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Preface

With the birth of the electronic hand calculator and the death of the slide rule,
the teaching of general chemistry entered a new era. Unfortunately, the cal-
culator did not bring automatic understanding of chemistry; analyzing and solv-
ing problems is just as difficult as ever. The need for detailed explanations, drill,
and review problems is still with us.

The calculator came on the scenejust as society was beginning to make major
decisions based on statistical evidence. Which chemicals are "safe” and "non-
carcinogenic"? At what level is a given pollutant ‘‘harmful’? More and more
the chemist must decide what constitutes risk, and that decision is based on
statistics. New analytical techniques can detect incredibly small amounts of
materials, and the results of these analyses must be judged statistically. Stu-
dents need to start as early as they can to think critically and with statistical
understanding about their own work and that of others. The hand calculator
makes it relatively easy to determine statistical significance, to plot data prop-
erly by the method of least squares, and to evaluate the reliability of quantities
related to the slope and y intercept of such a plot. This book takes into account
the impact of the calculator. It shows beginners how to use calculators effec-
tively and, as they progress, to determine whether or not results are statistically
significant.

The text will be useful to those beginning chemistry students who have
difficulty analyzing problems and finding logical solutions, who have trouble
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with graphical representations and interpretation, or who have simply missed
out on such items as logarithms and basic math operations. It will also be useful
to the student who wants additional problems and explanations in order to gain
a better understanding of concepts and to prepare for exams.

Instructors will find that the book does more than satisfy the self-help and
tutorial needs of students who lack confidence or background preparation. It
will supplement the weaker portions of the selected text and, in general, pro-
vide a much wider variety of problems. It will enable instructors to devote class
time to a more complete discussion of general principles, because students will
be able to obtain and study the details of problem solving from the book. In
addition, it provides a basis for students to assess the reliability and quality of
their quantitative lab work and explains how to treat data properly in graphical
form and to assess the quality of the quantities derived from their graphs.
Finally, the book presents a logical approach to the sometimes bewildering
business of how to prepare compounds and how to predict whether a given
reaction will occur.

Since Solving General Chemistry Problems is a supplement to the regular text
and lab manual used in a beginning college chemistry course, it has been written
so that chapters can be used in whatever order best suits the adopted text and
the instructor's interests. Whatever interdependence exists between the chap-
ters is the normal interdependence that would be found for similar material in
any text.

Although the use of units is heavily emphasized throughout the text, it was
decided not to make exclusive use of SI units; almost none of the current texts
do so, and an informal poll of chemistry teachers showed little interest in
making this change. Anyone strongly committed to another view may easily
convert the answers to SI units or work the problems in whatever units are
desired. The methods of calculation and the analytical approach will not be
affected.

Some instructors may like to know the ways in which this fifth edition differs
from the fourth. Two major changes are the addition of a chapter on chemical
kinetics (Chapter 15) and the replacement of all the material on slide rules with
a discussion of the efficient use and application of electronic hand calculators.
Chapter 7 no longer considers specific gravity but instead discusses the applica-
tion of bouyancy principles to accurate weighing. Graphical representation in
Chapter 6 has been amplified to include the method of least squares and how to
evaluate the reliability of the slopes and intercepts of best-{it lines. The material
on thermochemistry (Chapter 14) has been expanded to include energy changes
at constant volume as well as at constant pressure. Problems and concepts
related to free energy are considered along with the energy obtained from
electrochemical cells and are related to the entropies and enthalpies of reaction.
Absolute entropies are also included. The application of Faraday's laws to
electrolytic cells has been separated from the other electrochemical material
and placed in a chapter of its own (Chapter 19). Chapter 9, on the sizes and
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shapes of molecules, now contains a refined set of rules for predicting molecu-
lar shape, and the rules are related to the hybrid orbitals that hold the atoms
together. Even where the approach and general lines of reasoning have
remained the same as in the fourth edition, the text has been substantially
rewritten.

Conway Pierce, coauthor of the first four editions of the book and coauthor of
the first four editions of Quantitative Analysis, published by John Wiley & Sons,
died December 23, 1974, Professor Pierce was a valued friend, a stimulating
teacher, and an original researcher whose contributions to chemistry and chem-
ical education spanned more than fifty years. I hope that this edition of the book
reflects the everchanging outlook of general chemistry while retaining the sim-
ple, direct, and clear expression for which Conway Pierce was noted.

R. Nelson Smith
October 1979
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Studying and
Thinking About Problems

For many of you, the first course in chemistry will be a new experience—
perhaps a difficult one. To understand chemistry, you will have to work hun-
dreds of problems. For many students, the mathematical side of the course may
seem more difficult than it should, leading to unnecessary frustration. There
appear to be two main sources of this difficulty and frustration; they center
around (1) study habits, and (2) the way you analyze a problem and proceed to
its solution. The following suggestions, taken seriously from the very begin-
ning, may be of great help to you. For most people, improved study habits and
problem-solving skills come only with practice and with a determined effort
spread over a long time. It's worth it.

STUDY HABITS

1. Learn each assignment before going on to a new one. Chemistry has a
vertical structure; that is, new concepts depend on previous material. The
course is cumulative in nature. Don't pass over anything, expecting to leam it
later. And don't postpone study until exam time. The message is this: keep up
to date.

2. Know how to perform the mathematical operations you need in solving
problems. The mathematics used in general chemistry is elementary, involving



only arithmetic and simple algebra. Nevertheless, if you don't understand it,
you can expect troubles before long. So, before you can really get into chemis-
try, you need to master the mathematical operations in the first six chapters.

3. Don't think of your calculator as a security blanket that will bring you
vision, light, and understanding about problems. Your calculator can minimize
the tedium and time involved in the mechanics of a problem, thus leaving you
more time to think about the problem. And, in principle, there is less likelihood
of your making an arithmetical error with the calculator, but it won't help you
at all in choosing the right method for solution. Many students make a substan-
tial investment in a powerful calculator and then never learn to take advantage
of its power and its time-saving capability. From the very beginning it will pay
you to learn to use this incredible tool well and easily, so that you can devote
your thinking time to understanding the principles and the problems. This book
emphasizes the proper and efficient use of your calculator.

4. Minimize the amount of material you memorize. Limit memorization to
the basic facts and principles from which you can reason the solutions of the
problems. Know this smallish amount of factual material really well; then con-
centrate on how to use it in a logical, effective way. Too many students try to
undertake chemistry with only a rote-memory approach; it can be fatal.

5. Before working homework problems, study pertinent class notes and text
material until you think you fully understand the facts and principles involved.
Try to work the problems without reference to text, class notes, or friendly
assistance. If you can't, then work them with the help of your text or notes, or
work with someone else in the class, or ask an upperclassman or the instructor.
However, then be aware that you have worked the problems with a crutch, and
that it's quite possible you still don't understand them. Try the same or similar
problems again a few days later to see whether you can do them without any
help, as you must do on an exam. Discussion of problems helps to fix principles
in mind and to broaden understanding but, by itself, it doesn't guarantee the
understanding you need to work them.

6. When homework assignments are returned and you find some problems
marked wrong (in spite of your efforts), do something about it soon. Don't
simply glance over the incorrect problem, kick yourself for what you believe to
be a silly error, and assume you now know how to do it correctly. Perhaps it
was just a silly mistake, but there's a good chance it wasn't. Rework the
problem on paper (without help) and check it out. If you can't find the source of
error by yourself, then seek help. There is often as much or more to be learned
from making mistakes (in learning why you can't do things a certain way) as
there is from knowing an acceptable way without full understanding. However,
the time to learn from mistakes is before exams, on homework assignments.

7. In the few days before an examination, go through all the related
homework problems. See if you can classify them into a relatively small num-
ber oftypes of problems. Learn how to recognize each type, and know a simple
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straightforward way to solve that type. Recognition of the problem (not the
mechanics of the solution) often is the biggest difficulty to be overcome. In most
cases, there are only a few types of problems associated with a given topic.

8. Be sure that you understand material, rather than just being familiar with
it (there's a huge difference!). See if you can write something about the topic in
a clear, concise, and convincing manner, without any outside assistance. The
act of writing is one of the best ways to fix an idea in your mind, and it is the
same process that you use on an exam. Many students feel that repeated read-
ing of an assignment is all that is needed to learn the material; unfortunately,
that is true for only a few students. Most people will read the words the same
way each time; if real understanding has not occurred by the second or third
reading, further readings probably are a waste of time. Instead of going on to a
fourth reading, search through the text and jot down on a piece of paper the
words representing new concepts, principles, or ideas. Then, with the book
closed, see if you can write a concise "three-sentence essay” on each of these
topics. This is an oversimplified approach (and not nearly as easy as it sounds),
but it does sharpen your view and understanding of a topic. It helps you to
express yourself in an exam-like manner at a time when, without penalty, you
can look up the things you don't know. If you need to look up material to write
your essays, then try again a few days later to be sure you can now do it without
help.

PROBLEM SOLVING

1. Understand a problem before you try to work it. Read it carefully, and
don't jump to conclusions. Don't run the risk of misinterpretation. Learn to
recognize the type of problem.

2. If you don't understand some words or terms in the problems, look up
their meaning in the text or a dictionary. Don't just guess.

3. In the case of problems that involve many words or a descriptive situa-
tion, rewrite the problem using a minimum number of words to express the
bare-bones essence of the problem.

4, Some problems give more information than is needed for the solution.
Learn to pick out what is needed and ignore the rest.

5. When appropriate, draw a simple sketch or diagram (with labels) to show
how the different parts are related.

6. Specifically pick out (a) what is given and (b) what is asked for.

7. Look for a relationship (a conceptual principle or a mathematical equa-
tion) between what is given and what is asked for.

8. Set up the problem in a concise, logical, stepwise manner, using units for
all terms and factors.
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9. Don't try to bend all problems into a mindless "proportion” approach that
you may have mastered in elementary grades. There are many kinds of propor-
tion, not just one. Problem solving based on proportions appeals to intuition,
not logic. Its use is a hindrance to intellectual progress in Science.

10. Think about your answer. See whether it is expressed in the units that
were asked for, and whether it is reasonable in size for the information given. If
not, check back and see if you can locate the trouble.
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Number Notations,
Arithmetical Operations,
and Calculators

DECIMAL NOTATION

One common representation of numbers is decimal notation. Typical examples
are such large numbers as 807,267,434.51 and 3,500,000, and such small num-
bers as 0.00055 and 0.0000000000000000248. Decimal notation is often awkward
to use, and it is embarrassingly easy to make foolish mistakes when carrying
out arithmetical operations in this form. Most hand calculators will not accept
extremely large or extremely small numbers through the keyboard in decimal
notation.

SCIENTIFIC NOTATION

Another common, but more sophisticated, representation of numbers is scien-
tific notation. This notation minimizes the terdercy to make errors in arithmeti-
cal operations; it is used extensively in chemistry. It is imperative that you be
completely comfortable in using it. Hand calculators will accept extremely large
or extremely small numbers through the keyboard in scientific notation. Ready
and proper use of this notation requires a good understanding of the following
paragraphs.

An exponent is a number that shows how many times a given number (called
the base) appears as a factor; exponents are written as superscripts. For exam-
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ple | o2 neans 10 x 10 = 100. The number 2 is the exponent; the number 10 is

the base, which is said to be raised to the second power. Likewise, 23 means
2x2x2x2x2=32 Here5isthe exponent, and 2 is the base that is raised
to the fifth power.

It is simple to express any number in exponential form as the product of some
other number and a poweIrOSf_lOI For integyad @vhole) pov@é}@ #F Q0; W@ Raveberis
1x 105 10=1x 10, 7 " X 102, 109,
not an integral power of 10, we can express it as the product of two numbers,
with one of the two being an integral power of 10 that we can write in exponen-

tial form. For example, 2000 can be_written as 1000, and then changed ¢
the exponential form of 2 x 103 Tmf %orm 2606 s an .exa.m.p?e OP al(,gclma
notation; the equivalent form 2 x 10° is an example of scientific notation.

Notice that in the last example we transformed the expression

2000.0 x 10°

into the expression

2.0 x 10®

Notice that we shifted the decimal point three places to the left, and we also
increased the exponent on the 10 by the same number, three. In changing the
form of a number but not its value, we always follow this basic rule.

1. Decrease the lefthand factor by moving the decimal point to the left the
same number of places as you increase the exponent of 10. An example
is 2000 (i.e., 2000 x 10°) converted to 2 x 103

2. Increase the lefthand factor by moving the decimal point to the right
the same number of places as you decrease the exponent of 10. An
example is 0.005 (i.e., 0.005 x 10°) converted to 5 x 1072

PROBLEM:
Write 3,500,000 in scientific notation.

SOLUTION:

The decimal point can be set at any convenient place. Suppose we select the
position shown below by the small v, between the digits 3 and 5. This gives as the
first step

3,500,000

Because we are moving the decimal point 6 places to the left, the exponent on 10°
must be increased by 6, and so the answer is

3.5 x 10§
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or
The number 3 5 x 1 smight equally well be written as 35 x ns 350 x 3

, . 104,
035 x 107 and so on All of these forms are equivalent, for each calculation, we

could arbitrarily set the decimal point at the most convenient place However,
the convention 1s to leave the lefthand number in the range between 1 and
10—that 1s, with a single digit before the decimal point This form 1s known as
standard scientific notation

PROBLEM:
Write the number 0 00055 in standard scientific notation

SOLUTION:
We want to set the decimal point after the first 5 as indicated by the small v

0 00055

Because we are thus moving the decimal point four places to the right we must
decrease the exponent on the 10° by 4 Therefore the scientific notation 1s 5 5 x
10—+

You must be able to enter numbers easily and unerringly into your calculator
using scientific notation With most calculators, this would be accomplished as
follows.

1  Write the number in standard scientific notation Standard notation
isn't required, but 1t 1s a good habit to acquire

2 Enter the lefthand factor through the keyboard
3 Press the exponent key (common key symbols are EEX and EE)
4 Enter the exponent of 10 through the keyboard If the exponent 1s

negative, also press the "change sign’" key (common symbols are CHS
and +/-) It 1s important that you don ¢ press the - key (1e, the
subtract key)

5 The lefthand factor of the desired scientific notation will occupy the
lefthand side of the lighted display, while the three spaces at the right-
hand end of the display will show the exponent (a blank space followed
by two digits for a positive exponent, or a minus sign followed by two
digits for a negative exponent If the exponent 1s less than 10, the first
digit will be a 0—for example, 03 for 3)

Some calculators make 1t possible for you to choose in advance that all
results be displayed in scientific notation (or decimal notation), regardless of
which notation you use for entering numbers You can also choose how many
decimal places (usually up to a maximum of 8) will be displayed mn decimal
notation, or in the lefthand factor of scientific notation If your calculator has
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this capability, you should learn to take advantage of it. [If you try to enter, in
decimal notation, numbers that are too large (for many calculators, greater than
99,999,999) or too small (for many calculators, less than 0.00000001), you will
find that not all of the digits are displayed for the large numbers, and that only O
or only part of the digits is displayed for the small numbers. To avoid such
errors, determine for your calculator the limits for entry by decimal notation.
With most calculators, any number from 9.99999999 x 10%to 1 x 107 can be
entered in scientific notation.]

MATH OPERATIONS IN SCIENTIFIC NOTATION

To use the scientific notation of numbers in mathematical operations, we must
remember the laws of exponents.

1. Multiplication Xo o X =xotb
2. Division /};ﬂb = Xa-b
3. Powers (Xo>  xeb

4. Roots VXa= xa

Because b (ora) can be a negative number, the first two laws are actually the
same. Because b can be a fraggion, tfe third and fourth also are actually the
same. That is, X~® = 1/X?,  Xv  VX.

In practice, we perform mathematical operations on numbers in scientific
notation according to the simple rules that follow. It is not necessary to know
these rules when calculations are done with a calculator (you need only know
how to enter numbers), but many calculations are so simple that no calculator is
needed, and you should be able to handle these operations when your cal-
culator is broken down or not available. The simple rules are the following.

1. To multiply two numbers, put them both in standard scientific notation.
Then multiply the two lefthand factors by ordinary multiplication, and
multiply the two righthand factors (powers of 10) by the multiplication
law for exponents — that is, by adding their exponents.

PROBLEM:
Multiply 3000 by 400,000.

SOLUTION:
Write each number in standard scientific notation. This gives
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3000 = 3 x 10°®
400,000 = 4 x 10°
Multiply:
3x4=12 =

103X 105 108 108

The answer 1s 12 x IOS(Or 1.2 x 10%).

If some of the exponents are negative, there is no differencein the procedure;
the algebraic sum of the exponents still is the exponent of the answer.

PROBLEM:
Multiply 3000 by 0.00004.
SOLUTION:
3000 = 3 x 10°
0.00004 = 4 x 10°°
Multiply:
3x4=12 =

103 % 107 108 1072
The answer 1s 12 x 10_2(0r 0.12).

2. To divide one number by another, put them both in standard scientific
notation. Divide the first lefthand factor by the second, according to
the rules of ordinary division. Divide the first righthand factor by the
second, according to the division law for exponents—that is, by sub-
tracting the exponent of the divisor from the exponent of the dividend
to obtain the exponent of the quotient.

PROBLEM:
Divide 0.0008 by 0.016

SOLUTION:
Write each number n standard scientific notation This gives

0.0008 = 8 x 107¢
0.016 = 1.6 x 107*
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Divide:
8
76 0
%::: lo-d-—(—z) — 10—4+2 = [0—2
(or 0.05).

The answer is 5 x {072

3. To add or subtract numbers in scientific notation, adjust the numbers to
make all the exponents on the righthand factors the same. Then add or
subtract the lefthand factors by the ordinary rules, making no further
change in the righthand factors.

PROBLEM:
Add 2 x 103© 3 X yq2,

SOLUTION:

Change one of the numbers to give its exponent the same value as the exponent of
the other; then add the lefthand factors.

The answer is 23 x 102

{or 2.3

2x 103= 20X e
3x 102= 3 X o

23 x 102
X 109).

4. Because 10° = 1 (more generally, n® = 1, for any number n), if the
exponents in a problem reduce to zero, then the righthand factor drops

out of the solution.

PROBLEM:
Multiply 0.003 by 3000.

