is first order. We know two equations for first-order rates:

Differential law: Rate =k [A] and Integrated law: In[A];=—kt+1n[A]j

Which equation is the best match with the symbols in the data?

* * % *x %
When the rate data includes time, the integrated law will usually be needed to solve.
Write the specific equation: In [Rn]¢ = —kt + In [Rn]

See if you can solve for the WANTED amount.

* * * % *

Strategy: To find [Rnly, first solve the rate equation for In[Rn]t, then use [Rn] = eln [Rn]

* * % *x %
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? = In[Rn] =—kt + In [Rn],
= —(0.181 day—1)(14 days) +In(2.5 x 1074 M)
=—253 —829 =—10.82 = In [Rn]y4 days
(Math help? See Lesson 27E, section II.) If needed, finish solving for the WANTED unit.

*x % * X *

WANT:  [Rnafter 14 days = ¢ [Rn] = e(=1082) = | 20x 105 M Rn

* 0k 0k K %

Units of Concentration

In rate-law calculations, the units for concentration may be either moles/liter or units
proportional to moles per liter. The units must also be consistent: the same for all
measures of concentration in a given problem.

Some of the “proportional to moles per liter” units found in rate problems are
e grams per unit of volume for a substance; such as g/ cm3;
e atoms of a substance per unit of volume: e.g. atoms/liter;
e counts of radioactive decay/time

e atoms per unit proportional to volume for a given substance: such as
“atoms/gram dried cotton;”

e pressure of a gas in any pressure units: kPa, torr, or other pressure units;
e partial pressure of a gas in any pressure units.

Why is gas pressure proportional to concentration? Since, for an ideal gas, PV=nRT,
rearranging terms we can write

n/V = moles/liter = P/RT = P x (the constant 1/RT at constant temperature).

This equation can be re-written as: [ideal gas] = (a constant) x P which is one of the
forms for a direct proportion (Lesson 18A). At a constant temperature (which is required
for a rate constant to be constant), molar concentration is therefore directly proportional to
pressure for a gas with ideal behavior.

Units of the First-Order Rate Constant

The units for first-order rate constants (k) are generally expressed as as “1/time” units,
such as “sec™1.” However, in solving first-order rate equations, solving for concentration
may not produce a unit as part of the answer. This is because the form we use for the
first-order rate equation is a “shortcut.” The terms In[A]y and In[A]( are easy to
calculate values for, but taking a logarithm of a value with units is not legal and is one
indication that our equation is a simplification of a more complex relationship.

To solve first-order rate calculations, our rule will be: when 1/time units are used for k,
you must add units to any concentration calculated in the problem, and those units must be
consistent with the concentration unit (or the unit proportional to concentration) used
elsewhere in the problem. If no unit for concentration is supplied, assume the unit is
moles/ liter.
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Practice A

1.

4.

The earth’s atmosphere has a small amount of carbon dioxide that contains 14C
(carbon-14), a radioactive isotope of carbon. While a plant is alive, C-14 is stored in its
cells during photosynthesis. Living plants have a relatively constant and predictable
concentration of radioactive carbon. After the plant is harvested and/or dies, the
radioactive carbon is no longer replenished, and the concentration of C-14 in the non-
living plant material falls as C-14 undergoes radioactive decay at a first-order rate.

By measuring the amount of C-14 in the remains of the plant, how long ago the plant
was harvested can be determined. The rate constant for the decay of C-14 is

1.21 x 104 year—L. If the [C-14] in freshly harvested cotton fibers is 2.00 x 1010
atoms/gram, and the [C-14] in a cotton garment found in a burial tomb is found to be
1.12 x 1010 atoms/ g, how many years ago was the cotton harvested?

Using the same k value for C-14 and the same [C-14] at harvest supplied in Problem
One, calculate the atoms per gram that would be found in a sample after 10,000. years.

Using the same k value for C-14 and the same [C-14] at harvest supplied in Problem
One, calculate the half-life of C-14: how many years are required for the [C-14] to be
reduced to 1/2 of the concentration at harvest.

In an experiment, a first-order rate equation for a decay reaction is found to be

In [B] = — (0.200 year—1)(t) —3.22 What was the original [B]?

First-Order Reactions and Graphical Analysis

Some rate law calculations require that the order of a reactant be determined from
experimental data before applying a rate law to solve. When the order of a reactant is not
known, it can be determined by graphical analysis. Graphical analysis is also used to find
the specific rate law equation that explains the data.

For the following question, cover below the* * * * *line, then answer the questions
above the line.

Q. For the reaction: A - B, time and [A] are ' In[A]
measured as a reaction proceeds. The data is seconds | [A]inM in In(M)
recorded at the right.

0 2.00

a. Use the “first half-life” method and [A] to 200 141
determine the order of the reaction, and then : :

check your answer below. 40.0 1.00

oEOR ok 60.0 0.710

80.0 0.500

100. 0.353

120. 0.250
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The first half-life is 40. s. Double the first half-life is 80 s. Att=80sec., [A] =
25% of the original concentration. This fits the behavior of first order in A.

b. Using a calculator, add values for In[A] to the last column of the table above,

then check your answers below.
* *x * *x *

Sample: If [A] =2.00 M,
In[A] = In(2.00 M) = 0.693 = 0.693

We will use the shortcut: if you take the In
of a unit, omit the unit in the answer.

Your values should match those at the right.

c.  On the two grids below, graph the data:
first [A] vs. time, then In[A] vs. time.

[A] versus time

[Alin mol/L
-

0 T
0 40 80 120
seconds

seconds | [A]inM In[A]
0 2.00 0.693
20.0 1.41 0.344
40.0 1.00 0
60.0 0.710 —0.342
80.0 0.500 —0.693
100. 0.353 —1.04
120. 0.250 —1.39

d. For which graph does the

In[A] versus time

data fit closer to linear 1
behavior?
0.5 1
e. For the graph that is linear,

calculate the slope of the .0
line. <

==

- -05

80 120

f. Based on the two graphs,
does the data better fit the

behavior of a reaction that
is zero order in A, or first 15

order in A?

seconds

Check your answers below.

* * % *x %
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d. Your graphs should be similar to these.

[A] versus time In [A] versus time

AN
; ™,
.