SOLUTION:

Multiply:

0.003 =3 x 1073
3000 = 3 x 10°
=9x 1=9
=9x
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The use of these rules in problems requiring both multiplication and division
is illustrated in the following example.

PROBLEM:
Use exponents to solve

2,000,000 x 0.00004 x 500
0.008 x 20 B

?
SOLUTION:
First, rewrite all numbers in standard scientific notation:

2,000,000 = 2 x 108
0.00004 = 4 x 10°°

500 = 5 x 102
0.008 = 8 x 1073
20 =2 x 10
This gives
2x 1085 4% o= e

8 x 1072 % < * |0

Dealing first with the lefthand factors, we find

2x4x5 _3 ., 5
8x2 ~2~ "
The exponent of the answer is
- Tme —
6 w0 % 102 w05 100 o 082 g

10-3 % 10! [0-3*1  [0~2

The complete answer is 2.5 x 103, or 250,000.

Approximate Calculations

Trained scientists often make mental estimates of numerical answers to quite
complicated calculations, with an ease that appears to border on the miracul-
ous. Actually, all they do is round off numbers and use exponents to reduce the
calculation to a very simple form. It is quite useful for you to learn these
methods. By using them, you can save a great deal of time in homework
problems and on tests, and can tell whether an answer seems reasonable (i.e.,
whether you've made a math error).
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PROBLEM:
We are told that the population of a city is 256,700 and that the assessed value of

the property is $653,891,600. Find an approximate value of the assessed property
per capita.

SOLUTION:
We need to evaluate the division

$653,891,600
256,700 ~ '

First we write the numbers in standard scientific notation:

6.538916 x 108
2.56700 x 10°®

Round off to

6.5 x 108
2.6 x 10®

Mental arithmetic gives

The approximate answer is $2.5 x 102, ° $2500. This happens to be a very close

estimate; the value obtained with a calculator is $2547.30.

PROBLEM:
Find an approximate value for

2783 x 0.00894 x 0.00532
1238 x 6342 x 9.57

SOLUTION:
First rewrite in scientific notation but, instead of using standard form, set the
decimal points to make each lefthand factor as near to 1 as possible:

x 532 x
2783 x 100 * 089 X g0 PO 10
1.238 x 103 % P72 R g3 10!
Rewrite the lefthand factors rounding off to integers:
X5 x
R R I
1x 103 ™ 7% 10 10!

Multiplication now gives
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-2 15
3x 1 x5x 1072 — 6 x 1078 = 2.5 X jg-e (approximate)

1 x6x 1 x 107

After considerable practice, you will find that you can carry out such approxi-
mate calculations in your head. One useful way to get that practice is to make a
regular habit of first estimating an approximate answer, and then checking
your final exact answer against it to be sure that you are "in the right ball-
park.”

LOGARITHMS

A third way to represent a number is a condensed notation called a logarithm.
The common logarithm of a number N (abbreviated log N) is the power to which
10 (called the base) must be raised to give N. The logarithm therefore is an
exponent.

When a number (N)is an integral power of 10, its logarithm is a simple
integer, positive if N is greater than 1, and negative if NV is less than 1. For
example

N= 1 =10 log 10° _=(1)
N= 10 =10t log yg1 ~

N= 1000 = 10° log 195 __3
N = 0.0001 = 10~ log o-s

When a number is not an integral power of 10, the logarithm is not a simple
integer, and assistance is needed to find it. The most common forms of assis-
tance are electronic hand calculators and log tables. With calculators, you
simply enter into the keyboard the number (N) whose log you want, press the
log key (orkeys), and observe the log in the lighted display. For practice, and to
make sure that you know how to useyour calculator for this purpose, check that

log N = 8.90702

for N = 807,267,434.51 = 0890702
f 3,500,000 654407 log N = 6.54407
or N = 3,500, = 10% ,
' 1og -3.25964
for N = 0.00055 = ](~3.25984 N =
for N = 0.0000000000000000248 = 10-16-60555 log N —16.60555

Remember that very large and very small numbers must be entered in scientific
notation. In addition, if you have a TI-type calculator, you may need to know
that you must press the INV and EE keys after entering the number in scientific
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notation and before pressing the log key if you wish to obtain the log to more
than four decimal places.

Because logarithms are exponents, we have the following logarithm laws that
are derived from the laws of exponents given on page 8. Let A and B be any
two numbers.

Log of a product: logAB =logA + logB
Log of a quotient: log % = logA - logB
Log of a power (n): log A" =nlogA
=-logA
. — 1
Log of the n® root: log Nt log Avn

The logarithm of a number consists of two parts, called the characteristic and
the mantissa. The characteristic is the portion of the log that lies before the
decimal point, and the mantissa is the portion that lies after the decimal point.
The significance of separating a logarithm into these two parts is evident when
you apply the logarithm laws to the logs of numbers such as 2000, and 2, and
0.000002.

_ = 030103 + 3 = 3.30103
log 2000 = log (2 x 10%) = 108 2 + 108 44

/
log2= log(2x 10° =1log?2 + log 10° =0

- 0.30103 + 0 = 0.30103
log 0.000002 = log (2 x 10-¢) = 108 2 +10g 156

03
103 - 6 = -5.69897

1
0

Note that the characteristic is determined by the power to which 10 is raised
(when the number is in standard scientific notation), and the mantissa is deter-
mined by the log of the lefthand factor (when the number is in scientific nota-
tion). It is these properties that make it so easy to find the logarithm of a number
using a log table. Here is how you can do it.

1. Write the number (N)in standard scientific notation.

2. Look up the mantissa in the log table. It is the log of the lefthand factor
in scientific notation, which is a number between 1 and 10. The man-
tissa will lie between 0 and 1.

3. The exponent of 10 (the righthand factor) is the characteristic of the log.

4. Add the mantissa and the characteristic to obtain log N.

PROBLEM:
Find the log of 203.
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SOLUTION:
1. Write the number as 2.03 x 102

2. In the log table, find 2.0 (sometimes written as 20) in the lefthand column.
Read across to the column under 3. This gives log 2.03 = 0.3075.

3. Because the exponent of 10 is 2, the characteristic is 2.

4. Log 203 = log 2.03 + log 102 = 03075 + 2= 2.3075.

PROBLEM:
Find the log of 0.000203.

SOLUTION:

1. Write the number as 2.03 x 1074

[

As in the previous problem, find log 2.03 = 0.3075 (from the log table).
Because the exponent of 10 is -4, the characteristic is -4.

Log 0.000203 = log 2.03 + log 10-+ = 03075 - 4 = -3.6925.

oW

Interpolation

The log tables of this book show only three digits for N. If you want the log of a
four-digit number, you must estimate the mantissa from the two closest values
in the table. This process is called interpolation. For example, to find the log of
2032, you would proceed as follows.

Log 2032 = log (2.032 x 109

Mantissa of 2.04 = 0.3096
Mantissa of 2.03 = 0.3075

Difference between mantissas = 0.0021

The mantissa of 2.032 will be about 0.2 of the way between the mantissas of
2.03 and 2.04; therefore,

Mantissa of 2.032
Log 2032

Most hand calculators will provide logs for nine-digit numbers (a number
between 1 and 10 to eight decimal places), giving them to eight decimal places.
It would require a huge book of log tables to give (with much effort) the equiva-

03075 + (0.2 x 0.0021) = 03075 + 0.0004 = 0.3079
log 2.032 + log 108 = 3-3079
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lent information. Although you will normally use your calculator to deal with
logs, you should be able to handle log problems with simple log tables when
your calculator 1s broken down or not available.

ANTILOGARITHMS

The number that corresponds to a given logarithm 1s known as the an-

tiloganithm, or antilog. Like logs, the antilogs are more easily obtained from a

calculator than from a log table, but you should be able to use both methods.
With a calculator you would find the antilog as follows.

1. Enter the given log through the keyboard. Use the "change sign’" key
after entry if the log 1s negative, don't use the — key (1 e , the subtract
key).

2. Press the antilog key (or keys). On an HP-type calculator a common
key symbol 1s 10%; on a TI-type calculator you would usually press the
INV and LOG keys, 1n that order.

3. The antilog appears in the lighted display.

Check your ability to find antilogs with your calculator, knowing that angilo
0.77815 = 6.00000, antilog 5.39756 = 2.49781 x 103, 2nd hitlons 24bes) 2
1.42512 x 1074,

With a log table you would find the antilog as illustrated by the following
problems.

PROBLEM:
Find the antilog of 4 5502

SOLUTION: X Locate the
We want the number that corresponds to 1043302 = [(0 3502 104

mantissa, which 1s 0 5502, 1n a log table, then find the value of N that has this log
The mantissa 0 5502 lies 1n the row corresponding to 3 5 and 1n the column headed
by 5 Therefore the number corresponding to 10° 339 s 5, and the number we
seek 18 3 55 x 0%

PROBLEM:
Find the antilog of -6 7345

SOLUTION: _ X Note that we

We want the number that corresponds to 1078734 ©jpozess  [0-7
must have a positive exponent for the lefthand factor, the sum of the two expo-
nents 18 still -6 7345 Locate the mantissa, which 1s 0 2655, 1n the log table, then
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find the value of V that has this log. The mantissa 0.2655 lies in the row corre-
sponding to 1.8, between the columns headed 4 and 5. In fact 0.2655 is 7/24, or
approximately 0.3, of the way between 0.2648 and 0.2672. Therefore the number
corresponding to 10025 15 | g43, and the number we seek is y g3 X o7,

NATURAL LOGARITHMS

Numbers other than 10 could be used as the base for logarithms, but the only
other base that is commonly used is ¢, an inexact number (like #) that has
mathematical significance. Many laws of chemistry and physics are derived
mathematically from physical models and principles and, as a result, involve
logarithms with the base ¢. These logarithms are called narral logs. The nat-
ural log of a number N is abbreviated In N. The value of e is 2.71828183. . . .
You can always convert common logs to natural logs (or vice versa) if you know
the conversion factor of 2.30258509 . (usually rounded to 2.303) and em-
ploy it in one of the following ways:

v = InN = 2.303 log N

(¥ = ]0.1‘/2 303

Some calculators can provide natural logs directly, without any need to convert
explicitly from one form to the other. If your calculator has this capability, you
would simply enter through the keyboard the number whose natural log you
desire, then press the natural log key (or keys), whose symbol is probably LN.
On your own calculator you can check that In 4762 = 8.46842, and that
In 0.0000765 = -9.47822.

Most calculators have a means of providing the antilns of natural logs, as
follows.

1. Enter the given log through the keyboard. Use the **change sign” key
after entry if the log is negative; don’t use the — key (i.e., the subtract
key).

2. Press the antiln key (or keys). On an HP-type calculator, a common
key symbol is ¢ *: gn 2 Tltype @ curfator yg&) woulld usually press tge
INV and LN keys. in that order.

3. The antiln appears in the lighted display.

Using your own calculator, make sure that you can find the followingdantiln 5
antiln  1.09861 = 3.00000; antiln 1347619 = 7.12254 x los, &fid antin
(-7.60354) = 4.98683 x 1074
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SOME OTHER BASIC MATH OPERATIONS

There are some additional math operations that you should be able to handle
easily, either with calculators or with log tables. Three of these are discussed
here.

Reclprocals

The quotient that results when any number is divided into one is said to be the
reciprocal of that number. It is a common value that can be found on any
calculator by making the required division, but almost every calculator has a
"reciprocal” key (usually labeled \x) that makes it even easier. All you do is
enter through the keyboard the number whose reciprocal you want; then press
the \x key, and the reciprocal appears in the lighted display. You should learn
to take advantage of this key; it is very useful. With calculator verify
that 1/83.6 = 0.01196; 1/0.00000297 = 3.367 x 10% and 11608 107 1.650 x
1078,

Powers

We have discussed at length the usefulness of powers of 10 as part of scientific
notation, but many practical problems involve the powers of other numbers.
For example, the area of a circle involves the square of the radius, and the
volume of a sphere involves the cube of the radius. Nearly every calculator
yields the square of a number when you simply enter the npmher through the
keyboard and then press the Xz“fcey, fhe squaIr)e appears in the Rgﬁte& él%play.

For powers other than 2 you will need to use the y* key, as follows.

. Enter through the keyboard the number you wish to raise to some
power.

2. a. Press the ENTER key (on an HP-type calculator).
b. Press the v~ key (on a TI-type calculator).

3. Enter through the keyboard the power to which you wish to raise the
number, butignore the minus sign if the exponent is a negative number.
The number need not be an integer, and it may be less than one as well
as larger than one.

4. If the power is negative, press the "change sign" key (common key
symbols are CHS and +/-): don't press the — key.

5. a. Press the y* key (on an HP-type calculator).
b. Press the = key (on a Tl-type calculator).

6. The answer will be found in the lighted display.
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Ascertain with your caleudetd® that (7.452)2 = =35 53230’ 3.71 % 10‘5)6
X 10727 (0.000429)3>° 10713 (6.405)7° 11
numbers normally can be raised to a power with the y* = key. If you try raising a
negative number to a power, you will get an error message in the display.

To find the power of a number by means of a log table, you use the logarithm
laws cited on page 14, as illustrated in the following problem.

PROBLEM:
Find the value of (2530)%.

SOLUTION:
Use the logarithm law for powers (log A" = n logA) to find the log of (2530)%; then
take the antilog to find the desired value.

log 2530 = log (2.53 x 10%) ~ log 2.53 + log 43
04031 + 3 = 3.4031

5 log 2530 = (5)(3.4031) = 17.0155
(2530)5 = antilog 17.0155 = 1.036 x 1047

Roots

Theroot of a number is the result of raising that number to a power of less than
one. For simple cases we speak of the square root, cube root, fourth root, and
so on of a number (N), corresponding to N¥, N, N%, and so on. In the general
case, the nth root of a number TV is simply N'*, where n# may be any number
greater than one and is not limited to being an integer. Another common rep-
resentation for these same roots is VN, VN, rfN. Any calculator will give the
square root directly. You just enter through the keyboard the number whose
square root you want, then press the Vxkey, and the square root appears in the
lighted display.

For all o er roots, it is si st to u dseﬁyour colautatar as follows, realizing

that the y= X¢Y can just as we Be use yiim 1/n.
1. Enter through the keyboard the number whose root you wish to take.

2. a. Press the ENTER ke (on an HPt Iculator).
b. Pressthevl\{( l% X calc aor%

3. Enter through the keyboard the number (n) that corresponds to the
root you wish to take. This need not be an integer.

4. Press the reciprocal (1/x)key.
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5. a. Press the y* key (on an HP-type calculator).
b. Press the = key (on a TI-type calculator).

6. The desired root will be found in the lighted display.

You should use your calculator tg é’gﬂlf}?’ that (7869 = x26.944; (’8.%-91540-5)! -
4,436 x 1072 (0.000000416)t ~— ~- 1072, 10%) 7=

To find the root of a number by means of a log table, you use the logarithm
laws cited on page 14, as illustrated in the following problem.

PROBLEM:
Find the value of (2530)t = V/2530.

SOLUTION: = A) tofind the log of Then
Use the logarithm law forroots (log A'™  1/nlog (2530)3.
take the antilog to find the desired value.

log 2530 = log 2.53 + log 102 = 04031 + 3 = 34031

(é) log 2530 = 3‘45031 = 0.6806

(2530)¢ = antilog 0.6806 = 4.7931

Sequential Operations

Throughout this chapter, we have talked as though every number we wish to
use with a calculator must be entered through the keyboard. Frequently, how-
ever, we wish to use the result of ajust-performed calculation (still visible in the
lighted display) as part of the next calculation step. Your calculator is able to
handle a continuous series of calculations—including logs, powers, roots, and
reciprocals as well as the basic operations of multiplication, division, addition,
and subtraction. Each make of calculator differs somewhat in the procedure for
sequential calculations, but it is extremely important that you learn to do them
easily and efficiently. You should never have to copy down intermediate results
and then reenter them later through the keyboard in order to complete the
entire calculation. One way to minimize wasteful effort is to write down all
of the operations in a single equation before starting to do any of the calcu-
lations. We shall not always do this in the illustrative problems of this book,
because stepwise explanation of problems often is more important for our pur-
poses than is the time saved by a maximally efficient mode of calculation. With
practice, you will learn the best balance of these factors for you in solving
problems.
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EPILOGUE

For many students just starting in chemistry, there is unnecessary frustration
and wasted time because of erroneous or inefficient use of new hand cal-
culators. Learning chemistry is hard enough; lack of skill in using a relatively
simple basic tool only compounds the difficulties. One of the main purposes of
the following problems is to give you practice in correctly and efficiently doing
the principal types of calculations you will deal with in general chemistry. Two
other major types of numerical problems, dealing with reliability of measure-
ments and graphing of data, are discussed in Chapters 5 and 6.

In each of the groups of problems given here you should be able to get the
correct answers rapidly (without making a big intellectual production out of it)
and efficiently (without performing a lot of unnecessary operations or writing
down intermediate figures). Rapidity comes with practice, but correctness and
efficiency may require reading your calculator's instruction manual, or consult-
ing a friend with a calculator similar to yours. Making sure that you can do
these things at the outset definitely will repay you in time saved later and in the
quality of your performance in the course.

PROBLEMS A

1. Simple operations.

(@) 37.237 + 17004 + 6.404 + 0.395 =

(b) 406,732,465 - 9,357.530,622 =

(C) 7642 - 37.91 - 53.85 + 28.56 - 94.00 + 22.34 + 6.06 - 40.77 =

(d) 372375 x 5.287,695.088 =

(© 0.00000743275 - 4,467,325.62 =

f 465.1 x 372.7 x 63.2 x 7004.7

( 51875 x 8924 =
(0.000473)(—72.85) - (21.63)(—0.000625) _

®) " (872.3X-0.0345) - (643.62)(—0.759)
[(27 + 62) + (32 — STY[(4 - 49) - (18 + 66)]

(h) (376 + 422) - (857 - 62)] -

2. Reciprocals (use reciprocal key).

@ g733 = 10t

i
() 0.0000362 = (e
(c) 1/4,267,625 =

3. Scientific notation and decimals (integral powers and roots of base 10).
A. Express each of the following in standard scientific notation, and also give
the answer in that notation.
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(@) 0.000053 x 0.00000000000087 =

(b) 534,000,000,000,000 x 8,700,000 =

(c) 5,340,000,000,000,000 ~ 0.000000000000087 =
B. Perform the followjng computatipng.3n x

@ 2783 x 10° ’; E’)i‘*’; 1072, go57 ¢ 107° _
1.238 x 10% 0 10%x 23,16 x 0%d6
© 852 x 10° < 43 - 10 195 x OR954 _

1.637 x 103 : 107°_ 94 x =
(0 534 x 10-s+ 87 X 19 10-¢

4. Powers and roots (general exponents for any base).

(a) (5280)2 =
(b) V5280 =
(c) (0.00000000000528)* =
(d) (0.000000000528)¢ =
(e) (1776)® =
(H (1977} =
(g) V4.7 x 108372
(h) (7.43 x 1092
() (6.57 x 10-9-¢~
, I
0 (5.5 x 1074
o JPLx 503 x (10
) 7 6x 000326
(1) (6.72)%37.6)t =
(m) 0.093 x (7623 x 4.96 _
(52)* i
/5.73 x 107 x 3.8 x 10'°x 00067 x 542 x 108)&_
\ 5%.987 x 0082 x 138 x 10 -
© (3782 X 2° X j0-2
0.6 X jp-2u1 X (4.2)d
. 8035 x 107 x 0000579 x 4545 _
N (3.51)° X (&2X 103y =
(45.107%3.21)% _
(&.1)"¥5.07)2

/

(n}

(Q)

5. Logarithms and antilogarithms
A. Determine the logarithms of the following numbers.

(2) log 47.4 = (h) In3.82 =

(b log 367 = (i) In 5385 =

(c) log 0.0052 = _ () In 0.000706 =

(@ log (873 x 101 = & tn (464 X 05 =

() log 1572 = (1) In 239 =
(D log (3.627 x 10% = (fn In 375 x 1027 =
(g) log (-365) = (n) In (-4.37) =

Number Notations, Arithmetical Operations, and Calculators
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B Determine the antiloganthms of the following numbers

(o) antilog 7 74518 = (u) antiln 3 87624 -

(p) antilog 0 30103 = (v) antiln 0 69315 =

(q) antilog (-6 36315) - (w) antiln (2 04961) =

(r) antilog (-8 01106) = (x) antiln (-96 35760) =

(s) antilog (1 64782) = (y) antiln 0 00674 =

(t) antilog (-4 49807) = (z) antiln (-2 30259) =
C Express the following numbers 1n stapndard scientific notation

(aa) 107 74518 €€) 10200724

" 030103 —4 49807
(bb) 10 (étgl} 10

(CC) 106 36315
(dd) 10-¢ 008

1()0 0000635

"Solving for X  Solve for whatever variable 1s used (X V R etc )
A Simple manipulations

7_4
T3

Lo

20V
8x
3

(@ g(F —-32)=45

47R?®
(e) =53 —="720
yspi-2=6
(g) (0 4)(SSOXT, - 20) + (35X T2 - 20y = (0 1(120)(100 _ Ty)
h 4X+ 5 _4-3X
W= "0
Problems involving logarithms Solve for whatever variable 1s used
(1) log X = 634797

0) log ( /1?) = -172222

=24

(c)

(k) log ( ;) = 2 53033
14

BA _
(1) log (A—J = 147654

3 ra0y 37+ O 183837 P for T = 328)
(m) log P = ) (Find
(n) AG = —(2 303)(1 987)(T)log K (Find AG for T = 298

andK = 465 x 10 9

C Solving the quadratic equation For the equation ax? + bx + ¢ = 0, the

solution 1s

-b = Vb?% - 4ac
2a

X =
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Solve for the unknown variable in the following problems

. .= 49

(0) (M - 5) 3

(P 3+ 5= 4§cl:6

@ (x +2¢ %

(r) 2x* 7 3x _ 6

(s) 3n*"~ 7n__5 >

(1) (m- 3= 2 - 270

(W) (v + 4" 3 =22 0

(v) 235x2 T A 4x 72 =0 +917x 10

(w) 475 x 107%* 107 % 3

D The repetitive use of stored constants (These problems are ideally suited
to a programmable calculator where, with a suitable program along with
stored constants, one simply keys in the values of the independent variable
and reads out the values of the calculated dependent variable If your
calculator 1s programmable, these would be good simple practice prob-
lems for programming )

(x) Make a table of the factors needed to convert gas pressures expressed
MR mm of mercury” at I°C to pressures expressed In Ro torr’ for
each degree Celsius 1n the range 20°C to 30°C Use the formula

Ry = R(1 _ g30 x 107°0)

(y) Make a table of the vapor pressures of water (P 1n torr) at each 5°C
interval n the range 0°C to 50°C, using the following formula
T (Kelvin) = 273 +°C

2301 5382
Logf = - —T3 + 90961
(z) Make a table of the densities of water for each degree Celsius in the
range 0°C to 15°C, using the formula
- 7900 x - 5 544846 x
_ 099983960 + 1 822494 x 107% =~ “°°° 10~ 2 107%?
HaO ~ 1+ | SI9725 X (=
PROBLEMS B

7 Simple operations

(a) 1564 +0925+47506 + 2197 =

(b) 732,379,454 22 - 1,625,486,915 64 =

(c) 18735 + 270 16 - 8998 - 428 2 + 39 34 + 30009 — 165 322 =
(d) 536 297 x 8,477,062 35 =

(e) 6,323,576 819 x 0 00000000844611 -

©

4753 x 7304 x 2738
7600 x 2982 B

(-0 (0704 (46 46) — (395 7)(-0 0001156)

(220 6)(—00435) — (-62 413)(0 7807)
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[(18 — 46) + (93 — 62)[[(60 — 27) — (43 + 19)] B

(h) [(276 + 321) (761 -93)]

Reciprocals (use reciprocal key)

o 1 ~
@ 3864 @ 023 x 105
1 . |
®) 3512 - © 2056 x 10

1

(©) 5000000007916 ~

Scientific notation and decimals (integral powers and roots of base 10)
A Express each ofthe following in standard scientific notation, and also give
the answer 1n that notation
(2) 0 000000473 x 0 00000926 =
(b) 85,900,000,000,000,000 x 27,300,000 000 =
(¢) 0 000000000000000643 - 90 600,000,000,000,000,000 =
B Perform the followir&go%osmguf tipns

4691 x 10:* 5 Y A X e
@ 09 x 10 X T OT X g -
73O7x 10 x 432 1 x 675 x 102 ¥ 00572
(e) 65X963X104xuwo_4§£ me 93997 x 10
(0475 x 1087 806X o 1074
Powers and roots (general exponents for any base)
a) (3651) -
) V365 1=

© (0 0000000000000365)2~
@ (0 0000000000003651)t=
(e) (1978)% ~

(f) (20013¢ —

(g) V54 x 107 -

(h) (825 x 107+~

(0 (462 x 1078~

|
0) = =
(397 x 1079t
[, 0000537 x (62 47 x 2134
®© 319 x 10785 % %=/
(1) 3 65)41652)t = »
(my (18 48 9)2(0 00326)

2265 * AL x 53
\ x 4@6 X
( a 5185%( 10792 o (3 107

X 101
647 x 10- 7 X %98)(50000427
N ST CRENE I TR
Q2693 TN
D (48 2)X5 61)%
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11 Logarithms and antilogarithms
A Determine the logarithms of the following numbers

(a) log 63 2 = () In 16 05 =
(b) log 906 = (1) In 1 536 =
(c) log 0 0000451 = 0) In 0 000219 =
(d) log (732 x 1079 = & In(577 x 1079~
(e) log 43,620 = (1) In 170,300 =
(f) log (6 344 x 10') = (m) In (4 696 x 10" =
(g) log (27 6) = (n) In (=13 3) -

B Determine the antilogarithms of the following numbers
(o) antilog 4 37891 = (u) antiln 2 19722 =
(p) antilog 0 90309 = (v) antiln 0 12345 =
(q) antilog (-5 65432) = (w) antiln (-27 27546) =
(r) antilog (-9 00576) = (x) antiln (— 1 98765) =
(s) antilog (2 55555) = (y) antiln (0 00026) =
(t) antilog (-0 17562) = (z) antiln (-7 77777) =

C Express the following numbers 1{1 standard scientific notation
(aa) 10437891 ee) 102 00025
(bb) 10090308 10 49715
(CC) IO—J 65432 (égg 10—0 0000777
(dd) 10—-9 00576

12 "Solving for X *° Solve for whatever variable 1s used (x Y Q etc)
A Simple manipulations

w3312
Vs =%
9 x 27
(b)T' 3Y
120_
© 5 = 60
s
(d)’(F-32)=70
3
(e) ”5 = 235

(f) 15 =4 + 7VH
(g) (O I7)(110)(100 - T,) = (O S3)480XT, . 22) + 40X T, _ 22)
04 Sx-4 5 - 4x
( 9 = 3

B Problems involving logarithms Solve for whatever variable 1s used
() log Y = 4 83651

0) log (fil) =5 17624

1
(k) log 53 = -5 63257

(1) tog () = 2 19607
\M + 20 22784 P for T = 298)
5342 19

(m) log P = - (Find
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(n) AG = —(2.303)(1.987)(T) log K (Find AG for T = 333
and K = 6%9 X
+'bx +

C. Solving the quadratic equation. For the equation: ax?

solution is
_—b V¥ o

2a

10-%)

27

c ='0, the

Solve for the Bn&nown variable in each of the following problems.

(© (y +7)
) 5x2—§=6x— 1

(@ (z-32=57" 11

(0 4q2 * 4 = é

(s) 7p* 3p

) 2N + 42 =7 4N

() (0.4V - 0.3)2= 0.16 - 0.24V o
(v) 8.50x2 " 2034y $ o820 =0 +2.18x T
(W) 6.47 x 10-%2 103 1072
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Use of Dimensions

When numbers are used to express results of measurements, the units of mea-
surement should always be given. Too frequently these units, or dimensions,
are assumed but not shown.

In using dimensions in calculations, we follow a few simple rules.

L.

Every number that represents a measurement is given with its
dimension—for example, 12 men, 16 feet, 5 miles.

Numbers that do not involve a measurement are written without a
dimension. Examples are = (the ratio of the circumference of a circle to
its diameter) and logarithms.

. In addition and subtraction, all numbers must have the same dimen-

sions. We can add 2 apples to 3 apples, but we cannot add 2 apples to 3
miles.

. In multiplication and division, the dimensions of the numbers are mul-

tiplied and divided just as the numbers are, and the product or quotient
of the dimension appears in the final result. Thus the product (6 men)(2
days) = 12 man-days, and the product (5 gal)(4 1bs/gat) = 20 Ibs. Note
that units common to both numerator and denominator cancel each
other, just as do factors common to both.

A term frequently used with numbers is per, which shows how many units of
one measurement correspond to one unit of another. A common method of
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salculation is to divide the total number of units of one property by the total
number of units of another property to which it corresponds. Thus, if we are
told that 4.2 gallons weigh 10.5 pounds, we express the relation by the ratio

10.51b _ b
4.2 gal " gal

which is read as "2.5 pounds per gallon.”” A few examples will help in under-
standing the use of units.

PROBLEM:
Ifapples cost 30 cents per dozen, how many can be bought for 50 cents?

SOLUTION:
Set up an equation that will eliminate "cents” and give "apples” in its place, as
follows.

/50 cents\ /
(@) number of apples = apples)

=)

_ 50 x_12 apples

pY

= 20 apples

apples)
30 r.ents) (12 doz

_ 50 x 1 x 12apples

RV

or (b) number of apples = (50 cents) (

=20apples

In (a) we divided 50 cents by 30 cents/doz, while in (b) we multiplied 50 cents by 1
doz/30 cents, the reciprocal of 30 cents/doz. These are equivalent operations and
you should feel comfortable with either method. In each case, "cents" and “*doz”
cancel out, leaving only "apples,” as we had hoped.

A somewhat more sophisticated method for setting up the problem is to use
the negative exponent, - [, for units that appear in the denommﬁ?r ofas t of

units. Thus the term "per dozen” may be written as doz™'. ~ ¢ precading
problem could have been set up in the following form:
[ Shrogge O = 20 apples
=1 = =12
number of apples I\ 30 ; \}1 apples dez™"
PROBLEM:

Find the number of feet in 1.5 mi (one mile is 5280 ft).
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SOLUTION:
To find the number of feet, we need the product shown in the equation

feet = 15 mt x 5280
mr

= 7920 ft

Alternatively, we may use the solution

feet = 1 5mr x 5280 ft m!

= 7920 ft
PROBLEM: ing th [
Find the number of gallons 1 5 cu yd (also written as yd9), USINg the conversion
factors
231 ims = 1 gal
3ft=1yd
12mm=1ft
SOLUTION:
. 1 gal
_ s x (3 fi X(”E)3
gallons = 5 yd \ 'yd\/ \ ft x 231 1n?®
f14 i gal
= 5 yd¥ x 27)‘78X 1728£FX 231 8%
= 1010 gal
PROBLEM:

Find a conversion factor F by which you can convert yd? to gallons

SOLUTION:
A conversion factor can be developed from other known factors by calculating a
value of F that will satisfy the equation

gal = (yd)’[F]

F must have spch ppits that, whep they are substityted in this equation, the 11
cancel yd‘;van yleF(rlonly gal %s the ne}f result, as ?0?10\:&?5 's equat yw

gal = (yd)? [(1—?)3( 1:;:5) 3(2; 1g13)]

gal
F = 202 ydd
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Thus, if you want to convert 20 yd? to gallons, you merely multiply 20 by 202, as

follows:

gal = (20 yet?) (202 %L) = 4040 gal

-

PROBLEM:
If a runner does the 100 yd dash in 10 seconds, what is his speed in miles per hour?

SOLUTION:

The first thing you should observe is that the units of the desired answer must be
mi/hr, so the original information must be used in the ratio of length/time. or as 100
yd/10 sec. Once you have made the proper decision about how to use the units of
the original data, follow the same procedure as in finding a conversion factor F:

rm (100 ye\ / 1 mi \(603ec\/60m4fr\: rm.
hr ~ \10see/\1760 y&/ \ mun / \ hr J hr

PROBLEMS A

I. Compute the number of seconds in the month of July.

[\

. Develop a factor to convert days to seconds.

3. A satellite is orbiting at a speed of 18,000 miles per hour. How many seconds
does it take to travel 100 miles?

4. A traveler on ajet plane notes that in 30 seconds the plane passes 6 section-
line roads (1 mile apart). What is the ground speed, in miles per hour?

5. A cubic foot of water weighs 62.4 Ib. What is the weight of a gallon of water
(231 cu 1n)?

6. For each of the following pairs of units, work out a conversion factor F that
will convert a measurement given in one unit to a measurement given in the
other, and show the simple steps used in your work.

(a) ounces to tons

(b) cubic inches to cubic yards

(c) feet per second to miles per hour

(d) tons per square yard to pounds per square inch
(e) cents per pound to dollars per ton

(f) seconds to weeks

(g) cubic feet per second to quarts per minute

(h) miles to fathoms (1 fathom = 6 ft)

(i) yards to mils (I mil = 1/1000 in)
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PROBLEMS B

7.

For each of the following pairs of units, follow the same procedure as that for
Problem 6.

(a) cubic feet to gallons

(b) ounces per square foot to pounds per square yards

(c) gallons per second to cubic yards per minute

(d) tons per cubic foot to pounds per cubic inch

(e) yards per second to inches per hour

(f) dollars per pound to nickels per ounce

(g) miles to mils (1 mil = 1/1000 in)

(h) knots to miles per hour (1 knot = 101.5 feet per minute)
(i) degrees of arc per second to revolutions per minute

An acre-foot of water will cover an acre of land with a layer of water one foot
deep. How many gallons gre in an acre-foot? Use the following factors: 1 acre
= 4840 yd®: angngﬂ =a'531 ind.

Municipal water is sold at 21 cents per 100 cu ft. What is the price per
acre-foot?

In the Bohr model of the hydrogen atom, an electron trz}ilvels i}n{a circular orbit
about the nucleus at approximately 5 x 10° miles per hour. How many revo-
lutions per second does the electron make if the radius of the orbitis 2 x 107°
inches?

. A light-year is the distance that light travels in one year at a velocity of

186,000 miles per second. How many miles is it to the galaxy in Andromeda,
which is said to be 650,000 light-years away?

. A parsec is a unit of measure for interstellar space: it is equal to 3.26 light-

years. How many miles are in one parsec?
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Units of Scientific Measurements

PREFIXES

Scientific measurements range from fantastically large to incredibly small num-
bers, and units that are appropriate for one measurement may be entirely inap-
propriate for another. To avoid the creation of many different sets of units, it is
common practice to vary the size of a fundamental unit by attaching a suitable
prefix to it. Table 4-1 shows common metric prefixes and the multiples they

indicate for any given unit of measurement. Thus a kidesagter is 1000 meters, a
microgram is 108 gram, and a nanosecond 1s 10-8

SI UNITS

Except for temperature and time, nearly all scientific measurements are based
on the metric system. In recent years, there has been a concerted international
effort to persuade scientists to express all metric measurements in terms ofjust
seven basic units, called SI units (for Systeme International). In addition to the
seven basic SI units, there are seventeen other common units derived from
them that have special names. However, despite the logical arguments that
have been put forth for undeviating adherence to SI units, there has not been a
strong popular move in this direction. For one thing, each scientist must cope
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TABLE 4-1

Metric Prefixes

Prefix Factor Symbol Pretix Factor Symbol

exa 1018 E centi 10 2 c

peta 101 P mill 103 m

tera 1012 T micro 10 8 "

giga 10° G nano 10-¢ n

mega 108 M pico 10-12 p

kilo 103 k femto 10-13 f
atto 1014 a

with the vast accumulated literature and the history of common usage. Fur-
thermore, two of the most common basic SI units (kilogram for mass, and meter
for length) are inappropriately large for many scientific measurements. In this
book, we follow the common usage that appears in almost all chemistry
textbooks and the accumulated literature (such as handbooks). Even so, we do
use many of the basic or derived SI units because common usage includes a
number of them, though not all. (A complete list of the basic and derived SI
units, and their symbols, is given on the next to last page of this text.)