Lt 120
-0.5 4 \‘\
0.5 b
’ N \\
O T T
D

0 40 80 120 -1.5
seconds seconds

In [A]

[A]in mol/L

The linear graph is the plot of In[A] vs. time.
e. For the slope calculation, using the lowest and highest x values on the graph:
At t) = lowest time = 0's, In[A] = 0.693 ; at t, =120 s, In[A] = —1.39
m = _rise = Aln[A] = NMAL—InIAL = (30— 0693) = —0.0174571
run At th—t (120—0) s

* * % *x %

f. For this data,

e The slope of [A] vs. time, which was constant for zero-order reactants, is
not constant for this first-order reactant data.

e The slope of In[A] vs. time is constant;
Let’s analyze the first-order rate law to see why this is the case.

1. Write the two forms of the rate law for a reaction A = B that is first-order in A.

*x * * % *

Differential rate law: Rate = k [A]
Integrated rate law: In[A]; = —kt + In[A]
2. Compare the first-order integrated rate law: In[A]y = =kt + In[A]y
to the equation for a line on a graph: y = mx+Db

Write the symbols in the first-order integrated rate law next to the corresponding
symbols in the equation for a line.

y =

m —
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Then, for the data in the problem above, after the symbols for the two constants, add
the values for the two constants. Include numbers and units.

* * * *x *

y = In[A]; = avariable amount.
m= —k = the constant slope = ‘ —0.0174 571 \from Part (e) above.
x = t = time, a variable.

b = In[A]p = In ([A]initially, att=0) =1n(2.00 M) = |+ 0.693

Write the value for k, with its units.
* % * * %

Sincem= —k,|k|= —m= — (theslope) =| +0.0174 s—1
Write the first-order integrated rate law,
as memorized; then

b. re-write the law, keeping the same variable symbols, but substituting for the two
constants the values and units of the constants. This result is the calculated
integrated rate law.

* * % *x %

a. The rate law using symbols: In[A]; = —kt + In[A]p

b. Substituting the constants: |In[A]t= — (+ 0.0174 s—1) (t) + 0.693

Test your rate law: choose a time in the original data table that was not used to calculate
the slope. Enter that time into the calculated integrated rate law and calculate [A].
Then compare that calculated [A] to the actual [A] in the data table. See if the law, with
your calculated constants, predicts the [A] in the data at that time.

(Use t = 60.0 s to match the answer below.)

*x * % * *
Equation:  In[A];= —(+0.0174s71) (t) + 0.693

DATA: (list the symbols for the variables in the equation, but don’t re-write
the known constants.)

ll‘l[A]t =7?
t=600s
WANTED: [A]; att=60.0s

Strategy: To find [A], use the equation to find In[A];, then use [A] = eIn[A]

If you needed that hint, adjust your work and finish from there.

* * % *x %
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? = In[A]y= —(+0.0174571) (t) + 0.693

—(+0.0174s71) (60.0s) + 0.693 { (s7)(sl) =80 =1}
=—(1.044) + 0.693 = —0.351

WANTED is [A] at 60.0 s. Knownis: In[A]ggs= —0.351

Solve for [A]gg s

* * *x *x *
[A]= 0.704 M (add the unit for concentration used in the problem: mol/L)
In the original data table at t = 60. s, [A] = 0.710 M

Allowing for rounding and experimental error, this calculated answer and the data
in the original table agree. In predicting the experimental data, the first-order
integrated rate law, with its calculated constants, worked.

* * *x *x %
6. Test your equation again: use the calculated rate law to find the time at which [A] will
equal 0.353 M.

* * *x *x %

Rate Law: In[A]= —(+0.0174s~1) (t) + 0.693
DATA: [A]= 0353 M

In[A] = In (0.353 M) =—1.041

t=?

Solve the equation in symbols for the wanted symbol.
* *x * *x *

t= In[A] — 0.693 = —1.041 — 0.693 = —1.734
—0.0174 51 —0.0174 51 —0.0174 51

t=[997s |

Compare this calculated time to the time in the original table at [A] = 0.353 M.

The first-order integrated rate law, with its calculated constants added, explains and
predicts, within experimental error, the results of the experiment.

Practice B. Answers are at the end of this lesson.

1. Write the integrated rate law for a

a. zero order reactant:

b. First-order reactant:
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To get a straight line graph using [A] and time data,

a. For a zero-order reactant, plot on the y-axis and on the x-axis.
b. For a first-order reactant, plot on the y-axis and on the x-axis.
What ratio that uses concentration and time must be constant for a

a. zero-order reactant:

b. First-order reactant:

What will be the term for the y-intercept in an integrated rate law that is

a. Zero order:

b. First-order:

If reactant A is first order, and [A] versus time data is collected,

a. Will a plot of [A] versus time have points on a line?

b. What plot will produce points on a line?

ANSWERS

Practice A

1.

The WANTED and DATA include terms for both time and a first-order rate constant. What equation
includes those terms?

The first-order integrated rate law:  In [A] =—kt + In [A]g

That equation will work for any units that are proportional to concentration. Assume that atoms/g is
proportional to molar concentration for cotton.

DATA: IN[A] = In[C-14]after decay
= In(1.12x 1010 atoms/g) = + 23.14
k= 1.21x104 year—
t=?
In [A]g =In[C-14]p = In(2.00 x 1010 atoms/g) = + 23.72
Solving for the WANTED symbol in symbols first:

t =In[A]l—In[Alg = (+2314—2372) —0.58 yr. = [ 4,800 yr.

—k — 121 x 104 yr—1 —1.21x10~%
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2. For first-order decay, use the first-order integrated rate law:  In [A] =—kt + In [A]g

WANTED:  [C-14]after 10,000. years in atoms/gram

DATA: Use the equation symbols to make the data table.
In[A] = In[C-14]4fter 10,000.years = ?
k = 1.21x 104 year—
t= 10,000. years
In [Alg =In[C-14]y = In(2.00 x 1010 atoms/g) = +23.72

Strategy:  To find the [C-14]after decay. Use the rate law to find In[C-14]5fter gecay first.
Thenuse: ? = [C-14] = el [C-14]

If you needed that hint, adjust your work and finish.

ok ok ok %
IN[C-14]atter decay = — (1:21x 10~* year—")(10,000 yrs ) + 23.72
=—121 + 23.72
=+ 22.51
WANTED is [C-14 110 000 yrs: Known is: In[C-14]10 000 yrs = +22.51
Solve for [C-14].

* * *x *x %

[C-14]10,000 yrs = €lN[C-14] = ¢+22.51 = 5.97x 109 atoms/g
When solving for concentration, add the consistent concentration unit in the DATA.