METRIC AND ENGLISH UNITS

Table 4-2 shows how some of the basic metric units are related to units com-
monly used in English-speaking countries for nonscientific measurements. Al-
though the United States, Great Britain, and Canada have officially resolved to
convert to the metric system, it will be many years before the conversion is
complete. In the meantime, you must learn to convert from one system to the
other. The three conversion factors given in Table 4-2 (rounded off to 2.54

TABLE 4-2
Metric and English Units
Dimension Conversion
measured Metric unit English unit factor F
. cm
Length centimeter (cmj inch (in) 2540 P
. liter
Volume liter (1) quart (qt) 09463 q_t
Mass gram (g) pound (Ib) 453 6 %
Temperature degree Celsius(°C) degree Fahrenheit (°F) T=|(°F-32)

Time second (sec) second (sec)
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cm/in., 0.946 liter/qt, and 454 g/lb) should be memorized, for they will take care
of essentially all the interconversions you will have to make. In addition, you
should know the formulas for converting from Fahrenheit to Celsius tempera-
tures and vice versa. The customary units of days, hours, minutes, and seconds
are used in both systems for the measurement of time.

There is one metric unit with a special name that scientists frequently use
because it permits the use of simple numbers when talking about the sizes of
atoms and molecules. It is called an angstrom (A); 1 A = 10°¢ cm.

CONVERSION OF UNITS

The following problems illustrate conversions of units. Note that in all such
computations it is important to include the dimensions of numbers, just as
stressed in Chapter 3, and that the use of these dimensions helps to avoid
errors.

PROBLEM:
Convert #rinch to millimeters.
SOLUTION:
*\/_ _cm
(i ml\l 2.5431\1/102) =7.94 mm
16 7\ m/\' cm
PROBLEM:

A trip takes 3 hrs. Express this in picoseconds.

SOLUTION:

min} (¢ SeC _lpsec)
(3 hrs) (pO *hr)/ (\60 min)(lO““’sec = 1.08 x 10% psec

PROBLEM:
Find the number of cubic nanometers in a gallon (231 in?).

SOLUTION:

I nm
CMmM\3/ | m \3 A3

ind™ [ : . 3
213 ——1¥[?> _ - 24
(1 gal) (-31 galﬂ“ﬁ in) \100 . \10_9 3.79 x 10*nm

PROBLEM:
Express the velocity of 20 mi/hr in terms of cm/sec.
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SOLUTION:
1 hr 1
s m_il{,?ft\{ﬁj)n\_{ coh /. N/ min\
Velocity = \?0 hr/ \5"80 mi/ \1“ ft/ \2' in/ \60 min/ \60 sec)
= 894
sec
PROBLEM:
Find the conversion factor ¥ by which you would convert 1bs/ft*t0 kg/m?3.
SOLUTION:
kg _ (1o
l'I'l3 - ﬁa [F] 3/
1bs’ g\ f " kg L. Lin. \3 cm\*?
N (F)[(‘m 1'5) (1000 g) (12 in) T.sZcTn') (100 ?) ]
B kg ft3
F = 16.03 e
TEMPERATURE

Three different scales are in common use for measurements of temperature:
the Celsius scale (expressed in degrees Celsius, or °C), the Fahrenheit scale
(expressed in degrees Fahrenheit, or °F), and the Kelvin scale (expressed in
kelvins, or K). The Fahrenheit scale is commonly used in daily life and in
engineering work. The Celsius scale is used in scientific work and is coming into
common usage in daily life in English-speaking countries. The Kelvin scale
(also called the absolute scale) is the SI choice for temperature measurements,
and it is widely used in scientific work.

Table 4-3 compares the three scales. Each scale has a different zero point.
The size of the unit is the same for the Celsius and Kelvin scales, but it is

TABLE 4-3
The Three Temperature Scales
Scale
Reference point F C K
Boiling point of water 212° 100° 3732
Freezing point of water 32° 0° 273.2

Difference (FP to BP) 180° 100° 100
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different for the Fahrenheit scale. The range (temperature difference) from the
freezing point to the boiling point of water is 180°F or 100°C or 100 K. There-
fore, in measuring temperature changes or differences, 1°C = 1 K = 1.8°F, or
1°F = 100/180°C = 5/9°C = 5/9 K. Note that these formulas apply only to
temperature differencesor changes. They do not take into account the differing
zero points of the three temperature scales. In order to convert a temperature
measurement from one scale to another, we must have formulas that allow for
both the differing unit sizes and the differing zero points.

The following is one logical approach that can be taken to derive a formula
for converting Fahrenheit measurements to Celsius measurements.

1. From the Fahrenheit scale create a new Imaginary temperature scale (call
it °I) that will give a reading of 0°1 at freezing point of water (just like the Celsius
scale). This can be accomplished by simply subtracting 32 from all of the
readings on the Fahrenheit scale to give the conversion formula

°l=°F- 32

Note that the size of the units is the same on both scales.

2. The Imaginary scale and the Celsius scale both have the same zero point
(the freezing point of water), but they differ in the size of their units. The
readings on the Celsius scale will always be just 100/180 = 5/9 of the readings
on the Imaginary scale, so the conversion formula from one to the other is

°C = 5/9°1
3. If the readings on the Imaginary scale are now expressed in terms of the
readings on the Fahrenheit scale, we shall have the formula to convert from
Fahrenheit to Celsius given in Table 4-2. That is,
°C = 5/9CF - 32)
The units of the Kelvin scale are the same size as those of the Celsius scale,

but the zero point of the Kelvin scale is 273.2 units lower than that of the
Celsius scale. Therefore, K = °C + 273.2 = 5/9(°F - 32) + 273.2.

PROBLEM:
Convert 115°Fto equivalent Celsius and Kelvin temperatures.

SOLUTION:
Substituting 115in the Fahrenheit-to-Celsius conversion formula, we have

5% 83

S
°C=;(°F—32)= = 46.1
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Using the Celsius-to-Kelvin formula, we have
K =°C + 273.2 = 46.1 + 273.2 = 319.3
Thus,
115°F = 46.1°C = 319.3 K
PROBLEM:
Convert 30°C to the Fahrenheit scale.
SOLUTION:
Rearrange the conversion formula to give °F on the left:
9 =] o
3 T=°F—13
9
°F = =°C
3 + 32
Now we can substitute 30 for °C and solve for °F:
+ 32 = 86.0
°F = 9 x 30
5
Thus, 30°C = 86°F.
PROBLEMS A

When you work these problems, show the units in each step of the calculation, and
show the units of the answers.

1.

2

A brass baris 2 X 3 X 6 cm. Find its area and volume.

. A cylindrical rod is 2 cm in diameter and 12 inches long. Find its area and

volume.

. First-class postage is A cents for each ounce or fraction thereof. How much

postage is required for a letter weighing 98 g7 Give your answer in terms of A.

What is the weight, in pounds, of 20 kg of iron?

5. The distance from Paris to Rouen is 123 km. How many miles is this?

. The regulation basketball may have a maximum circumference of 29% inches.

What is its diameter in centimeters?

. The longest and shortest visible waves of the spectrum have wavelengths of

0.000067 cm and 0.000037 cm. Convert these values to (a) angstroms, and (b)
nanometers.
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8. The wavelengths of X rays characteristic of certain metallic targets are (a)
copper, 1.537395 A; (b) chromium, 2.28503 A; (¢) molybdenum, 0.70783 A:
(d) tungsten, 0.20862 A. Express these wavelengths in centimeters.

9. If the laboratory temperature is 21°C, what is the Fahrenheit temperature?

10. When the temperature gets to -50°F in Siberia, what would be the tempera-
ture on the Celsius and Kelvin scales?

11. Mercury freezes at —38.87°C. What are the freezing points on the Fahrenheit
and Kelvin scales?

12. What is the Fahrenheit temperature at absolute zero (0 K)?

13. At what temperature do the Fahrenheit and Celsius scales have the same
reading?

14. Light travels at a speed of 3.0 x 100 cm/sec. A light-year is the distance that

light can travel in a year's time. If the sun is 93,000,000 miles away, how many
light-years is it from the earth?

15. If 1 ml of water is spread out as a film 3 A thick, what area in square meters
will it cover?

16. The area of a powdered material is 100 m¥g. What volume of water is required
to form a film 10 A thick over the surface?

17. An agate marble is placed in a graduated cylinder containing 35.0 ml of water.
After the marble is added, the surface of the water stands at 37.5 ml. Find the
diameter and surface area of the marble.

18. (a) If there are 6.02 x 10% molecules in 18 ml of water, what is the volume

occupied by one molecule? (b) If the molecules were little spheres, what
would be the radius of a water molecule? (Give the answer in angstroms.)

19. If you should decide to establish a new temperature scale based on the as-
sumptions that the melting point of mercury (—38.9°C) is 0°M and the boiling
point of mercury (356.9°C) is 100°M, what would be (a) the boiling point of
water in degrees M, and (b) the temperature of absolute zero in degrees M?

20. It has been found that the percentage of gold in sea water is 2.5 x 107!, How
many tons of sea water would have to be processed in order to obtain 1.0 g of
gold?

21. A solution contains 5.0 g of sodium hydroxide per liter. How many grams will
be contained in 50 ml1?

22. A solution contains 40 g of potassium nitrate per liter. How many milliliters of
this solution will be needed in order to get 8.0 g of potassium nitrate?

23. The neck of a volumetric flask has an internal diameter of 12 mm. The usual
practice is to fill a volumetric flask until the liquid level (meniscus) comes just
to the mark on the neck. Ifby error one drop (0.050 ml) too much is added, at
how many millimeters above the mark on the neck will the meniscus stand?
Assume a plane (not curved) meniscus.
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A soap bubble is 3.0 inches in diameter and made of a film that is 0.010 mm
thick. How thick will the film be if the bubble is expanded to 15 inches in
diameter?

. (@) A cube measures 1.00 cm on an edge. What is the surface area? (b) The

cube is crushed into smaller cubes measuring 1.00 mm on an edge. What is the
surface area after crushing? (¢) Further crushing gives cubes measuring 100 A
on an edge. What is the surface area now? How many football fields (160
ft x 100 yd) would this make?

The unit of viscosity (n) is called a poise. Viscosity is determined experimen-
tally by measuring the length of time (r) for a certain volume (V) of liquid to
run through a capillary tube of radius R and length L under a pressure P,
according to the Poiseuille equation

_ PmtR?
M= gLy

What are the units of a poise in the centimeter—gram-second (cgs) system?

. The energy of a quantum of light 1s proportional to the frequency (v) of the

light. What must be the units of the proportionality constant (h)if E= hv? E
is expressed in ergs, and v has the units of sec™'.

Show that the product of the volume of a gas and its pressure has the units of
energy.

PROBLEMS B

29.
30.

3L

32.

33.

34,

35.

What are the area and the volume of a bar measuring 2 x 4 x 20 cm?

What are the area and the volume of a cylindrical rod with hemispherical ends
if the rod is 1.00 inch in diameter and has an overall length of 55.54 cm?

The driving distance between Los Angeles and San Francisco by one route is
420 miles. Express this in kilometers.

A common type of ultraviolet lamp uses excited mercury vapor, which emits
radiation at 2537A. Express this wavelength (a) in centimeters, and (b) in
nanometers.

A certain spectral line of cadmium often is used as a standard in wavelength
measurements. The wavelength is 0.000064384696 cm. Express this wave-
length (a) in angstroms, and (b) in nanometers.

What must be the velocity in miles per hour of ajet plane ifit goes at twice the
speed of sound? (The speed of sound is 1000 ft/sec under the prevailing condi-
tions.)

The domestic airmail rate is B cents per ounce or fraction thereof. How much
postage will be required for a letter weighing 76 g? Give your answer in terms

ofB.



Problems B 41

36

37

38
39

40

41

42

43

45

47

48

49

50

51

If the pnce of platinum 1s $851/0z (ounce avoirdupois), what 1s the cost of a
crucible and cover weighing 12 356 g°

Liquid nitrogen boils at —195 82°C What are the boiling points on the
Fahrenheit and Kelvin scales”

How many kilograms are there i § 00 megatons of imestone?

Gallium 1s unusual 1n that 1t boils at 1700°C and melts at 29 8C What are
these temperatures on the Fahrenheit and Kelvin scales?®
10-3 molecules, and the cross-

If 50 0 g of a substance S contains 6 02 x ;
what s the surface area of a solid

sectional area of each molecule 1s 20 0 A2,
that needs 1 50 g of S to cover 1t with a layer one molecule thick?

(a) If there are 6 02 x 102 molecules n 383 ml of ethyl alcohol, what s the

volume occupied by one molecule? (b) If the molecules were little spheres,
what would be the radius of an ethyl alcohol molecule® (Give the answer
angstroms )

A regulation baseball 1s 9 00 inches 1n circumference What 1s 1ts diameter n
centimeters?

A manufacturer of a glass-fiber insulation material impresses his potential
customers with the ‘fineness ' of his product (and presumably with 1ts insulat-
ing qualities too) by handing them glass marbles % inch in diameter and stating
that there 1s enough glass 1n a single marble to make 96 miles of glass fiber of
the type used mm his product If this 1s true, what 1s the diameter of the
insulating glass fibers’

The volume of a red blood cell 1s about 90 um’® What ;s 1its diameter in
millimeters> (Assume that the cell | - spherical’)

A $mch-diameter marble 1s placed n a graduated cylinder containing 10 0 ml
of water To what level will the liquid nse i the cylinder?

A solution contains 0 0500 g of salt per milliliter How many mulliliters of this
solution will be needed if we are to get 100 g of salt?

A solution contains 1 00 g of sulfuricacid per 100 ml How many grams of acid
will be contained mn 350 ml?

How many grams of sulfuric actd must be added to 500 g of water in order that
the resulting solution be (by weight) 20 percent sulfuric acid”’

The average velocity of a hydrogen molecule at °C 1s 1 84 x 10°cm/sec (a)
How many miles per hour (mph) 1s this’ olecular gas velocities are propor-
tional to the square root of the absolute temperature (b) At what temperature
will the velocity of a hydrogen molecule be 100,000 mph?

A 10 ml graduated pipet has an 18-inch scale graduated n tenths of milliliters
What 1s the internal diameter of the pipet?

An error of 1 0 mm was made i adjusting the meniscus (liquid level) to the
mark m a 10 ml volumetric pipet The internal diameter of the pipet stem was
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4.0 mm. Calculate the percentage error in the volume delivered, assuming a
plane (not curved) meniscus.

. To what temperature must a bath be heated so that a Fahrenheit thermometer

will have a reading that is three times as large as that on a Celsius
thermometer?

According to Newton's law, the force exerted by an object is equal to its mass

times its acceleration. The pnit of force needed tg acgelerate g mass of 1 g by 1
cm/sec? 1S ca{feg a?fyne. What are the units o?a yne in ﬁle cgs syst@m?

A budding young chemist decided to throw tradition overboard and include
time in the metric system. To do this she kept the unit "day” to refer to the
usual 24 hr time interval we know. She then subdivided the day into centidays,
millidays, and microdays. Solve the following problems. (a) A 100 yd dash
done in 9.7 sec took how many microdays? (b) A 50 min class period lasts for
how many centidays? (c) A car going 60 mph goes how many miles per
centiday? (d) What is the velocity oflight in miles per milliday if it is 186,009
mi/sec? (¢) What is the acceleration of gravity in centimeters per microday® "
it is 980 cm/sec??
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Reliability of Measurements

In pure mathematics or in counting, every number has an exact meaning. The
figure 2, for example, means precisely two units (not approximately two units).
In using numbers to express the results of measurements, however, we use
numbers with inexact meanings, because no measurement is perfectly accurate.
If we say that an object has a length of 2 m, we mean that it is approximately 2
m long. We would not be surprised to find that the actual length differs from
2000000 m.

In expressing the results of measurements, we should use numbers in a way
that indicates the reliability of the result. Suppose two persons measure the
diameter of a dime with a centimeter scale. One person reports a result of 1.79
c¢m; the other finds the diameter to be 1.80 cm. Both would agree that the
desired reading is near the 1.8 cm mark and just slightly toward the 1.7 ¢m side
of that mark. However, one person has estimated the value as 1.79cm, whereas
the other feels that the edge of the dime is close enough to the mark to report a
value of 1.80 cm. How should the uncertainty be expressed in reporting this
result? It would be correct to report the result either as 1.79 ¢cm or as 1.80 cm,
but it would not be correct to give the average value of 1.795 cm. This last figure
implies that the true value is known to lie near the middle of the range between
1.79 cm and 1.80 cm, which is not the case.

Suppose the measurements are repeated with a caliper whose vernier scale
permits careful measurement to the nearest 0.01 c¢m and estimation to the
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nearest 0.001 c¢m. Now the two results might be 1.792 ¢cm and 1.796 cm. It
would now be proper to report the average value of 1.794 cm, because the third
decimal place is reasonably well known. It would be even more informative to
report the result as 1.794 £ 0.002 cm. The symbol + is read as "plus or
minus." It shows that the actual results vary by 0.002 c¢m in either direction
from the reported average value.

In talking about the results of measurements, we distinguish between the
accuracy and the precision of the results. The accuracy of a series of measure-
ments tells how closely the average of the results agrees with the true value of
the quantity that is measured. Theprecision of a series of measurements tells
how nearly the repeated measurements yield the same result. For example,
suppose that the markings on a centimeter scale are placed too far apart (as if
the scale has been stretched). In this case, the results obtained in a series of
measurements of the same object might be quite precise (different measure-
ments would yield nearly the same answer), but they would be inaccurate (the
average result would be far from the true value).

Measurements commonly involve systematic errors. These are errors that are
reproducibly introduced in each measurement because of the construction, use,
or calibration of the equipment (as in the case of the stretched scale). The
precision of the results may give the illusion of accuracy in such cases. For this
reason, it is desirable to make a measurement by various entirely different
methods. If the results still show high precision (close agreement with one
another), then it is unlikely that systematic errors exist. The accuracy of the
measurement can also be tested by using the same measurement methods on a
"standard sample” whose value has been certified by some reliable institution,
such as the National Bureau of Standards.

Measurements also commonly involve random errors. These are errors whose
size and direction differ from measurement to measurement; that is, they are
unpredictable and unreproducible. They are commonly associated with the
limited sensitivity of instruments, the quality of the scales being read, the
degree of control over the environment (temperature, vibration, humidity, and
so on), or human frailties (limitations of eyesight, hearing, judgment, and so
on). We shall say much more about random error later in this chapter.

SIGNIFICANT FIGURES

All digits of a number that are reasonably reliable are known as significant
figures. The number 1.79 has three significant figures: 1,7, and 9. The number
1.794 has four significant figures.
The position of the decimal point in a measured value has nothing to do with
the number of significant figures. The diameter of a dime may be given as 1.794
cm or as 17.94 mm. In either case, four significant figures are used.
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PROBLEM:

A student weighs a beaker on a triple-beam balance, finding values of 50.32 g,
50.31 g, and 50.31 g in successive weighings. Express the average weight to the
proper number of significant figures.

SOLUTION:
To obtain the average, add the weights and divide by 3.

5032 ¢

50.31 g

50.31g

Total = 150.94 g
Average = 50.3133 ¢

Because the weighings disagree in the second decimal place, it is not proper to
give the weight to more than the second decimal place. The average weight, to the
proper number of significant figures, is 50.31 g.

Final Zero as Significant Figure

Final zeros after the decimal point are significant figures and are used to
indicate the decimal place to which the measurements are reliable. Thus [.0cm
indicates a length reliably known to tenths of a centimeter but not to hundredths
of a centimeter, whereas 1.000 cm indicates a length reliably known to thou-
sandths of a centimeter. A very common mistake is leaving out these zeros
when the measured quantity has an integral value.

PROBLEM:
Give the value of a 10 g weight to the proper number of significant figures. The
balance on which the weight is used will respond to weight differences of 0.0001 g.

SOLUTION:
The weight is given as 10.0000 g, to show that it is reliable to 0.0001 g.

When a number has no zeros after the decimal point, final zeros before the
decimal point may or may not be significant, depending upon the usage. If we
say that there are 1000 students enrolled in a school, all the zeros probably are
significant. But if the population of a city is given as 360,000, the last two or
three zeros are not significant, because daily changes make the population
uncertain by perhaps several hundred persons. The final zeros in this case are
used only to indicate the position of the decimal point. A convenient way to
indicate reliability of a number that has final zeros before the decimal point is to
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Significant Figures in Results of Calculations

The results of measurements often are used to calculate some other result. In
such a case, the result of the calculation should be expressed with an appropri-
ate number of significant figures to reflect the reliability of the original mea-
surements. There are two rules for this procedure.

1. Addition or subtraction. The values to be added or subtracted should all be
expressed with the same units. If they are expressed in scientific notation, they
should all be expressed with the same power of 10. The result should be
rounded off so that it has only as many digits after the decimal point as the
number with thefewest digits after the decimal. For example, consider the sum
of the following weights:

13.8426 g
764.5 g

708 ¢
Sum = 785.4226 g

This mathematical sum is a very misleading statement because it contains seven
significant figures. It implies that the total weight is known to the nearest 0.0001 g
when, in fact, one of the weights being added is known only to the nearest 0.1 g
and another only to the nearest 0.01 g. The weight known least reliably (to the
fewest decimal places) limits the reliability of the sum. Therefore, the sum is
properly expressed as 785.4 g. (Note that the number of significant figures in the
weights is irrelevant in applying this rule for addition or subtraction. The proper
result has four significant figures, although one of the weights being added has
only three significant figures. It is the number with the fewest digits after the
decimal point that determines the position of the least reliable digit in the
answer.)

2. Multiplication or division. The product or quotient should be rounded offto
the same number of significant figures as the least accurate number involved in
the calculation. Thus, 0.00296 x 5845 = 17.3, but 0.002960 x 5845 = 17.30.
However, this rule should be applied with some discretion. For example, con-
sider the following multiplication:

0.00296 x 5845 x 93

The rule indicates that the result should be rounded oflfI to two si&gnifican%
figures, so that the product would be 1600, or 1.6 x 102, TOWEVEr, a error o
+ 1 in the value 0f93 is not much more significant than an error of + 1 in 102; we
can say that 93 almost has three significant figures. Because the other numbers
involved all have at least three significant figures, it would be reasonable to
report the result of this multiplication as 1.61 x 10° \US18 three significant
figures). Obviously, such decisions must be made by common sense rather than
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a hard and fast rule. The best situation would be to have a range of error for
each number; then the calculation could be performed with all the largest or all
the smallest values to see which digits in the result are reliable.

A case can be made for rounding off all numbers involved in a calculation
before the calculation is actually made. However, in this age of hand cal-
culators this procedure adds little except extra effort. The simplest approach
probably is to enter all the numbers of a calculation through the keyboard with-
out regard to significant figures. Then, by inspection at the end of the calcula-
tion, determine how many decimal places should be used (for addition and
subtraction) or how many significant figures should be used (for multiplication
and division) in the final result. The calculator cannot make the decision about the
proper number ofdecimal places or significant figures to use; only the operator can
do this. One of the most common errors in the use of calculators is to write
down all of the digits that appear in the display as a result of a calculation,
regardless of their significance. You must learn to think about your answers.

A pure number such as 3 or 4 has an unlimited number of significant figures
(4.000000___ ), as does a defined quantity such as = (3.14159...) or e
(27182818 ... .). Do not fall into the trap of excessively rounding off results that
come from equations using pure or derived numbers. For example, if you want

to find the volume of a sphere whose radius has ﬁmb&gwe}@@gré%dﬁlg%

you shouldn't round off the ans er 0 1 i(
use the formula V = $mr3, MW and each appears to have only one

significant figure. It is the measured values that determine the number of sig-
nificant figures. In this case, Mygm%qaqbp%pgmymﬁgsgd (R WR 5 S 1 6
figures as 1.451 x 10%cm?.

with one stroke the value of 7w to 8 or 10 decimals.

DISTRIBUTION OF ERRORS

We have talked about significant figures and the general unreliability of the
"last figure” of a measurement. Now we shall talk about just how unreliable
these last figures are. Your experience has shown that really gross errors rarely
occur in a series of measurements. Suppose you were able to make an infinite
number of measurements on the same quantity (call it x). You would not be
surprised if, on plotting each observed value ofx against the frequency with
which it occurred, you obtained a symmetrical curve similar to that shown in
Figure 5-1. One of the advantages of making an infinite number of measure-
ments is that the average (x) of the values will be equal to the "true value” (),
represented by the dotted vertical line drawn from the peak of the curve. As
expected, the more a value ofx deviates from u, the less frequently it occurs.
This curve is symmetrical because there is equal probability for + and - errors;
it is called a normal distribution curve . If you made your measurements in a more
careless manner or with a less sensitive measuring device, you would obtain a
distribution curve more like that in Figure 5-2, shorter and broader but with the



FIGURE 5-1
Normal distribution curve with a small standard deviation.

same general shape. The breadth of a distribution curve (the spread of results)
is a measure of the reliability of the results. Two major ways of describing this
spread are average deviation and standard deviation.

Average Deviation

The deviation of each individual measurement (x) from the average (x) of all the
measurements is found by simple subtraction; the deviation of the /th mea-
surement is v, - y. We are interested in the sizes of the deviations, without
regard to whether they are + or -. That is, we are interested only in the
absolute values of the deviation, |v, - v[. The average deviation is simply the
average of these absolute values:

I, ~x] + g — x| ¢ vy X + 3
"

Average deviation =

I I
n—2r

1
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1
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!
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FIGURE 5-2
Normal distribution curve with a large standard deviation.
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Simple expressions for x and average deviation can be made by using the
symbol 2, which means "the sum of” whatever follows it:

. 2x
i =M
n
and
A} _ -
Averagedeviation=——‘ﬂ|x—xL (5-n

n

In each case, the sum of n values is understood. One important point to re-
member: x may be calculated for any number of measurements, but only for an
infinite number of measurements will x = g, the "true value.”

PROBLEM:

Five persons measure the length of a room, getting values of 10.325 m, 10.320 m,
10.315 m, 10.313 m, and 10.327 m. Find the average value and the average devia-
tion.

SOLUTION:

Add the separate values and divide by 5 to get the arithmetical mean. Set opposite
each value its deviation from the average, without regard to sign. Take the average
of these deviations.

Measurement Deviation

Xy X ;|

10.325 m 0.005 m
10.320 0.000
10.315 0.005
10.313 0.007
10.327 0.007

Tx,= 51600 m 0.024 m = Sx, - x|
x= % = 10320 m T 2 00048 m = Average deviation

The average is 10.320 m, with an average deviation of 0.0048 m. It is proper
to write the average as 10.320 m, because the deviation affects digits in only the
third decimal place. It is not correct to give the length as 10.32 m; this implies
that the measurement is uncertain in the second decimal place. Average devia-
tion is one of the simplest measures of reliability of measurements (the spread
of experimental values), but a better estimate of reliability can be made with
standard deviation.
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Standard Deviation

The standard deviation is the square root of the variance (s?. The variance is

almost the same as the average of the squares of the deviations of the measure-
ments from the average (x); it is defined as

variance = s? = (X = D+ (xg — )2+ (X3— X2 + + (xp— 0)?
- - n-1
— y)2
_ 2(;:1- IX) 52)

For reasons that we need not discuss here, n - 1 is used as the denominator
instead of n. Of course, for very large values of n (say, 1000), there is no
appreciable difference between n and n - 1. Thus, for very large numbers of
measurements, you really can say that the variance is the average of the
squares of the deviations. Because the standard deviation is the square root of
the variance, we have

/ Sty. — N2

standard deviation = § = N (5-3)

The standard deviation will have the same units as the original measurements,
and the same units (but not the same value) as the average deviation.

PROBLEM:
Calculate the standard deviation (s) of the measurements made in the preceding
problem.

SOLUTION:

As in the last problem, first find the average of the measurements, and then
subtract it from each of the individual measurements to get the deviation. The sum
of the squares of these deviations divided by n - 1| is the variance.

Measurement Deviation {Deviation)?
X; - x) (x; - 0°
10.325 m 0.005 m 0.000025 m*
10.320 0.000 0.000000
10.315 -0.005 0.000025
10.313 -0.007 0.000049
10.327 0.007 0.000049
Ty, = 51.600 m 0.000148 m2 = I(x; — )
X = 10.320m
[Sev. — ¥y = 4
Standard deviation = s = ¥ i W= \/07'0001 8 = 0.0061 m
n-1 4
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In order to make the value ofs useful for other calculations, it is customary to
write it to one more decimal place than the least significant figure of the mea-
surements; we shall do the same for x when it is used in the calculation of s,but at
no other time. If we did not adopt such a convention, we would frequently find,
for a good set of data, that a standard deviation rounded off to the decimal place
corresponding to the least significant figure of the measurements would have a
value of 0. This would be a useless and misleading result because variations in
the measurements actually exist. A good compromise 18 to write the average to
the correct number of significant figures as discussed on p 46, but to write the
error statement to one more decimal place than corresponds to the least signifi-
cant figure in the average. An error statement is the average deviation, the
standard deviation, or one of the various confidence intervals to be discussed on
pp 56-57. Thus, in the example just shown, you would write

x = 10.320
x = 10.320

0.0048 m (for average deviation)

+
+ 0.0061 m (for standard deviation)

For a very poor set of data, with a very large standard deviation, it is foolish to
show the error statements to one more decimal place than the least significant
figure. If the room measurements just cited actually had a standard deviation of
£0.0756 m, it means that you were silly to think of measuring to the nearest
0.001 m, and in any case you should round the standard deviation to +0.076 m.
The decision as to when you do, or do not, write the error statement to one
more decimal place than the least significant figure is arbitrary. (Some profes-
sors say that you should use the extra decimal place if the standard deviation is
less than 0.4% of the average of the measurements.)

Many calculators permit you to determine x ands directly without the need of
setting out the calculations as described in the last problem. After entering each
measurement through the keyboard, you press the %+ key. After entering all of
the numbers in this fashion, you press the x key (or keys) to get the average and
then the s key (or keys) to get the standard deviation. The average—which may
be displayed to, say, eight decimal places—must of course be rounded offto the
proper number of significant figures.

A small complication may arise from the use of calculators that determine x
and s directly. With these calculators, the standard deviation is calculated from
the average deviation that includes all of the digits in the display. The resulting
value probably will differ slightly from the one you would obtain if you previ-
ously rounded the average to one more decimal place than the least significant
figure. This difference usually is small and can be ignored. Thus you need not
worry about somewhat different answers obtained with different types of
calculators.

Probability Distribution for Large Numbers of Measurements

In order to appreciate the usefulness of the standard deviation as a measure of
reliability, we must take a closer look at the curves in Figures 5-1 and 5-2. The
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mathematical equation for these curves (when they represent a very large num-
ber of measurements) is called the Gaussian distribution equation. In one of its
forms, the frequency of occurrence, F, is given by

tx, = ol

Pl com)e T &4

where cr = s (the standard deviation) when n is very large, just as u = x when
n 18 very large. We use these special symbols for s and * to emphasize that
this Gaussian equation does not apply to the curves obtained with only a small
number of measurements. Note that Equation 5-4 is written with the base e
rather than the base 10 (see p 17 for a discussion of natural logarithms). We
next discuss some important characteristics of this distribution curve.

1. Size of a and the shape of the curve. At the peak of the curve, x = u
and

1
F= o(2m)t
In other words, the maximum height of the Gaussian curve is de-
termined solely by the value of cr and the constant 2#. If cr is small
because the errors are relatively small, then F is large and the curve is
tall (Figure 5-1). If cr is large because of relatively large errors, then
F is small and the curve is short (Figure 5-2). For any other value ofx

fy )2
than %, the exponent™=' Lis larger for a smaller value of cr, and
~U

the sides of the curve thus fall off faster for small cr (as in Figure
S-1) than for large cr (as in Figure 5-2).

o

. Significance ofthe area under the curve. Consider the very small black-
ened area in Figure 5-1f Its width is the in}flinitesfilmgl diﬁtance‘ dx; ifs
height is the value of F1OT the value ex we have chosen. Because dx 1s
infinitesimal, we can regard this area as a rectangle. The area Fdx of
the rectangle represents the number of measurements of x that lie
betweenx andx + dx. If we take the consecutive sum of all such small
areas from one end of the curve to the other, we have the total area
under the curve, and we have included all our measurements. Because
of the way that F is defined, the total area under the curve is 1.000,
regardless of the size of cr. All probability distributions share this
characteristic that the total area under the curve equals unity. The area
under a portion of the curve represents the number of measurements of
x lying between the limiting values of x that bound the portion. For
example, if the area under a portion of the curve is 0.200, then that
portion of the curve represents 20.0 percent of the measurements.
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3. Relationship between cr and area under the curve. If we express the

values ofx in terms of g, we find that the normal distribution curve
always has the same shape, regardless of the size of cr. That is, the area
under the curve for a particular multiple of cr on either side of w is the
same for any normal distribution curve.

Values ofx between Area under this portion of the curve
p- o and p + cr 0.683 (shaded area in Figure 5-1)
p-20and p + 20 0.954 (shaded area in Figure 5-2)
pw—3cand p + 30 0.997

Thus, whenever you have a very large number of measurements, the
probability is that 68.3% of them (about two-thirds) will have values
within the range @ % cr (that is, within one standard deviation of the
average value). Similarly, 95.4% of the measurements (about 19 out of
20) probably will have values within the range . £ 20, and only 0.3%
of them (3 in 1000) are likely to have values outside the range u = 3 0.
This also means that the probability 15 only 0.3% (3 times out of 1000
measurements) that any single measurement will yield a value differing
by more than 3 cr from the value u.

. Confidence interval and confidence level. We have seen that 3 out of 1000

measurements probably will have values outside the range o = 30
The range of values obtained in a particular large set of measurements
will depend on the particular extreme values that happen to be ob-
tained. Because the normal distribution curve is so regular, it is useful
to express the average result in a form that reflects some particular
percentage of the measurements, rather than listing the particular ex-
tremes obtained. For example, you might wish to report the result as
w £ to, where ¢ is chosen so that the range will include some particular
percentage of the measurements. For example, we have seen that a
choice oft = 2 will yield a range that includes 95.4% of the measure-
ments. Suppose you wish to report a range that includes 80% of the
measurements; in this case, you will need to consult a ¢ table such as
Table S-1 to find the appropriate value of £. We wish to find the value of
t corresponding to a confidence level of 80%: the confidence level is the
probability that any measurement picked at random will fall within the
range p £ fcr. Using the bottom line of the table (representing an infi-
nite number of measurements), we see that the desired value of ¢ is
1.282. Therefore, we can say that there 1s a probability of 80% that any
random measurement will fall within the range pn + 1.282 ¢ this range
1s called the confidence interval. When a result 1s reported with a confi-
dence interval, the corresponding confidence level should be stated to
make the range meaningful. For example, a result might be reported as
25.342 £+ 0.003 with a confidence level of 80%.



TABLE 5-1
The t Values for Various Sample Sizes and Confidence Levels
Sample* Confidence level ({percentage)
size
(n 50 €0 0 80 90 95 99
2 1 000 1376 1963 3078 6314 12706 63 657
3 0816 1 061 1 386 1 886 2920 4 303 9 925
4 0765 0.978 1 250 1 638 2353 3182 5 841
5 0741 0941 1 190 1533 2132 2778 4604
6 0727 0920 1 156 1 476 2015 2571 4 032
7 0718 0906 1 134 1 440 1 943 2 447 3.707
8 0711 0896 1 119 1 415 1 895 2 365 3 499
9 0706 0889 1 108 1 397 1 860 2306 3355
10 0.703 0883 1 100 1 383 1833 2 262 3250
20 0 688 0861 1 066 1 328 1729 2093 2 861
3 0683 0854 1 055 1311 1 699 2 045 2756
40 0 681 0851 1 050 1 303 1 684 2021 2704
50 0680 0849 1 048 1299 1 676 2008 2678
60 0679 0 848 1 046 1 29 1671 2000 2660
120 0677 0 845 1041 1 289 1 658 1 980 2617
e 0674 0842 1 036 1 282 1 645 1 968 2576

BTN

* Statistical manuals usually list degrees of freedom in this column with values that are equal to the sample size minus one

PROBLEM:

The average result of a set of 1000 measurements 1s to be reported with a confi-
dence interval representing a confidence level of 80%. The average (the true value)
is 2756, and the standard deviation is 13.0. Find the confidence interval.