3. Forfirst-order decay, use the first-order integrated rate law:  In [A] =—kt + In [A]y

WANTED: Half-life of C-14
Strategy:  Half-life is time it takes for initial concentration to be cut in half.

Since [C-14]original = 2:00 x 1010 atoms/g
[C-14]4t haif-life = 1-00 x 1010 atoms/g (half as much)
If you needed that hint, adjust and try the problem again.

* * % *x %

DATA: In [C-14]5t half.life = In(1.00 x 1010 atoms/g) = 23.03
k = 1.21x 10~ year—!
= ? years

In[A]p = In[C-14]y = In(2.00 x 1010 atoms/g) = + 23.72
Solve the rate equation for the WANTED symbol, in symbols first.
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t =In[A]l—In[Alp =  (+23.03—23.72) = 069 yr. = 5700yr.
—k — 121 x10~4yr—1 1.21x 104

Does this answer make sense? In problem one, a little less than half of the initial C-14 had decayed in
4,800 years, so 5,700 years for exactly half is in close agreement.

In problem 2, the 10,000 year time of decay was a little less than two 5,700 year half lives. After 2 half
lives, 25% of the original amount should be remaining for first-order decay. In problem 2, 10,000 years is
a little less than 2 half lives and 0.597 x 1019/2.00 x 1010 = 30%, or a bit more than 25% of the original,
remains. This is about what would be expected by estimation.

These three answers are consistent.
WANTED:  [B]p (Write the symbol for the WANTED initial concentration of B)
DATA: This is a first-order reaction. The first-order equation that includes [B]y is
In[B] = —kt + In[B]p . Compare that to the form of the given equation:
In [B] = — (0.200 year—")(t) — 3.22
In[Blg = —3.22 (Finish from here)
X ok ok k%
[Blo = eln[Blo= ¢—3-22 = 0,0400M B

If a concentration is wanted, add M as unit unless other units proportional to the molarity are
used in the problem.

Practice B

1.
2.

3.
4.

5.

a. Zeroorder: [A] = —kt + [A]g b. First-order: In[A] = —kt + In[A]g

o

To get a straight line for a zero-order reactant, plot [A] on the y-axis and t on the x-axis.
b. For afirst-order reactant, plot In [A] on the y-axis and t on the x-axis.
a. Constant ratio for a zero-order reactant:  A[A] /At b. First-order reactant: A In[A] /At

a. The y-intercept in an integrated rate law that is zero order: [A]g b. Firstorder: In[A]g

a.  Will'a plot of first order [A] vs. time have points on aline? No  b. What plot will? In [A] vs. t

* 0k 0k K %
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Lesson 27G: Reciprocal Math

Timing: This lesson should be done before calculations using the second-order integrated
rate law.

Pretest: If you think you know this topic, try the last lettered part of each calculation in
Practice B at the end of the lesson. If you can do those calculations, skip the lesson.

Prerequisites: Complete Lesson 17C (Complex Unit Cancellation) before this lesson.

* % % % %

Rules For Reciprocals

Second-order rate laws will require work with reciprocals of both numbers and units.
Some rules for reciprocals are as follows.

1. The reciprocal of X is 1/X. Three equivalent ways to write the reciprocal of X are:

1 =1/X = X1 Also: 1 = 1/X3 = X3

X X3
2. The reciprocal of 1/X is X. The reciprocal of the reciprocal of X is X.
= 1/1/%) = xHh71 =X

In equation format: 1
1

X
3. On a calculator, to convert a reciprocal to a number, either
a. divide the denominator into one,

Example: 1/8 = (1 divided by 8) = 0.125

b. or, take the reciprocal of the denominator using the reciprocal key.
Example: to convert 1/8 to a number, input 8 . Try it.

4. If you know the value of the reciprocal of a number, and you want the number, take the
reciprocal of the reciprocal value.

Example: Sincel/(1/x)=x if1/A=0.25 A=1/0.25=4

Practice A. 1ecarn the rules, then apply them below. If you are unsure of an answer,
check at the end of the lesson before doing the next problem. Doing every other problem
today, and the rest tomorrow, will help in remembering the rules.

1. Trying these without a calculator, convert these reciprocals to numbers.

a. 1/(3/4) = b. 1/(1/8.2) = c. 1/e1 =
2. Using a calculator as needed, convert these reciprocals to numbers.

a. 1/79= b. 1/0.40 = c. (2,000)~1 =

d. (07571 = e. 1/e3 = f. (16271 =
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3. If1/A=0.0625 A = 4, If1/D=125,D=
5. Convert these to numbers in scientific notation. Use a calculator.

a. 1/(4.7 x103) = b. 1/(92x10~11) =

c. 25x1072)~1 = d. (1/(25x1072)~1 =

More Reciprocal Rules

5. To take the reciprocal of a unit of measurement, change the sign of its exponent.
Examples: 1/s = 1/sl = s71 1/(mol @ s71) = mol~l e s

6. To take the reciprocal of a number to a power, change the sign of the power.
Examples: 1/1010 =10—10 1/10—10 = 1010 1/e~6 =¢b

7. To multiply exponentials, add the exponents. To take an exponential to a power,
multiply the exponents.

Examples: (104)3 =1012 ses—1=g0 =1 (3—6)—1 = ¢

Practice B. If you are unsure of an answer, check the answer at the end of the lesson
before doing the next problem. Do every other part, and more if you need more practice.

1. Convert these to numbers without denominators. Do not use a calculator.

a. 1/102 = b. 1/10-10 = c. 1/log(100) =

d. 3721 = e. 1/(472) =
2. Convert these to numbers in scientific notation. Do not use a calculator.

a. 1/(5.0x10% = b. 1/(5.0x107°) =

Simplifying Reciprocals

8. To take the reciprocal of a fraction, invert the fraction.

1 =1/B/C)=@BeC )l =BleC= /B
B
C
9. When a term has two fraction lines ( either or / ), separate the terms that are

fractions. To do so, apply these steps in this order (from Lesson 17C).

a. If a term has a fraction in the denominator, separate the terms into a reciprocal of the
fraction ( 1/fraction in the denominator ) multiplied by the remaining terms.

b. If there is a fraction in the numerator, separate that fraction from the other terms in
the numerator or denominator.
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c. To simplify the fraction, invert any reciprocal fractions, cancel units that cancel,
and multiply the terms.