SOLUTION:

The set of 1000 measurements is so large that the value of f differs negligibly from
that for an infinitely large set of measurements. so we use the bottom row of Table
S-1. Looking 1n the column for an 80% confidence level, we find the desired value
of t to be 1.282. Therefore, the desired confidence interval is

i to = 2756 + (1.282)(13.0) = 2756 + 17

Either of the following two statements could be made.

1. The probability is 80% that any value taken at random from the 1000 mea-
surements will lie within the interval 2756 + 17.

2. Of the 1000 measurements, 800 (or 80%) lie within the interval 2756 + 17.
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Probability Distributions for Small Numbers of Measurements

In many cases, it is not practical to make large numbers of measurements. In
chemical analyses, there often is only enough material to make a few measure-
ments. The desire usually is to find a true value for the measured quantity, but
the average of a small number of measurements is unlikely to represent the true
value. You can see this if you make several small sets of measurements of the
same quantity; the averages of the various groups are likely to differ somewhat
from one another. Most people have the intuitive feeling that the average will be
closer to the true value as the number of measurements increases. The formal
mathematical statements of probability theory reflect this same viewpoint. It is
possible to make some statements about the results of a small number of mea-
surements, but these statements must be made with less confidence than we
have in statements resulting from large numbers of measurements.

For this discussion we use a distribution curve as before, but this time it 1s not
represented by an equation as simple as the Gaussian equation. In fact, there is
not just one curve; there are many, one for each size of sample (different
number of measurements). It isn't practical to draw a different curve for each
size of sample, but we can describe the changing nature of the distribution
curves: as the size of the sample gets smaller, the corresponding distribution
curve becomes shorter and broader than the ones shown in Figure 5-1 for the
same value ofs. The same statement is true for Figure 5-2, where a larger value
of sapplies. This changing nature of the distribution curve is taken into account
in the ¢ table (Table 5-1), which can be used in place of the curves.

The Precision of a Single Measurement

The calculation of standard deviation (Equation 5-3) is the samg whether you
have many measurements or only a few; sample size affects only the selection
of the ¢ value. For a single measurement taken at random from a small number

(n)of measurements, the confidence interval for the desired confidence level is
X x5 (5-5)

This is a statement of the precision of a single measurement.

Note that you don't know the true value (you didn't take many measure-
ments). You must use the average (x) of your measurements as the best mea-
sure available as a substitute for the true value. Note also that the value of tyou
choose will depend on the sample size (#)as well as on the confidence level you
desire. The confidence interval will get larger as the number of determinations
gets smaller, or as the confidence level increases.

The Precision of the Mean

The main objective of making a series of measurements usually is to find the
true value, and we would like to indicate the confidence we may have in the
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wverage of our values. Because the average of many measurements is more
ikely to be correct than the average of a few, our confidence interval should get
smaller as we increase the number of measurements. This is commonly ex-
yressed quantitatively by using the standard deviation of the mean, defined as

§ = standard deviation of the mean

Vn

Mote that the standard deviation of the mean decreases with the square root of
1, not the first power. Thus, making 100 measurements rather than 4 does not
mprove the precision by a factor of *4° = 25, but only by a factor of V25, or 5.
The useful statement we can make with the standard deviation of the mean is
the following: for a series of n measurements and a specified confidence level,
the true value of xwill lie in the interval

S
x (ﬁ) (3-6)

This is a statement of the precision of the mean.

PROBLEM:

The density of a liquid is measured by filling a 50 ml flask as close as possible to the
index mark and weighing. In successive trials the weight of the liquid is found to
be 45.736 g, 45.740 g, 45.705 g, and 45.720 g. For these weights calculate the
average deviation, the standard deviation, the 95% confidence interval for a single
value, and the 95% confidence interval for the mean.

SOLUTION:
Because the weighings are all for the same measured volume. we first average the
weights. Let,v refer to the weight measurement.

Weight Deviation (Deviation)?
X lx; — ¥ (x; — x)*
45.736g 0.0107 g 0.0001 14 g-
45,740 0.0147 0.000216
45,705 0.0203 0.000412
45.720 0.0053 0.000028
Sx;= 182901 g Sx; - x = 0.0510 g S(x, - D = 0.000770 &
. S A A S x [y e
X —4—Average deviation ) =y 7
= 45.7253 g = 0.0128 g = 0.0160 g

From the ¢ table, the f value of 3.182 is found in the row for sample size of 4 and in
the column for 95% confidence level. The precision of a single value is therefore
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45.725 + (3.182X0.0160) = 45.725 £ 0.0509 g

There is a 95% probability that any weight value picked at random has a value
that lies within 0.0509 g of the average. The precision of the mean is given by

' 0y = 45.725 £ 0.0255 g
45.725 £ (3.182) (0.0160)

That is, there is a 95% probability that the true value of the weight of 50 ml of this
liquid lies within the interval 45.725 £ 0.0255 g.

Relative Error

It frequently is convenient to express the degree of error on a relative basis,
rather than on an absolute basis as above. A relative basis has the advantage of
making a statement independent of the size of the measurements that were
made. For example, the statement that a solid contains 10% silver is a relative
statement; it says that one-tenth of the solid is silver, and it is understood that a
large sample of the solid would contain more grams of silver than a small one.
Percentage is "parts per hundred,” and it is found for this example by multiply-
ing the fraction of the sample that is silver (in this case, 0.1) by 100. It would be
as correct to multiply the fraction by 1000 and call it ** 100 parts per thousand,”
or to multiply the fraction by 1,000,000 and call it ** 100,000 parts per million.”
The choice of parts per hundred (percentage) or parts per thousand or million is
determined by convenience. If the fraction were very small, say 0.00005, it
would be more convenient to call it 50 parts per million than to call it 0.005 parts
per hundred or 0.005 per cent.

PROBLEM:

Express the 95% confidence level of the standard deviation of the mean obtained
in the previous problem as percentage, as parts per thousand, and as parts per
million.

SOLUTION:

The 95% confidence level of the standard deviation of the mean was found to be
+0.0255 g, where the weight itself was (on the average) 45.725 g. The fractionot
the total weight that might be error is

0.0255 g

45725¢ = 0.000558

The relative error thus can be written as

(0.000558X100) = 0.0558 parts per hundred = 0.0558 percent
(0.000558)(10") = 0,358 paris per thousand (ppL.)
(0.000558)(10%) = >°8 parts per m (ppm.)
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Calculator Tips

Equation 5-3, which defines the standard deviation, can be rewritten in the form

B /n Sx%— (Zx)?
N nin — 1) (3-7)

The advantage of this form is that you need not find the average before proceed-
ing to find the deviations. If you use a calculator that doesn't have a built-in
program for finding s and x directly, you can easily enter each of your mea-
surements in a way that accumulates 2x;in one memory storage and Zx3 in
another. After entering all of the data, you can use 2x;and Ex3in Equation 5-7
to gets, and furthermore you can divide zz\'iby 1 1o obtainx, even though you
didn't have to find it to calculate s.

EPILOGUE

In an age requiring closer looks at the factors that affect our health, safety,
environment, and life style, it will become more and more important to examine
carefully and intelligently the statistical significance of the dataon whichimpor-
tant decisions are based. The intelligent use of your calculator can be of enor-
mous help in these kinds of evaluations. You must always resist the urge to
include far more figures in your reported results than the datajustify. Calcula-
tions and computers cannot improve experimental reliability, and it is your
responsibility to round off the final answer to the proper number of significant
figures.

PROBLEMS A

[. State the number of significant figures in each of the following measurements,
(2) 374; (b) 0.0374; (&) 3074; (d) 0.0030740; (¢) 3740 (f) 3.74 x 10%; & 73
million; (h) 21 thousand; (i) 6 thousandths; (j) 2 hundredths.

2. Express the answer in each of the following calculations to the proper number
of significant figures (assume that the numbers represent measurements).
(a) 3.196 + 0.0825 + 12.32 + 0.0013
(b) 721.56 - 0.394

{c) 525.3 + 326.0 + 127.12 + 330.0
@ 5.23 x 10-2+ 801 X 1o+ 8 X o 7 SR s
( 3.21 x 432 x 650

563

;X B.02 x 1023 X 2.543

8.57 x 10~
f) 361 x 907
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4265 x (3081)¢ x 8.275 x 10~

®) 0.9820 x L0035

6.327 x 107> x 7.056 x 1977’\’( 9.0038 x
6.022 x 1022 % <" X qp-2

1077

(h)

. Water analysts often report trace impurities in water as "parts per million” —

that is, parts by weight of impurity per million parts by weight of water. In an
analysis, 2.5 liters of a water sample are evaporated to a very small volume in
a platinum dish; the residue is treated with a sensitive reagent that develops a
red color, whose intensity is a measure of the amount of nickel present. The
amount of nickel present is found to be 0.4} mg. How many parts per million
of nickel were present in the original sample of water? (Assume that the
density of water is 1 g/ml.)

. State the precision, both in parts per thousand and in percentage, with which

each of the following measurements is made.

(a) 578 with a standard deviation of 2.0

(b) 0.0578 with a standard deviation of 0.00020

(c) 5078 with a standard deviation of 2.0

(d) 0.005078 with a standard deviation of 0.000030
(e) 0.0050780 with a standard deviation of 0.000000 (0
(f) 5078 with a standard deviation of 50

(g) 578 x 10° with a standard deviation of 2.0 x 10°

. A radioactive sample shows the following counts for one-minute intervals:

2642; 2650; 2649; 2641 2641; 2637; 2651: 2636. Find the average deviation, the
standard deviation, and the 90% confidence interval for a single value and for
the mean.

. A student wishes to calibrate a pipet by weighing the water it delivers. A

succession of such measurements gives the following weights: 5.013 g; 5.023
g; 5017 g; 5.019 g; 5.010 g; 5.018 g; 5.021 g. Calculate the average deviation
and the 95% confidence interval for a single value.

. Indetermining the viscosity ofaliquid by measuring the time required for 5.00

ml of the liquid to pass through a capillary, a student records the following
periods: 3 min 35.2 sec; 3 min 34.8 sec; 3 min 35.5 sec; 3 min 35.6 sec; 3 min
34.9 sec; 3 mm 35.3 sec; 3 min 35.2 sec. Find the average deviation and the
70% confidence interval for a single value, expressing both as a percentage.

. A student wishes to determine the mole weight of a gas by measuring the time

required for a given amount of the gas to escape through a pinhole. He ob-
serves the following time intervals: 97.2 sec; 96.6 sec; 96.5 sec: 97.4 sec; 97.6
sec; 97.1 sec; 96.9 sec; 96.4 sec; 97.3 sec; 97.0 sec. Find the average deviation
and the 99% confidence interval for the mean, expressing both in parts per
thousand.

. The height (k) to which a liquid will rise in a capillary tube is determined by

the force of gravity (g), the radius (r) of the tube, and the surface tension (y)
and density (d) of the liquid at the temperature of the experiment. The rela-
tionship is y = }hdgr. A student decides to determine the radius of a capillary
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10.

11.

by measuring the height to which water rises at 25.0°C. Several attempts yield
the following heights: 75.7 mm; 75.6 mm; 75.3 mm; 75.8 mm; 75.2 mm. Find
the average deviation of these heights and the 80% confidence interval for the
mean, expressing both in parts per thousand.

At 25.00°C, the density and surface tension of water are 0.997044 g/ml and
71.97 dynes/cm, respectively. What actual values for these properties should
be used with the data of Problem 9 to determine the radius of the capillary?

A sample of a copper alloy is to be analyzed for copper by first dissolving the
sample in acid and then plating out the copper electrolytically. The weight of
copper plated is to be measured on a balance that is sensitive to 0.1 mg. The
alloy is approximately 5% copper. What size of sample should be taken for
analysis so that the error in determining the weight of copper plated out does
not exceed one part per thousand? (Remember that two weighings are needed
in order to find the weight of copper.)

PROBLEMS B

12. State the number of significant figures in each of the following measurements.

13.

14.

15.

(a) 6822; (b) 6.822 x 1073 (c) 6.82; (d) 682; (e) 0.006820; (f) 6.82 x 10% ®)
0.0682; (h) 34 thousandths; (i) 167 million; (j) 62 hundredths.

Express the answer in each of the following calculations to the proper number
of significant figures (assume that the numbers represent measurements).
(a) 00657 + 23.77 + 5369 + 0.0052
{b) 365.72 - 0.583
(c) 3652 + 27.3 + 968.45 + 5.62
(d) 427 x 107+ 1.05 x 105+ 5 x 10+ 1234 X 19
, 654 x 1.23 x 464
© 231

6.55 x 107" x 2.045 x 7.34 x 10°

565 x 432

5280 x (2885)7% 6-970 X yg-u2
® 4.6295 x 0.8888

96.08 x 4.712 x 1073 x 7.308 x 107
®) 6.547 x 1027 X OUL X g

0

Water analysts often report trace impurities in water as “parts per million” —
that is, parts by weight of impurity per million parts by weight of water. A
swimming pool whose dimensions are20 x 50 x 9 m has 141b of chlorine added
as a disinfectant. How many parts per million of chlorine are present in this
swimming pool? (Assume that the density of water is 1.00 g/ml.)

State the precision, in both percentage and parts per thousand, with which
each of the following measurements is made.

(a) 6822 with a standard deviation of 4.0

(b) 6.822 x 103 with a standard deviation of 0.00040
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16.

17.

18.

19.

20.

21.

22.

23.

Reliability of Measurements

(c) 6.82 with a standard deviation of 4.0 x 107®
(d) 682 with a standard deviation of 4.0

(e) 0.00682 with a standard deviation of 0.0000040
(f) 6.82 x 10* with a standard deviation of 4000
(g) 0.0682 with a standard deviation of 0.004

A radioactive sample shows the following counts for one-minute intervals:
3262; 3257; 3255; 3265; 3257; 3264; 3259. Calculate the average deviation and
the 60% confidence interval for the mean.

A student wishes to calibrate a pipet by weighing the water it delivers. A
succession of such determinations gives the following weights in grams: 4.993;
4.999; 4.991; 4.994; 4.995; 4.995. Find the average deviation, the standard
deviation, and the 70% confidence interval for a single value.

If the viscosity of a given liquid is known, the viscosity of another may be
determined by comparing the time required for equal volumes of the two
liquids to pass through a capillary. To do this, a student makes the following
observations of time intervals: 4 min 9.6 sec; 4 min 8.8 sec; 4 min 10.2 sec; 4
min 9.8 sec; 4 min 9.0 sec. Find the average deviation and the 90% confidence
interval for the mean, expressing both in parts per thousand.

The time required for a given amount of gas to effuse through a pinhole under
prescribed conditions is a measure of its molecular weight. A student making
this determination observes the following effusion times: 1 min 37.3 sec; 1 min
38.5sec; 1 min36.9 sec; 1 min37.2 sec; 1 min 36.5 sec; 1 min 38.7 sec; 1 min
37.0 sec. Find the average deviation and the 99% confidence interval for a
single value, expressing both as percentages.

The surface tension of a liquid may be determined by measuring the height to
which it will fise in a capillary of known radius. A student makes the following
observations of capillary rise with an unusual liquid that he has just prepared
in the laboratory: 63.2 mm; 63.5 mm; 62.9 mm; 62.8 mm; 63.7 mm; 63.4 mm.
Find the average deviation of these heights and the 90% confidence interval
for the mean, expressing both in parts per thousand.

How accurately should the values of liquid density and capillary radius be
known if all of the figures in the measurements in Problem 20 are to be
considered significant?

A graduated tube arranged to deliver variable volumes of a liquid is called a
buret. If a buret can be read to the nearest 0.01 ml, what total volume should
be withdrawn so that the volume will be known to a precision of 3 parts per
thousand? (Remember that two readings of the buret must be made for every
volume of liquid withdrawn.)

At some time or another, nearly everyone must decide whether to reject a
suspicious-looking result or to include it in the average of all the other results.
There is no agreement on what criteria should be used but, lacking information
about errors made in the experimental procedure, a rejection may be made on
the following statistical basis. If d and r are, respectively, the differences
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between the questionable result and the values closest to it and farthest from
it, then there is a 90% probability that the questionable result is grossly in
error and should be rejected if

for 5 values, d/r > 0.64

for 4 values, dlr > 0.76

for 3 values, dlr > 0.94

Which, if any, result should be rejected from the following series of measure-

ments?
(a) 9.35, 9.30, 9.48, 9.40, 9.28 (c) 2534, 2429, 2486
(b) 9.35, 9.30, 9.48, 9.32, 9.28 (d) 2534, 2429, 2520
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Graphical Representation

Measurements made on chemical and physical systems often are presented in
graphical form. The graph may show vividly how different variables are related
to each other, or how the change in one variable affects the change in another.
Another reason for graphical representation is that an important derived prop-
erty can be obtained from, say, the slope or intercept of a straight-line graph. In
this chapter, we discuss only those kinds of graphs and graph papers that are
normally used at an elementary level in chemistry.

CONSTRUCTING A GRAPH

If the following guidelines are followed, the resulting graph generally will have
maximal usefulness.

1. Use a scale large enough to cover as much as possible of the full page
of graph paper. Do not cramp a miserable little graph into the corner of
a large piece of graph paper.

2. Use a convenient scale, to simplify the plotting of the data and the
reading of the graph.
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3. Do not place the "zero" or origin of the coordinate system at one
corner of the graph paper if doing so would make a small, cramped,
inconvenient scale.

4. Label the axes (the vertical axis is the ordinate, the horizontal axis the
abscissa) with both units and dimensions.

5. When possible and desirable, simplify the scale units in order to use
simple figures. For example, if you wanted to plot as scale units 1000
min, 2000 min, 3000 min, 4000 min, etc., it would be simpler to usg thﬁ
figures 1, 2, 3, 4, etc. and then label the axis as min x 107%, ue

labeling states that the actyal fi 3 (in mi h ipli
labeling staics 12t e el SRS R ASN) P16 Qo P ted

6. Draw a smooth curve that best represents all the points; such a curve
may not necessarily pass through any of the points. Straight-line seg-
ments should not be drawn between consecutive points, unless there is
a reason to believe that discontinuities (angles) in the curve really do
occur at the experimental points; such reasons almost never exist.