Practice C. 1f you are unsure of an answer, check the answer at the end of the lesson
before doing the next problem. Do the math for both the number and its units. Do every
other part, and more if you need more practice.

1. Write the following without a denominator by using positive and negative exponents.

a. _ mol b. 1/(mol @ s72) =
L e sec.
c. (meters/s?) 1 = d. (meters/s™2)"l=
e. 1 = f. 1/s71 =
mol
Les

2. Write these units as simple fractions, with a numerator and denominator, in which all
of the exponents are positive (for additional review, see Lesson 17C).

b. 1/(sec./L) b. 1 C. M—L
mol M—1e1
Les

3. Convert mol/L to M for molarity, and then write these units without a denominator.

a. 1/(mol/L) b. 1
mol
Les

4. In these, convert M to moles/liter, then express the unit without a denominator by
using positive and negative exponents.

a. Mes™1l = b. 1/Mes™l) =
c. M—1 = d M/s—H—1 =
S

5. Simplify: convert to a number and unit on one line, without a denominator.

a. 1/(8.00 mol) b. 1/(0.25 mol/L)

c. (0450 M—les™1) (25.05)

d. (0500 M—les™1)(15.05) + 1.20 ML
6. Solve 1/[A]=+kt+1/[A]yp for a k b. t c. 1/[A]o d. [A]
7. Given this equation: ~ 1/[A] = (0.250 M—Les™1) (t) + 2.00 M1

and t= 30.0s, solve for [A].
8. Given the same equation as in problem 7, if [A] = 0.174 M, solve for t.
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ANSWERS
Practice A

There are many ways to do these calculations. Use any legal methods that get the same answer.
1. a. 1/(3/4)= 4/3=133  b. 1/(1/82)= 82 «c 1/el =" = ¢! =2718...
2. a.1/79=0413 b. 1/0.40= 2.5 c. (2,000)~1 = 0.0005 or 5x10—4

d. (0.75)~1 = 1.33 e.1/e3 =1/20.09 = 0.0498 £ (1/6.2)~1 =1/(1/6.2) =6.2
3. If1/A =0.0625, A = 1/(1/A) = 1/0.0625 = 16.0 4. If1/D =12.5, D = 1/12.5 = 0.0800

5. a. 1/(4.7x103) = 21x10~4  [keysmightbe: 4.7 |[EorEE| 3 [1/x|]

b. 1/(9.2x10~11) = 1.1x1010  [keys mightbe: 9.2 11 [+-][1x]]

c. 25x1072)~1 = 40.  [enter the number, then, to take a —1 power, use [1/x |]
d. (1/25x1072)71 = [25x1072)~1=1 = 25x1072) *1 = 25x 102

Practice B
1. a. 1/102 = 102 b. 1/10—10 = 19+10 c. 1/1og(100) = 1/2 =0.5
d. 3721 =32=9 e.1/(42) = @21 =42=16

2. a. 1/(5.0x10% = 1/50 x 1/109 = 020x10~° = 2.0x10~%
b. 1/(5.0x1075) = 1/5.0 x 110> = 0.20x10° = 2.0x 104

Practice C
1. a. _mol =moleL~1esec" b. 1/(mol es™2) = (mol es™2)—1 = mol—" e 52
L e sec
c. (meters/s2) ™1 = (meters e s72)~1 = meters—1 o 52

d. (meters/s™2)71 = (meters @ s2)~1 = meters—1 @ s—2

e. _1 =1 (moleL~Tes !)=mol—TeLes f.1/s1=(sN)—1=3s
mol
Les
2. One way to do these is to use the rule: to take the reciprocal of a fraction, invert the fraction.
a. 1/(sec./L) = L _ b. _1 = Les o MT =qsl=s
sec. mol mol _MTes1
Les
3. a. 1/(mol/L) = 1M=M"1 b. _1 = _1_ = Mesh—1 = mles
mol M

Les S
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4. a. Mes™1 = mol es— = moleL—1es1
L

b. 1I/Mes™ 1) = moleL~Tes™")=1 = mol~leLes
cc. M1 = moleL ™" —1es™! = mo~leLes1
S

M/s~1H) 1 = moleL Tes)™" = mo—TeLes™

A

5. a. 1/(8.00 mol) = 0.125 mol—! b. 1/(0.25 mol/L) = (1/0.25)( 1/(mol @ L—1) = 4.0 mol—" e L
c. (0450M—1es™1)(250s) = 1M2M—1

d. (0500 M1 es™1)(150s5) + 1.20 M1 =750 M—1+ 120" = 870 M~
6. a. k= 1Al — 1[A]g b. t = MAI—1/[Alp
t k
c. 1/[Aly = [AI71—kt d. [A] = (kt+1/[A]p)~"

7. Given 1/[A]= (0250 M—lesec—1)(t) + 200M—1 and t= 30.0s, solve for [A].

Strategy: Since the equation solves for 1/[A], first solve the equation for 1/[A], then take
the reciprocal of 1/[A] to find [A)].

*x * % *x %

Equation: 1[A] = (0.250 M—1 e sec—1) (t) + 2.00 M~

DATA: Use the equation’s symbols for variables to make the data table.
1/[A] = ?
t=300s

Solve: ? = 1[A]= (0250 M—1+s—1)(30.0s) + 200M—" =

= 750M—"1 + 200M—" = |950M—1 = 1/[A] |
[A] = 1/ (1/[A]) = 1/(9.50 M—") = | 0.105M = [A] |
8. Given the same equation and [A] = 0.174 M, solve for t.

Equation: 1MA] = (0250 M—1+s—1)(t) + 2.00 M1
DATA: Use the equation’s variables in the data table.
1/[A] = 1/(0.174 M) = 575 M1
t=7? Solve in symbols before substituting numbers.

t=_1[Al—200M~1 = 575 M—1—2.00M" 3.75 M1 = 15.0s
(0.250 M—1+5—1) (0250 M—1+s—1) (0.250 M—1+s—1)

* 0k 0k K %
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Lesson 27H: Integrated Rate Law — Second Order

The following table summarizes the rate law equations used for zero-, first-, and second-

order reactants. You need to be able to write these 9 rows from memory.

* % % % %

Summary: Rate Laws

1 Order > Zero First Second

2 | (Differential) Rate Law | rate = k[A]0 =k rate = k[A]1 = k[A] rate = k[A]?

3 | If [A] doubles, the rate: Stays the same Doubles Quadruples

4 At double thg fl.rst .hé?lf- None 5% 33%
life, [A] remaining is:
Integrated 1 =+kt +_1

5 Al=—kt+[A In[A] = —kt + In[A = =
Rate Law [A] [ ]O [A] [ ]0 [A] [A]0

6 | Tograph aline, plot:

[Alony, tonx

In[A]Jon y, ton x

1/[A]on y, ton x

This slope is constant

7 between any 2 points: A[A] / At An[A]/ At A1/[A] ] At
8 | Rate constant (k) = Minus the slope Minus the slope The slope
. tip = [Alg | ty2 =—(In 1) = 0.693 = _1
9 | Half-life and k 21 k k KAl

To do the problems below, begin by memorizing the table’s first 8 rows for second-order
reactants. Practice until you can write those 8 rows from memory. Then, cover below the
* * * * * Jines below with a cover sheet and answer the questions above the line.

1. Write two forms of the rate law for a reaction A = B that is second-order in A.

* % % % %

Second-order differential rate law:

Second-order integrated rate law:

Rate = k [A]?
1/[A] = +kt + /[Alg

2. Compare the second-order integrated rate law: 1/[A] = +kt + 1/[A]p
y = mx+b

Write the symbols in the second-order integrated rate law next to the matching symbols
in the equation for a line.

y:

m:

to the equation for a line on a graph:

x=

b=

* % % * *
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y = 1/[A]
m= +k

x =t

b = 1/[A]p

3. Fill in the blanks on these. For a reaction that is second order in A,

What ratio that uses [A] and time will be constant?

b. What will be the y-intercept term in the integrated rate law?
c. If [A] versus time data is collected,

i. Will a plot of [A] versus time have points on a line?

ii. What plot will produce points on a line?

* * * *x *

a. A1/J[A]/At b. 1/[A]p c. i. No ii. 1/[A] versust

To learn the method for graphical analysis of second-order data, try this example.

Q. For the reaction: D - E, [D] and time are Time [D]

1/ID]

measured. 0 0.400 M

a. Based on the data at the right, estimate the 100 s 0.250 M

first half-life of D in the reaction.
18.0s 0.192 M

b. Estimate [D] after double the first half-life;
28.0s 0.149M

c. Determine the order of reactant D. 36.0s 0127 M

d. Write the differential rate law. 440s 0110 M

* * % *x %

The original concentration is cut in half, to 0.200 M, after about 16 s.

b. Double the first half-life is about 32 s. [D] at about 32 s is about 0.130 M.

c. Since 0.130 M/0.400 M = 0.32; about 32% of the original concentration
remains at double the first half-life, which is close to 33%. This fits the

profile for a second-order reactant.
d. rate = k[D]?

e. If this data represents a second-order reactant, what ratio using [D] and t should

be constant?

* * * * *

e. Theratio A (1/[D])/At, which is the slope component in the second-order

integrated rate law, should be constant.

f. Using a calculator, calculate values for 1/[D] in the table above. Enter the

results in the last column, then check your answers below.

* * *x *x %
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f. Sample calculations: Time [D] 1/ID]
—1
For 1/[D]: If [D] = 0.400 M, 0 0.400M | 2,50 M
10.0s 0.250 M —1
1/[D] =1/0.400 M = 2.50 M—1 4.00 M
X ok Kk Kk 18.0s 0192M | 521 M1
Your values should match those at the right. 28.0s 0149M | 670 M1
g. On the two grids below, graph the data: first | 30.0s 0127M | 787 M1
[D] vs. time, then 1/[D] vs. time. 440's 0110M | 910 M—1
[D] versus time 1/[D] versus time
0.5 10
04 = 8
s E
203 S
=021 =
2 D)
01 S 2
0 0 . .
0 10 20 30 40 50 0 10 20 30 40 50
seconds seconds

h. For which graph is the data closer to linear behavior?

i. For the graph that is linear, calculate the slope of the line between two widely

spaced points.

j. Based on the graph, does the data better fit the behavior of a reaction that is zero

order in D, or second order in D?

Check your answers below.

* * * *x %

h. The second graph should be very close to linear behavior (see next page).

i. For slope between 0 and 50 s, at t; = the lowest time =05, 1/[D] = 2.50 M1

Atty=50s,1/[D] ~10.0 M~1

m =slope = AY[D] = /[P —1/[Pl; = (10.0— 2500 M~ = 0.150 M~

(50.0—0) s

S

For real experimental data, the slope between points will vary, and the slope of the
“best line” among the points will be a judgment call with uncertainty.
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[D] versus time 1/[D] versus time

05 10

04 — 8 . g
= o

6 4

: E e
=02 e = 4 /
) —e— D

01 e S

0 0 T T
0 10 20 30 40 50 0 10 20 30 40 50
seconds seconds

j-  When a graph is linear, the equation for the line is
y-axis variable = (constant slope)(x-axis variable) + y-intercept

Since the first graph above is not linear, but the second is, the data in the table
fits the equation

1/[D] = (constant slope)(time) + y-intercept

The value of the y-intercept is the value of y when time = 0, which is
represented in symbols as 1/[D] . The equation for the line above is therefore

1/[D] = (constant slope)(time) + 1/[D]
which matches the form of the second-order integrated rate law:
1/[D] = +kt + 1/[D]y

For data that is second-order in D, the slope ratio A(1/[D])/At should be
constant. In the second graph above it is.

k. For this experiment, the numeric values and units for the constants are:

k= and 1/[D]y =

*x * *x *x %

k. For the above reaction, in symbols, the rate law is: 1/[D] = +kt + 1/[D]g,
Since the rate law is in the form -> y = mx+Db
for this data: k = m = the constant slope = 0.150 M—1es™1 from part i,
and 1/[D]y = 1[D]at0s = 1/0.400 M = 2.50 M1

1. Write the specific rate law for this data, keeping the same variable symbols but
substituting the values and units of the two constants.

* * *x *x %
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1. Insymbols: 1/[D] = +kt + 1/[D]p

Substituting the constants, the rate law for this data is:

1/[D] = (0.150 M—1es™1) (t) + 250 M—1

m. Test the rate law: choose a time value in the original data table that you did not
use to calculate a slope. Plug that time into the rate law. See if the law, with
your calculated constants, accurately predicts the [D] in the data at that time.