PROPERTIES OF A STRAIGHT-LINE GRAPH

Whenever possible, cast data into such a form that a straight-line graph results
from their plotting. A straight line is much easier o draw accurately than a
curved one; often one can obtain important information from the slope or
intercept of the straight line. If the two variables under discussion are x and y
(the convention is to plotx as the abscissa andy as the ordinate), and if they are
linearly related (i.c., if the graph is a straight line), the form of the mathematical
equation that represents this line is

y=mx+b (6-1)

No matter what the value ofm, whenx = 0, thenv = b. It is for this reason that
b is called the "y intercept,” the point at which the line intersects the y axis (see
Figure 6-1).

If two arbitrary points (x1,y.) and (X2 ¥2) oo celected from this ling, both sets
of points must satisfy the general equation Ior the line. Consequently, we have

two specific equations:

Yo=Mmxy 4 p (6-2)
and Yi = mx + b (6-3)

If we subtract the second equation from the first, we obtain

Yo - ¥y = Mxy _ mx, _ m(xy x;)

- (6-4)
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which, when rearranged, gives
m= =21 (6-5)
2— Al

By looking at Figure 6-1, you can see that (y» - ¥y and (X2~ X)) are the two
sides of the right triangle made by connecting the two arbitrary points The

ratio of the sides, 22—21 |5 the slope of the curve, this ratio has the same

2T Xy
value whether the two arbitrary points are taken close together or far apart It
1s for this reason that m 1s said to be the "slope” of the line

PROBLEM.

The junction of two wires, each made of a different metal, constitutes a ther-
mocouple Some pairs of metals can generate a significant electrical voltage that
varies substantially with the temperature of the junction The following values of
voltage (1n millivolts) were observed at the temperatures (°C) shown for ajunction
of two alloys, chromel and alumel
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T (temperature, °C) 25.0 500 750 100 125 150 175 200
V (voltage, mv) 0.23 120 224 332 434 5.35 6.33 7.31

Plot these values of millivolts and temperature. From the resulting graph, deter-
mine the mathematical equation that describes V as a function of T.

SOLUTION:

The graph of these values of V and T is shown in Figure 6-2. Note that the best line
passes through only one of the experimental points. In order to include the v
intercept, one must take some negative values along the V axis. The value of the v
intercept then can be taken directly from the graph; it is -0.80. The slope of the
line is calculated by selecting two convenient points on this line, as shown, then
taking the ratio of the two sides of the triangle formed from these points: in the
figure, it is the ratio 2.0/50 = 0.040. Knowing the slope and the v intercept, we can
directly write the mathematical equation for the relationship between V and T as

V = 0.040T - 0.80

Students often select two of the experimental points in order to calculate the slope
of a straight-line function; doing so usually is bad practice, because there are
experimental errors inherent in the individual data points. The straight line that
best represents all the points minimizes the experimental errors, and the slope
calculated from this best straight line thus will (usually) be more reliable than one
calculated from two randomly selected experimental points.
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Frequently, in order to use a convenient scale and to construct a graph of a
reasonable size, one must place the origin of the x-axis away from the lower left
corner of the graph paper When you have such a graph, you cannot obtain the
value of b, they intercept, directly from the graph This situation need cause no
difficulty, however, because m (the slope) still can be obtained from the graph
Once obtained, 1t can be used, along with any arbitrarily chosen point on the
line, to solve for the value of b The following problem illustrates this

PROBLEM:

The following data show how the density D of mercury vanes with the Kelvin
temperature T Plot these data From the resulting graph, determine the mathe-
matical equation that shows how D vanes with T

T (°K) 263 273 283 293 303 313
D (g/ml) 13 6201 13 5955 13 5708 13 5462 13 5217 13 4971

SOLUTION.

The graph of these values of D and T is shown in Figure 6-3 Note that a greatly
expanded scale 1s needed along the y axis to show in a reasonable way the small
changes in D with temperature also note how far from absolute zero the scale
along the \ axis starts The slope m 1s calculated by taking two convenient points
on the ine as shown, then taking the ratio of the two sides of the triangle formed
from these points 1n the figure it 1s the ratio 0 0550/—-22 5 = -0 00244 - m Note
also that the sign of the slope 1snegarn e as it must always be when the line slopes
downward from left to nght—that1s, when v decreases with increasing values of v
Because the mathematical equation for this line must be of the form

D-mT +b

we can take any point on the line (300 and 13 530 for convenience) and use 1t with
the value of m = -0 00244 to solve for the value of b

b-D~-mT
= 13 530 (-0 00244X300) - 13 530 + 0 732
-14262

The equation that relates D to T for mercury over this range of temperatures
thus 1s

D - -0 002447 + 14 262

It often 1s desirable to recast data into a different form before making a graph,
in order to obtain a straight-line graph The data 1n Table [1-1 can be used to
illustrate this procedure With the data plotted just as they are given 1n the table
(vapor pressure of water expressed m torr, and the corresponding temperature
in °C), we obtain the graph shown in Figure 6-4
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TABLE 6-1

Temperature and Pressure Data
f P 1/7 log P
20 175 0003412 1243
30 318 0 003301 1 502
40 55.3 0003195 1 743
50 2.5 0 003095 1 966
60 149 4 0 003004 2174
70 2337 0 0028915 2 369
80 3551 0 002832 2550
) 5258 0 002755 2721
100 760 0 002681 2 881

We know from theoretical principles, however, (and your text may explain
this) that the vapor pressure of a liquid is related to its heat of vaporization
(AH\), which is a physical constant characteristic of the liquid, to the gas con-
stant (R = 1987 cal/mole deg), and to the Kelvin temperature (7), by the
equation

AH,
2.303R

1
logP = — X F+ B (6-6)

From this expression, it follows that a straight-line graph should be obtained if
we lety = log P and x = I/T; then the equation will be of the form

y=mx+b (6-1)
/A\ -
with the slope composed of a collection of constants, m = - -~ 23R and the
intercept, b = B.
PROBLEM:
Using the data of Table 11-1, plot a graph from which you can calculate the heat of
vaporization of water, AH..
SOLUTION: d
Table 6-1 shows the data given in Table t1-1,along with the values oflog P and
calculated from the data. If you need help with the logarithms, see pp 13-15.(K =
°C + 273.2)
Figure 6-5 shows the plot of log P against 1/T. The slope of this straight-line
graph is

_ _0.500 _-2.22x 108 deg
-0.000225

m
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AH,

Because m = — 3 303R

/ I
AH, = —(m)2.303)(R) = —(~2.22 x 10’ deg)(2.303)1 1.987 i—)
\ mole deg

= +1.02 x 10* cal/mole

If you also want to findS, then choose a simple pressure, such as P = 100 torr (so
that log P = 2.000) and the corresponding value of /T (it turns out to be 0.003075),

and substitute them into the basic equation along with the calculated value of the
slope (-2.22 x 10%), to give:

AH, I
P=- -

tog 533k T "B

2000 = (-2.22 x 10%(0.003075) + B
B = 2000 + 6.826 = 8.83

The general equation showing how the vapor pressure of water varies with tem-
perature thus is
= -2220+ 8383
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In g plot such as that in Figure 6-5, one can eliminate the extra labor of
converting all the pressure values to the corresponding logarithms by using
semilog graph paper, which has a logarithmic scale 1n one direction and the
usual linear scale 1n the other Semilog paper is available in one-cycle, two-
cycle, or three-cycle forms (and so on), with each cycle able to handle a 10- fold

spread of data For example ong- cgcle per can handle data fro dl 10,
or10to 100, or 10410 > an on o-cycle paper can handle data froni

10-410 02, or0 1 to 10, or 10 to 1000, and so on Always choose the paper with

the smallest number of cycles that will do the job, 1n order to have the largest
possible graph on the paper The use of this kind of paper s illustrated in the
following problem

PROBLEM:
Calculate the heat of vaporization of water, using the data of Table 1I-1 mn a
semilog plot

SOLUTION:
It still 1s necessary to convert the Celsius temperature values to reciprocal degrees
Kelvin, as in the previous problem, but the pressure values can be used directly,
as shown i Figure 6-6

At this point, take great care in calculating the slope of the line because al
though a logarithmic scale was used, the values shown along the ordinate are not
logarithmic values In calculating the slope, therefore, select two convenient
points on the line, but convert the two pressure values selected into their
logarithms before making the calculations For example, 1n Figure 6-6 when UT x
10%1s 2 85, the value of P 1s 323, and log P 1s 2 509 Similarly when /T x 10%1s
300, P1s 150, and log P 1s 2 176 Thus the slope 1s given by

2176-2509 _ . ;
M= 500300 - 0 00285 222 10

As before,

AH, — —(m)(2303)(R) - —(-2 22 x 1042 303)(1 987)
-+102x [0!cal/mole

THE METHOD OF LEAST SQUARES

"Draw a smooth curve that best represents all the points, such a curve may not
necessarily pass through any of the points * This is the sixth guideline given for
curve construction on p 65. In all of the figures of this chapter, we have as-
sumed that this has indeed been done Nevertheless, curve drawing 1s a rather
subjective process, prone to many abuses, unless some objective rules are
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followed. There is universal acceptance of the "method of least squares” as the
proper way to draw the best-fit line for a linear (straight-line) relationship. The
ready availability of calculators and computers makes it feasible for almost
anyone to use this method easily.

This method takes pairs of experimental points (x;,v,), (X2, ¥2), (X3, ¥Ya), ...,
(x,, y)and seeks to find the values of m (the slope) and b (the y intercept) that

best represent the whole collection of pairs of points, referred to in general as
{x;,¥), in the linear relationship

y=mx+b (6-1)

If we substitute each value of x; into this equation we can calculate what we
might expect for the corresponding value of y—call it {y)cuie. For example,

(YDeate = MX{ + b (6-7
(Yo)eale = mxy + b (6-8)
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We could then compare the values of (y,) . with the corresponding observed
values of y, by taking the difference (d)between them, as follows:

d: = ()’;)um - y, (6'9)
or di= (mx, + b) — ¥, (6-10)

If all of the experimental points lie on the line, then of course {v ). = ¥,,» and
the differences (d,) all equal zero. However, this rarely happens. A more typical
situation is shown in Figure 6-7, where there is a fair scatter of points, and none
of the differences equals zero.

The principle of least squares assumes that the "best-fit" line is the one for
which the sum of the squares of the differences (d,)is a minimum. Note that this
assumption considers all experimental error to be associated with v and none to
be associated with v. In finding a best-fit line, therefore, it is important to let.x
represent the variable that is known most accurately. The sum of the squares of
the differences, taken for all values of i (from/ = 1 up to and includingi =n) is

sum = Xdi= Z(mx, + b -y)? (6-11)

We expand the righthand side of Equation 6-11 and then treat it by the
methods of calculus, so as to find the values ofm and b that yield the smallest
value for the sum, 2d% We thus obtain the two relations that we need.
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N DAY SN Y
Slope = m = (6-12a)
Z\Ag — A
_ on2xy; — 22y,
X} — (2x)° (6-12b)
y Intercept = b =y - mx (6-13a)
I, E (6-13b)

Use of Calculators in the Method of Least Squares

Equations 6-12a and 6-13a show the slope (m) and intercept (b) in terms more
clearly related to the raw data and to Figure 6-7, but Equations 6-12b and 6-13b
are in a form that is more ideally suited for use with computers and many
calculators. The "b" equations are related to the "a" equations in the same
way that Equation 5-7 is related to Equation 5-3 for the calculation of standard
deviation (s). Some calculators have built-in programs that require nothing
more than the entry ofx, and y;through the keyboard, followed by pressing the
"least-square” keys. All programmable calculators can be arranged to accom-
plish the same thing. Nonprogrammable calculators must have at least four
storage registers to accumulate each of the different kinds of sums, and then
they must be operated with care. It is likely that in the near future most hand
calculators will have built-in least-squares programs. If at all possible, you
should always treat your data (to the extent they can be resolved into a linear
form) by the method of least squares. The following problem illustrates the
application of the method.

PROBLEM:

Using the data of the problem on p 67 that relates thermocouple voltages to
temperature, find the equation of the best-fit line using the method of least
squares. Draw a graph that shows the experimental points and the best-fit line.

SOLUTION:

Using your calculator, enter all of the data pairs (25, 0.23), (50, 1.20), and so on,
considering T to be x and V to be v. If your calculator has a built-in program or is
programmable, you will have to know the proper procedure for your brand of
calculator—that is, which keys to press to enter the data pairs, and how to obtain a
display ofm and b. If your calculator doesn't have the aforementioned capability
but does have at least four storage registers, you can use it to accumulate Zx,, 3x7,
2y, and Zx;y,, and then use Equations 6-12b and 6-13b to calculate m and b. You
wi'll have_ to calculate m before b. Note that in this prol%lgﬁlg éQFcJH%{BP%m?fSQS%%
pairs (1) is 8. Note also that Sx3 18 720! the same as (3 )2,

that m = 0.04074 and b = —0.794, giving the equation for the best-fit line as

V = 0.04074T - 0.794
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Note that the method of least squares will give you values of m and b more
accurate than those you could obtain directly from the graph Also you now have
a simple and unequivocal basis for drawing the best-fit ine The easiest approach
1s to locate two points accurately, then draw a hine through them For one point
use b, the y intercept corresponding to T = 0°C For the other point use some
simple value of 7, such as 100°C, which corresponds to V. = 4074 - 0794 =
3 280 Drawing the line through these two points, (0, ~0 794) and (100, 3 280) will
give the graph shown in Figure 6-2

Usually 1t 1s a good 1dea to plot the experimental points first (but not draw a line
that represents them) so that, if there should happen to be a really bad point that
clearly doesn't represent the experiment (due probably to a serious experimental
error), you could omit this point when using the method of least squares You
should still show the bad point on the graph, but with a note that 1t was not included
i determining the equation of the best fit Iine that 1s drawn

Correlation Coefficient

Whenever you get the equation for the best-fit line, or draw its graphical rep-
resentation, there 1s the question of how well the equation represents the data,
or how good the correlation 1s between x andy We can find the answer to this
question as follows

The choice of which variable 1s x and which 1s y 1s arbitrary but, 1n the method
of least squares, whichever 1s chosen as y 1s assumed to possess all of the error,
and x 1s assumed to possess none If the variables were interchanged (that s, ifx
and y were plotted the other way around), this assumption would be reversed,
and the slope of the line would be given by

slope = m' = 2“‘2(‘”'%«‘;;): Y) (6-14)
_ nfgyz_— (;\; (6-14b)
Then, x intercept = b’ = x - m'y (6-15a)
i 0D, (6-15b)
n n

If there 1s a perfect correlation between x and y, then the slope of the best-fit
plot of* versus y should be just the reciprocal of the slgpe of th -fit plat of
y versus x, and the product of the slopes (mm’) S?]OUIS equaf ? %%&XE&)B Qi”he
degree to which this product does not equal unity 1s considered to be the
fraction of the variation 1n a set of measurements that can be explained by the
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linear dependence of one variable on another; it is called the coefficient of
determination, r=.

r- = mm’ (6-16)

The more commonly used term is r itself, which is called the correlation coeffi-
cient:

(6-17)

r = (mm)t

Calculators that have built-in least-squares programs, and programmable
calculators that perform the same function, always provide for the simulta-
neous calculation ofr, because exactly the same sums are needed for its calcu-
lation as for the calculation ofm and . For a nonprogrammable calculator (with
at least five storage registers), there would be the same effort to calculate »' as
to find »7; then Equation 6-17 would be used to calculate r.

PROBLEM:
Determine the correlation coefficient r for the best-fit equation obtained in the
problem on p 75 involving thermocouple voltage versus temperature.

SOLUTION:

Work the problem exactly as you did previously, but with the additional knowl-
edge of how to display r with your make of calculator, or with the program you
use. If you use a nonprogrammable calculator with at least five storage registers,
first accumulate Zx;, 2x?, 2y;, 2yf, and 2x:- Then calculate m with Equation
6-12b, m' with Equation 6-14b, and finally r with Equation 6-17. The answer will
be r = 0.9999, a very good correlation indeed.

Reliability of Slope and the y Intercept

Itis a common practice to derive some important physical or chemical charac-
teristics from the slope or the y intercept of a graph constructed from experi-
mental data points. These data points have, of course, some error associated
with them and, as a consequence, even the "best-fit" line must have some
uncertainty associated with it. Just how good is a value derived from the slope
and intercept of a best-fit line?

In the same way that one uses the variance and standard deviation to de-
scribe the scatter of points around their average, one can also use the variance
and standard deviation to describe the scatter, in the vertical (y) direction, of
the points about the best-fit line. Statisticians have shown that the variance is
given by
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[ Sys =3 — 2 f)“]' (6-18a)

Syir

n—2

— H
- [2=3] - ey (6-180)

where sZ and s are the variances of x andy, as calculated by Equation 5-2 in the
last chapter. The variance s, is called the standard error of estimate,

Then, in the same way that one talks about a certain (percentage) confidence
interval for a given series of measurements (see pp 54-57), one can also talk
about the (percentage) confidence intervals for the slope and y intercept of a
best-fit line. They are related to the standard error of estimate s, and, for the
desired level of confidence, the ¢ value that corresponds to one less than the
number of data pairs, as follows. For the slope,

4
the confidence interval is m =+ S (6-19)
s, Vn_ 1

For the y intercept,

th fid interval iS b * ¢ " M
¢ conlidence imterval 18 x Sy,ILn- +\ﬂ—l)si‘_] (6-20)

PROBLEM:

Find the 95% confidence interval of the slope and intercept of the best-fit equa-
tion obtained in the problem on p 75 involving thermocouple voltage versus
temperature.

SOLUTION:

You will need to use Equations 6-18b, 6-19, and 6-20, as well as Equation 5-7 from
the last chapter. You will also need the values of m = 0.04074 and b = 0.7936
already obtained. Also,n = 8 and v = 112.50. With Equation 5-7 you find thats , =
61.23724 and s, = 2.49523. Substitution into Equation 6-18b gives

rg — 171 , ) »
Sur = g 12.49523)2 (0.04074)%(61.23724)"

0.038097

From Table 5-1, we find thatt = 2.447 for n = 7 (one less than the number of data
pairs) at the 95% confidence level. Then, using Equations 6-19 and 6-20, we find

(2.447)(0.038097)
(61.23724)(7)t
volts
deg

95% confidence interval of the slope = 0.04074 +

= 0.04074 + 0.000576
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95% confidence interval of the v intercept

i (112 50y
S 4 + (244 T TIv61 23704 -
0 79 ( 7,00 038097)[8 + (61 23724).]