(Use t = 36.0 s to match the answer below.)

ok * % %
m. Rate Law:  1/[D]= (0.150 M—les™1) (t) + 250 M1
DATA: 1/[D] = ?
t=360s
WANTED: [D]

Strategy: To find [D], use the rate law to find 1/[D], and then take the
reciprocal to find [D].

If needed, adjust your work and finish.

* * % *x %

? = 1/[D]= (0.150 M—les™1)(36.0s) + 2.50 M—!

= 540M~1 + 250M~1 = |790M~1 = y[D] |

D] = 1/(Y[D]) = 1/(790M~) = | 0127M = [D] |

Compare that answer to the original data table for t = 36.0 s. Does the rate
equation predict the experimental result?

n. Test your equation again: use the equation to calculate the time at which [A]
will equal 0.192 M.

* * * *x %

n. Rate Law: 1/[D] = +kt + 1/[D]y
DATA: [D] =0.192M
1/[D] =1/(0.192 M) =5.21 M1
k= (0.150 M—Les™1)
t=7?
1/[D]p =1/0.400 M = 2.50 M—1

Strategy: Solve the equation for t, first in symbols, then plug in values.

* * * *x %

t=1/[D] = 1/[Dlp = 521M1—250M~1 = 271M~1 =
k k 0.150 M—les—1
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Compare this calculated time to the time in the original table at [A] = 0.192 M.

The answers agree within one doubtful digit. Once an integrated rate law with its
calculated constants is known, the concentration of the reactant at any time, and the
time required to reach any concentration, can be calculated.

Practice: If you are unsure of the answer to any part, check it before doing the next part.
Additional second-order calculations will be found in the next lesson.

1. Inthereaction: A > B, time and [A] are Time [A]

measured as a reaction proceeds. 0 0.500 M

a. Using the “double the first half-life” method, 60.0 s 0.444 M

determine the order of the reaction.
150. s 0.381 M

b. Write the differential and the integrated rate
225s 0.340 M

law that fits this data, in symbols.
450. s 0.255 M

c. What two variables will need to be plotted to
produce a line with a constant slope? 900. s 0174 M

d. Graph the data to determine the rate constant for the reaction. You may use the
grid below, your own graph paper, or graphing software.

e. Write the integrated rate law with values for the two constants.
f. Calculate the predicted [A] at t = 1450 sec.
g. How long will it take for [A] to equal 0.100 M?
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ANSWERS

1 a. Thefirst half-life is about 460 s. Double the first half-life is about 920 s. Att=920s, [A] =
0.170/0.500 = about 34% of the original concentration. This fits the behavior of second order in A.

b. Second-order differential rate law: ~ Rate = k [A]2
Second-order integrated rate law: 1/[A] = +kt + 1/[A]g

c. Calculate values for 1/[A], Time [A] 1/[A] in L/mol
(see values at right) 0 0.500 M 2.00
then graph 1/[A] versus t. 60.0s | 0444 M 2.25

150.s | 0.381 M 2.62
225s | 0.340 M 294
450.s | 0.255 M 3.92
900.s | 0.174 M 5.75

d. For second order reactions, the slope
of the graph of 1/[A] versus t is the 1/[A] versus time
value of the rate constant. 6.00 —»

To find the rate constant, calculate 5 500
the slope of the line. € 4001 /
* % *x *x * < 3.00 1 /
. . < 2.00
Using the second-order integrated S 100
rate law and the estimated data points 0'00
from the graph at 0 s and 900 s, the 0 200 400 600 800 1000
rate constant is: seconds

k=m= A1AL = AL, — VAl = (1)0.174 — 1/0.500) M~ = 575—2 = 0.00416 M—"
At ty—t, (900—0) s 900 s

Your slope may differ slightly. Taking the slope of a line that is a “best fit” involves uncertainty.
e. Integrated Rate Law:  1/[A] = (0.00416 M—1+s—1)(t) + 2.00 M~
f. Tofind [A], use the rate law to find 1/[A] and then take its reciprocal.
1/[A] = (0.00416 M—1+s—1)(1450s) + 200 M—" = 8.04 M—1
[A] = 1(1/[A]) = 1/8.04 M~ =
g. RateLaw:  1/[A] = +kt + 1/[A]p

t= 1A — 1Al = (1/0.100 — 2.00) M~ = 8.00 M—1 =[1,920s
k k 0.00416 M—1 .« s—1

* % * % %
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Lesson 271: Half-Life Calculations

Timing: IF you are asked to solve half-life calculations as part of your unit on kinetics, do
this lesson now. You will also need to download and complete Lesson 39D as part of the
following lesson.

If you are not asked to solve calculations that include half-lives at this point in your course,
do not do this lesson.

IF you are asked to solve only radioactive decay half-life calculations at this point in your
course, do not complete this lesson, but instead complete Lesson 39D.

* % * % %

Half-Lives: Simple Multiple Cases

The half-life of a reactant (symbol t, ) is the time required for a [reactant] to reach 50% of
its initial concentration. After one half life, half of a sample remains and half is used up.
Recall that for a

e Zero-order reactant, at double the first half-life, all of the reactant is used up.

e First-order reactant (including radioactive isotopes), the half-life is constant.
0 At double the first half-life, 1/4 of the original concentration remains;

0 At triple the first half-life, 1/8 of the original concentration remains.

e Second-order reactant,
0 At double the first half-life, 1/3 of the original concentration remains;
0 At triple the first half-life, 1/4 of the original concentration remains.

0 Each successive half-life requires twice the time of the preceding half-life.

Though the rate laws and the above rules are stated in terms of concentration, they will
also be true for any measure that is proportional to concentration. If the reacting particles
are in a sample that has a constant volume (which should be assumed unless other
conditions are stated), these rules will apply to particle counts as well as concentration.

For half-life calculations involving these easy multiples, problems can often be solved
quickly using the rules above. These easy multiple rules can also be used to estimate
answers as a check for problems that are not easy multiples.

Practice A

1. The nucleus of carbon-14 undergoes first-order radioactive decay with a half-life of
5,730 years. In a sample of constant volume containing C-14,

a. After how many years will 75% of the original C-14 nuclei decay?
b. After how many half-lives will the [C-14] be 1/16th of its original concentration?
c. What percentage of the C-14 will be present after 3 half lives?
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2. For a second-order reactant, if the first half-life is 25 seconds,
a. How long is the second half-life?
b. After how much time the reactant have one-third of its original concentration?
c.  What percentage of the original reactant concentration will remain after 175 s?
3. For zero-order reactants,
a. if the first half-life for a reactant is 15 seconds, how much remains after 30. s?

b. If all of a different reactant is used up after 80. seconds, what is its half-life?

Half-Life Calculations for Non-Simple Multiples

These equations relate half-life and rate constants.

1 Order = Zero First Second
- tip=[Al0 |t =—(nw)=0693| t2=_1
9 | Half-life and k e . - WA,

These formulas can be derived by substituting t1/; for t and 1/2 [A]g for [A]; in each
integrated rate law, but it will likely speed your work to simply memorize them. It helps
to note that all of these equations solve for t1/5 and have k in the denominator.

If a half-life is known, these equations will find values for the rate constant k without
calculating slopes.

First-Order Reactants

First-order reactants are a special case. Note that in the three half-life equations above,
first-order reactants are the only type for which the half-life does not depend on the
original concentration of the reactant.

The integrated rate law for first-order reactants is

In[A]¢ = —kt + In[A]g which can be re-writtenas  In[A]¢ —In[A]g = —kt

Using the rule that “the log of a quotient is the subtraction of the logs,” the second
equation above can be written as

In [ [Alt | = —kt  which can be written In(fraction remaining) = —kt
[Alo

The four equations above are equivalent ways to write the first-order integrated rate law.
First order rate calculations often involve fractions or percentages, and in such cases the
fraction form above will be the most convenient to use.

The above equations apply to any reactants that are first-order, but the decay of
radioactive nuclei is the first-order process encountered most frequently.
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One difference between chemical reactions that are first order and radioactive decay (a
nuclear reaction) is that for chemical reactions, the rate constant for a reactant will vary
with temperature, but in radioactive decay, at the range of temperatures encountered in
the earth’s atmosphere or interior, the rate constant remains constant: a characteristic of
the particular isotope. However, other aspects of first order half-life calculations are the
same for both chemical reactions and radioactive decay.

Because calculations involving the decay of radioactive isotopes are the type of first-order
kinetics encountered most often, in these lessons we cover the math of first-order in
Lesson 39D as part of Nuclear Chemistry. If you are assigned calculations involving
either radioactive decay or first-order half-lives for chemical reactions at this time, during
the study of kinetics in your course, you should complete Lesson 39D now, then return to
this point in these lessons.

Zero- and Second-Order Reactants

Zero- and second-order half-life calculations apply the two half-life equations:
Zero-order half-life: t1/2 = [Alp/2k Second-order half-life: t172 = 1/(k[A]o)
Try the following example in your notebook.

Q. For a second-order reactant D, at 25°C, 50% of the original 0.180 M D remains after
3.00 minutes. Calculate

a. The rate constant for the reaction.
b. [D] after 9.0 minutes.
c. The time required for [D] to reach 0.025 M.

* % * % %
Answer
a. WANT: k

Part A may be done in several ways, but the quickest is to use the half-life equation.
By definition, the first half-life is the time when 50% of the original reactant remains.

DATA:  ty/ =3.00 min.
The equation that relates k and t1/, for second-order reactants is
[ty = V(K[A]9) |

Solve in symbols for the WANTED k first, and then find a value for k.

* * *x *x %

k=_ 1 1 = |1.85 M—Lemin—!
t2 ([Alp)  (3.00 min) (0.180 M)

*x * * % *

b. WANT:  [Dlg o min = [Dlt
DATA: t=9.0min
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The equation that uses t, k from Part a and [A]; for second-order reactants is the
second-order integrated rate law.

Y[D]; = +kt + 1/[D]y
To find [D];, find 1/[D]; and then take its reciprocal.

* * % *x %

Substituting the constants: 1/[D]¢ = (1.85 M— lemin=1)(t) + (1/0.180) M1
Substituting t: 1/[Dlo o min = (1.85 M—Llemin—1)( 9.0 min ) + 5.56 M1

= 16.7M1+556 M~ = 223M~1= 1/[Dlg ) min

[Dlogmin= 7
* %X % % *

[DI9.0 min= ? =W(YIDlo,g min) =1/(223M~1) =

Is this answer reasonable? Use what you know about half-lives to estimate the result.

* * * * *

Note that 9.0 minutes is triple the first half-life. For second-order kinetics, after triple
the first half-life, 25% of the [original] remains. For [D], 25% of the original 0.180 M =
0.045 M. The “double the first half-life” rules can be a check or an alternate way to
solve Part b.

* * % *x %

c. WANT: t
DATA: 0.025M = [D];
The equation that uses [D] and t for this second-order reactant is
In symbols: 1/[D]; = +kt + 1/[D]p

With constants: 1/[D]¢= (1.85 M Lemin—1)(t) + 556 M1
Solving for t:

t=1/[D]=1/[Dlp = 400M—1—556 M—1 = 344M~1 =

k k 1.85 M—Lemin—1

Practice B: If you are unsure of the answer to a part, check it before doing the next part.

1. For a reaction A > D that is second order in A, k = 6.0 x 1073 Lemol—1es™1,
a. If after 150. s, [A] = 0.200 M, what was the original [A]?
b. Calculate the first half-life of A.
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2. For a catalyzed reaction D = E, a graph of [D] versus time results in a straight line with
a slope of —8.0 x 1070 M/s.
a. What is the order in D?
b. Write the differential and integrated rate laws for the reaction.
c. If the initial [D] = 0.250 M, calculate the half-life for the reaction.

3. By definition, the half life ty 5 is the time required to reach 1/2[A]g . Substitute ty/, for
tand 1/2 [A] for [A]; , then solve for typ in the integrated rate laws for

a. The zero order law b. The first order law c. The second order law

Compare these answers to the equations in Row 9 of the Kinetics Rules chart.

ANSWERS

Practice A

1a. First-order half-life is constant. If 75% has decayed, 25% remains. Half remains after one half-life, half of
that half (25%) remains after two half lives. Two half lives =2 x 5,730 years = 11,460 years.

1b. Half remains after one half-life, 1/4th after two, 1/8th after three, 1/16th after four half-lives.

1c. Half remains after one half-life, 1/4th after two, 1/8th after three; 1/8 =0.125 =12.5%

2a. For second-order reactants, double the first: 50. sec.

2b. One-third of the [original] remains after double the first half-life: after 50 seconds of reaction.

2c. For second-order reactants, each successive half-life is double the preceding. If half remains after the

first 25 sec, 1/4th remains 50 seconds after that, and 1/8th remains 100 seconds after that. 25+50+100 =
after 175 seconds, 1/8th = 0.125 = 12.5% remains.

3a. None. 3b. 40 sec.

Practice B

1a.

WANT: [Alo
DATA 150.s =t
6.0x1073 Lemo—1es~1 =k
0.200 M = [A];
The second-order law that uses t, k , [A]g and [A}; is: 1/[A]; = +kt + 1/[A]g
Solving for the term with the WANTED symbol: ~ 1/[A]y = —kt + 1/[A}t

Substituting : 1/[Alg= — (6.0 x 1073 Lemol—1+s~1)(150. s ) +(1/0.200) M— 1
= —090M~1+ 500M~1 = 410M—T= 1/[A]

[Alp = U(1[Alp) = 1/(41M~T)
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1b. WANTED: 47
DATA: k=6.0x10"3 Lemol—1+s™"
The second-order equation that includes tqj and kis| tq/2 = 1/(k[A]g) |
[Alp = 0.244M

t12 = 1U(k[A]g) |'= 1{(6.0x 1073 L+mol—"+s~1)(0.244 mollL )} =

=1/(1.464x10~3s~1) = | 683 s = ty)

2a. If concentration vs. time is linear, the reaction is zero order. 4b. rate = k and [A]y=—kt +[A]p
2c. WANTED: tqp9
DATA: For zero-order half-life: tq/9 = [D]o/2k
[D]g =0.250 M

k = minus the slope of [D]vs.t = +8.0 x 10— 6 M/sec.

SOLVE:  tqjo=[D]g/2k = 0250M = [16x104s
16 x 10— 6 M/sec

3a. [A]g=— kt + [Alg 3b. In[A]; =— kt + In[A]y 3c. 1/[A]y = +kt+1/[A]
112[A]p = —k t412 + [Alg In (1/2[Alg) = —ktqjz +In[Alg 1/[(112[A]g) = +k tq/2 +1/[Aly
—12[Alg=—kty/ ktq2 = In[Alg —In (1/2[A]g ) 2[[Alp = +kty; +1/[Alg
t12 = [Alg/2k ktqj2 = In [Alg 11/2[Alg ) 2[Alg—11[Alg = +kty/
kty2 = In(2) (2—1) [[A]p = tktqp
typ = 0.693/k t12 = 1/kI[A]g

* 0k 0k K %

Summary: Kinetics

1. Average Reaction Rate = changein[A] =_A[A] = [Alp —[A]1
change in time At th—1t1

2. If the rate of reaction of one component is known, the rates of appearance and
disappearance of other reactants and products can be calculated from the coefficients.

3. The Rate Laws

1 Order 2> Zero First Second
2 | (Differential) Rate Law rate =k[A]0=k | rate =k[A]l =K[A] rate = k[A]?
3 | If[A] doubles, the rate: Stays the same Doubles Quadruples
4 At double the. f|.rst ha?lf- None 5% 33%

life, [A] remaining is:
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Module 27 — Kinetics: Rate Laws

In[A] = —kt + In[A],
Integrated _ or In (%) =—kt | 1 =+kt+ 1
> Ratg Law [A] =—kt +[A]p [Alo [A] [Alo
Orln(fmction) = —kt
6 | Tograph a line, plot: [A]ony, tonx In[A] on y, ton x 1/[A]on y, ton x
This slope is constant: A[A]/ At A In[A]/ At A1/[A]/ At
8 | Rate constant (k) = Minus the slope Minus the slope The slope
t = [A t =—(In1 t =
9 | Half-ife and k 2 % V2 =={ln) V2 lﬁo
Log Rules
1. Alogarithm is an exponent: the power to which a base number is raised.
2. Alogarithm answers the question: if a number is written as a base number to a power,
what is the power?
3. On a calculator,
e The button calculates the power of a number written as 10 to a power.
. ‘ 10% ‘ or 2™ or INV ‘ [log] buttons convert from “10 to a power” to a number.
4. The definition of a log is ; the logof 100is 2 .
5. Knowing the log of a number, to find the number, calculate the value for 10108, This
is called “taking the antilog” or “finding the inverse log.”
. Recite and repeat to remember: “10 to the log x equals x.”
7. Knowing the log, to find the number, take the antilog. On a calculator,
e input the log value, then press | INV||LOG]| ; or|2nd ||LOG]| ; or
e Input the log value, then press . A log is simply an exponent.
8. Checking log answers: when a number is written in scientific notation, its power of
10 must agree with its base 10 logarithm within * 1.
9. The symbol e is an abbreviation for a number that has special properties: 2.718...
10. The In (natural log) function answers the question: if a number is written as e to a
power, what is the power?
11. Knowing the In, to find the number, take the antilog:
e input the log, then press ; or
e Input the log, then press . An In is simply an exponent of e.
12. When you encounter log calculations, it helps to write:

©2011 ChemReview.net v. 2z Page 841



13.

Module 27 — Kinetics: Rate Laws

and | 10108 X = x|, “The log of 10 to the x is x; 10 to the log x is x.”
and . Write the base 10 rules, then substitute e and In.

2.303 log(x) = In(x)

Reciprocal Rules

1.

N

Three equivalent ways of representing the reciprocal of Xare: _1 = 1/X = X1
X
The reciprocal of 1/X is X. The reciprocal of the reciprocal of X is X.
In equation format: 1 =1/1/X) = xHh1 =x
1
X

To convert a reciprocal to a number, using a calculator, either divide the number into

one or use the reciprocal key.

If you know the value of the reciprocal of a number, and you want the number, take the
reciprocal of the reciprocal value.

To take the reciprocal of a unit of measurement, change the sign of its exponent.
To take the reciprocal of a number to a power, change the sign of the power.

To multiply exponentials, add the exponents. To take an exponential to a power,
multiply the exponents.

To take the reciprocal of a fraction, invert the fraction.

When a term has fwo fraction lines ( either or / ), separate the terms that are
fractions. To do so, apply these steps in this order.

b. If a term has a fraction in the denominator, separate the terms into a reciprocal of the
fraction ( 1/fraction in the denominator ) multiplied by the remaining terms.

b. If there is a fraction in the numerator, separate that fraction from the other terms in
the numerator or denominator.

c. To simplify fractions, invert reciprocal fractions, cancel units, and multiply terms.
1 = 1/B/C)=BeC 1)1 =B"leC= /B
B
C
# # # # #
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