+

= -0794 £ 0 0727 volts

Note Problems 3 through 7 and 10 through 14 are, In part, given at two levels of sophisti-
cation and expectation The best" answers involve doing the part marked with an asterisk
(*) instead of the immediately preceding part The parts with an * involve the use of the
method of least squares, correlation coefficients, and confidence intervals for the slopes and
intercepts, the preceding parts do not

PROBLEMS A

1 Construct graphs for each of the following functions, plotting ¢ as ordinate
and p as abscissa

(@ g = 6p (dg=1Ip + 35
(byg=206p + 10 (€ qg=350x 10"
(c) gp = 20

2 Rearrange those equations 1n Problem | that do not give a straight-line rela-
tionship 1n such a way that, when plotted 1n a different fashion, they will yield
a straight line Plot each of these new equations, showing which function
extends along each axis

3 (a) Plot (as points) the solubility of Pb (NO ), n water as a function of tem-
perature, the solubility S 1s given in g per 100 g of H,O The experimental
data are the following

1 (°C) 200 400 60 0 800 100 0
5 (g/100 g H,0) 56 9 74 5 93 4 114 1 1313

(b) Draw a graph (add a line) on the plot made in (a), and determine the
mathematical equation for § as a function ofr

*(c) (1) Using the method ofleast squares, find the equation of the line that best
fits the given data (1) Find the correlation coefficient and the 95% confi-
dence intervals for both the slope and the \ intercept of the best-fit equa-
tion (u7) On the plot made 1n (a), draw the line that corresponds to the
best-fit equation

4 1In colorimetric analysis, 1t 1s customary to use the fraction of light absorbed
by a given dissolved substance as a measure of the concentration of the sub
stance present 1n solution, monochromatic light must be used, and the length
of the absorbing light path must be known or must always remain the same
The incident light intensity 1s /o, and the transmitted light intensity 1S /, the
fraction of light transmitted 1s 1/1,

(a) The following data are obtained for the absorption oflight by MnO ,10n 3t a
wavelength of 525 nmn a cell with a I 00 c¢m light path Construct a graph
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ofl/1, against C (as abscissa), where C 1s the concentration expressed in mg
of Mn per 100 ml of solution

C 100 200 300 400
I, 0418 0 149 0058 0026

(b) Replot the given data on semilog paper, again plotting concentration along
the abscissa, but plotting 7,/ along the ordinate

(c) From the graph made i (b), find the mathematical equation for the rela-
tionship between 7,/f and C

*(d) (1) Using the method of least squares, find the equation of the best-fit line
for the data as plotted n (b) above (#) Find the correlation coefficient
and the 95% confidence interval for the slope of the best fit equa-
tion (x)On the plot made in (b), draw the line that corresponds to the
best-fit equation.

3 When radioactive isotopes disintegrate, they obey a rate law that may be

expressed as log N = -kt + K, where 7 1s ime, and N 1s the number of

radioactive atoms (or something proportional to 1t) present at tume ¢ A com-

mon way to describe the number of radioactive atoms present 1 a given

sample 1s 1n termns of the number of disintegrations observed per minute on a

Geiger counter (this 1s referred to as "the number of counts per minute,” or

simply as cpm)

(a) The following cpm are obtained for a sample of an unknown isotope at
10-minute intervals (beginning with ¢ = 0) 10,000 8166, 7583, 6464, 5381,
5023, 4466. 3622, 2981, 2690, 2239 2141, 1775, 1603, 1348, 1114, 1048 Plot
these data, using semilog graph paper

(b) Construct a graph on the plot made 1n part (a), and from this graph evalu-
ate the constants k and K to give the equation of the rate law

*(c) (1) Using the method of least squares, find the rate-law equation of the
best-fit line for the data as plotted in (a) above (1) Find the correlation
coefficient and the 95% confidence intervals for both the slope and the y
intercept of the best-fit equation  («) On the plot made in (a), draw the
line that corresponds to the best-fit equation

(d) What 1s the physical significance ot K ?

When the rates of chemical reaction are studied, 1t 1s common to determine
the "rate constant” A, which 1s characteristic of a given reaction at a given
temperature Still further information can be obtained by determining the
value of k at several different temperatures, because these values of A are
related to the Kelvin temperature (7) at which they were measured according
to the equation

AH, 1

3R ‘77 ¢

loghk = —

In this equation AH , 1s the so-called "energy of activation,” € 1s a constant
characteristic of the reaction, and R 1s the gas constant of 1 987 cal mole ' K !
(a) The following data are obtained for the reaction
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1
N:O; = 2 NO, + ; 02

1 (°C) 25.0 35.0 45.0 55.0 65.0
k 346 x 10° 135 x 10 498 x 10" 1.50 x 107 487 X 11

Plot these data on semilog graph paper.
(b) Construct a graph on the plot made in (a), and determine the mathematical
equation for the relationship between k and T.

*(c) (i) Using the method of least squares, find the equation of the best-fit line
for the data as plotted in (a) above. (i) Find the correlation coefficient
and the 95% confidence intervals for both the slope and the y intercept of
the best-fit equation. (HI) On the plot made in (a), draw the line that
corresponds to the best-fit equation.

(d) Calculate the value of the activation energy for this reaction.
(e) What is the physical significance of the constant Q?

7. Regardless of how fast a chemical reaction takes place, it usually reaches an
equilibrium position at which there appears to be no further change, because
the reactants are being reformed from the products at the same rate at which
they are reacting to form the products. This position of equilibrium commonly
is characterized at a given temperature by a constant K., called the equilib-
rium constant (see Chapter 16). The equilibrium constant commonly is mea-
sured at several different temperatures for a given reaction, because these

values of K, are related to the Kelvin temperature (T) at which they are
measured; the relationship is

AH
23R T

log K. = —

In this equation, AH is the so-called "energy (or enthalpy) of reaction,” Z is a
constant characteristic of the reaction, and R is the ideal gas constant, 1.987
cal mole™ " K-

(a) The following data are obtained for the reaction

H,+1,—- 2 HI

t O 340 360 380 400 420 440 460
K. 70.8 6.0 61.9 57.7 53.7 50.5 46.8

Plot these data on semilog graph paper.

(b) Construct a graph on the plot made in (a), and determine the mathematical
equation for the relationship between K. and T.

*(c) (i) Using the method of least squares, find the equation of the best-fit
line for the data as plotted in (a) above. (ii) Find the correlation coef-
ficient and the 95% confidence intervals for both the slope and the y
intercept of the best-fit equation. (iii) On the plot made in (a), draw the
line that corresponds to the best-fit equation.
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(d) Calculate the value of the energy of the reaction for this reaction
(e) What 1s the physical significance of the constant 7?

PROBLEMS B

8 Construct graphs for each of the following functions, plotting m as ordinate
and n as abscissa

@ m =2 San m=4n D-
(b)ym - 20 - 4n (e) m - 4e ° -
(c)y mn = 1/4

9 Rearrange those equations m Problem 8 that do not give a straight-line rela-
tionship 1n such a way that, when plotted mn a different fashion, they will yield
a straight line Plot each of these new equations showing which function
extends along each axis
10 (a) Plot the solubility of K,SO, 1n water as a function of temperature the
solubility S 1s given as g per 100 g of H,O The experimental data are the
following

t (°C) 200 400 60 0 800 100 0
5 98 142 183 216 259

(b) Draw a graph on the plot made in (a), and determine the mathematical
equation for § as a function of ¢

*(c) (/) Using the method of least squares, find the equation of the lne that best
fits the given data  (n) Find the correlation coefficient and the 95% confi-
dence intervals for both slope and the \ intercept of the best-fit equa-
tion  (//() On the plot made 1n (a), draw a line that corresponds to the
best-fit equation

11 (a) The nature of colonmetric analysis 1s described in Problem 4 With this in
mind, use the following data (obtained for the absorption oflight by CrO,
ions at a wavelength of 3660 A 1n a cell with a 1 00 cm light path) to
construct a graph of//l, against C (as abscissa), where C 1s the concentra-
tion of CrO, m moles of CrO, per liter of solution

C 080x 10 ° 120 x 104 160x 10+ 200x 10+
I, 0410 0276 0174 0111

(b) Replot the given data on semilog paper, again plotting concentration along
the abscissa, but plotting /,/I along the ordmate
(c) From the graph made in (b), find the mathematical equation for the rela-
tionship between /¢/I and C
#(d) (() Using the method of least squares, find the equation of the best-fit line
for the data as plotted 1n (b) above (1) Find the correlation coefficient
and the 95% confidence intervals for both the slope and the v intercept of
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the best-fit equation. (iif) On the plot made in (b), draw the line that
corresponds to the best-fit equation.

12. (a) The nature of the radioactive disintegration of unstable isotopes is de-
scribed in Problem 5. Bearing this in mind, use the following data (ob-
tained for a given sample of an unknown radioactive isotope. and taken at
five-minute intervals, beginning with 1 = 0); 4500; 3703; 2895; 2304; 1507,
1198: 970; 752; 603; 496; 400; 309, 250; 199. Plot these data, using semilog
graph paper.

(b) Construct a graph on the plot made in (a), and from this graph evaluate the
constants Kk and K to give the equation of the rate law.

*(¢) (i) Using the method of least squares, find the rate-law equation of the
best-fit line for the data as plotted in (a) above. (if) Find the correlation
coefficient and the 95% confidence intervals for both the slope and the y
intercept of the best-fit equation. (#/)On the plot made in (a), draw the
line that corresponds to the best-fit equation.

(d) What is the physical significance of K?

13. Pertinent statements about rate constants for chemical reactions are given in
Problem 6. Keeping these statements in mind, use the following data obtained
for the reaction

CO + NO,— CO, + NO

1 (°O) 267 319 365 402 454
k 0.001.60 0.0210 0.120 0.630 2.70

(a) Plot these data on semilog graph paper.

fb) Construct a graph on the plot made in (a), and determine the mathematical

() (eiq)uﬁ[slionng ftgretr};leetﬁgguootjlggé stz]eu[:rleese,nflkn [hclieTe'quaLion of the best-fit line
for the data as plotted in (a) above. (if) Find the correlation coefficient
and the 95% confidence intervals for both the slope and the v intercept of
the best-fit equation. (i) On the plot made in (a), draw the line that
corresponds to the best-fit equation.

(d) Calculate the value of the activation energy for this reaction.

(e) What is the physical significance of the constant Q7

14. (a) Some fundamental statements are made about chemical equilibria
in Problem 7. Keeping these statements in mind, use the following data
for the reaction

H,+ CO,— CO + H,0

1 (°C) 600 700 800 900 1000
K. 0.39 0.64 0.95 1.30 1.76

Plot these data on semilog graph paper.
(b) Construct a graph on the plot made in (a), and determine the mathematical
equation for the relationship between K. and T.
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*(¢c) (i) Using the method of least squares, find the equation of the best-fit line
for the data as plotted in (a) above. (ii) Find the correlation coefficient
and the 95% confidence intervals for both the slope and the y intercept of
the best-fit equation. (ii/) On the plot made in (a), draw the line that
corresponds to the best-fit equation.

(d) Calculate the value of the "energy of reaction” for this reaction.

(¢) What is the physical significance of the constant Z?



/

Density and Buoyancy

Either directly or indirectly, the concept of density plays an important role in a
myriad of scientific operations: construction of equipment, preparation of solu-
tions, determination of volumes, accurate weighings, measuring buoyancy of
objects, studying properties of gases, and so on. Density is defined as the mass
per unit volume, or

_mass
volume

density = (7-1)

In scientific work, the densities of solids and liquids usually are expressed in
grams per cubic centimeter or grams per milliliter, whereas the densities of
gases usually are expressed in grams per liter. In engineering work, densities
customarily are expressed in pounds per cubic foot.

DENSITY OF A LIQUID

The simplest way to determine the density of a liquid is to weigh an empty
vessel of known volume and then weigh it again when it is filled with the liquid.
An approximate value may be determined with a simple graduated cylinder
weighed on a triple-beam balance. Only a crude value can be obtained because
the balance can be read only to the nearest 0.1 g and the cylinder only to the
nearest 0.1 ml.
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PROBLEM:

A clean dry 10-ml graduated cylinder weighs 37.6 g empty; it weighs 53.2 g when
filled to the 7.4 ml mark with an unknown liquid. Calculate the density of the
liquid.
SOLUTION:
The weight of the liquid is 53.2 g - 37.6 g = 15.6 g.
The volume of the liquid is 7.4 ml.

156¢g o

. Lo g_ L, "
The density of the liquid Tl 24 o1

A more accurate value, using the same method, involves a volumetric flask
as the vessel and an analytical balance for the weighings. The volumetric flask
has a narrow neck that makes accurate measurement easy; liquid is added until
the bottom of the curved liquid surface (the meniscus) appears to just touch the
mark that is etched on the neck (Figure 7-1).

PROBLEM:

A clean dry volumetric flask, known to contain exactly 10.000 ml when it is

properly filled to the mark, weighs 12.754 g when empty. When filled to the mark

with a liquid at 23°C". it weighs 33.671 g. Calculate the density of the liquid.

SOLUTION:

WoTl g 12754 ¢
10.000 ml

Density =

=209 " at23C
ml
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TABLE 7-1

Density of Water at Various

Temperatures

Density Density

t (0 (g/nl) £ (°C) (g/m1)
15 0 9991 23 0 9975
16 09989 24 0 9973
17 0 9988 25 0 9970
18 09986 26 0 9968
19 0 9984 27 0 9965
20 0 9982 28 0 9962
21 0 9980 29 0 9959
22 09978 30 0 9956

The previous problem draws attention to an important property that must be
taken into account for accurate measurements. Almost every material expands
with an increase in temperature. In the last problem, if the measurement had
been made at 25°C (instead of 23°C), the liquid would have expanded, and a
smaller amount (weight) would have been required to adjust the meniscus to the
mark. The flask, being a solid, would have undergone a negligible expansion, so
its volume remains unchanged. As aresult, the measured liquid density would
be smaller at the higher temperature. For this reason, it is always necessary to
report the temperature at which an accurate density measurement is made. The
most common liquid, water, has had its density measured with great accuracy
over its entire liquid range. Table 7-1 gives a few values for the density of water
near room temperature.

Once the density of a liquid, such as water, is known with great accuracy as a
function of temperature, it provides a very useful means of determining the
accurate volumes of vessels. Volumetric flasks are purchased with a nominal
(approximate) value of the volume printed on their walls. Theaccurate volume
can be determined by calibration with water, as illustrated in the next problem.
Once calibrated, the flask can be used over and over again for other accurate
measurements.

PROBLEM:

A 25 ml volumetric flask is calibrated by weighing it filled to the mark with distilled
water at 26°C: it weighs 48.4636 g. When empty and dry, the flask weighs 23.5671
g. Assume that the weights have been corrected for buoyancy (see pp 92-95).
Determine the accurate volume of the flask.

SOLUTION:

mass of water
density of water at 26°C

Volume of flask = volume of water =
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Look up the density of water at 26°C in Table 7-1; it is 0.9968 g/ml. Then substi-
tute, to give
_ 48.4636 g - 23.5671 g

09968 &
ml

volume

= 24976 ml

DENSITY OF A GAS

The density of gases can be determined experimentally in the same way as for
liquids, but the values so obtained are not particularly reliable because the total
weight of gas in a flask of a reasonable size for weighing is very small—quite
likely less than 100 mg. Furthermore, a very special flask would have to be used
that would be absolutely leakproof and capable either of being flushed out with
the gas to be studied, or of being evacuated before filling. Moreover, provision
would have to be made for measuring the pressure of the gas in the flask as well
as its temperature.

If the molecular weight of a gas is known, it is possible to calculate its density
for a given temperature and pressure using principles described in Chapter 11.
We discuss gas densities in that chapter.

DENSITY OF A SOLID

If a solid has a regular geometric form, the density may be computed from its
weight and volume.

PROBLEM:
A cylindrical rod weighing 45.0 g is 2.00 cm in diameter and 15.0 cm in length.
Find the density.

SOLUTION:

Mass = 45.0 g. cm) = 47.1

Volume = 7rr3L = (3.14)(1.00 cm)X15.0 cm’.

Density = 4507 oss Yor 0.955 g
S = volume T 471 em? T giem* or 0.955 my

When a solid is irregular in shape, it seldom is convenient or possible to find
its volume by measurement of its dimensions. A convenient procedure i$ to
immerse the object in a liquid, and then to determine its volume by measuring
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the volume of the liquid it displaces, taking care that air bubbles don't cling to
the solid’'s surface and also displace liquid. The method will work only if the
solid is insoluble in the liquid used. An approximate value, using a graduated
cylinder, may be found as foliows.

PROBLEM:
A 5.7 g sample of metal pellets is put into a graduated cylinder that contains 5.0 ml

of water. After the pellets are added, the water level stands at 7.7 ml. Find the
density of the pellets.

SOLUTION:

Mass of pellets = 5.7 g.

Volume of pellets = volume of water displaced — 7.7 — 5.0 = 2.7 ml.
mass  5.7¢ -2 -3

volume 27ml ~ ml’

Density of pellets

A variation of the previous method that gives much more accurate values
utilizes a volumetric flask and an analytical balance, as illustrated in the follow-
ingproblem.

PROBLEM:

A volumetric flask was weighed empty, then filled with water to the mark and

reweighed. After the flask was emptied and dried, some solid sample was added

and the flask was weighed again. Finally, water was added to the sample in the

flask until the meniscus was again at the mark, and the flask was weighed once l
again. The following data were obtained with this method (assume the weights to

be corrected for buoyancy as on pp 92-95). Calculate the density of the solid.

A. Weight of empty flask = 24.3251 g.

B. Weight of flask filled to mark with water at 23°C = 74.2613 g.

C. Weight of flask + sample = 55.7884 g.

D. Weight of flask + sample + water (at 23°C) to the mark = 101.9931 g

50LUTION:
fo find the density of the sample, we must calculate its mass and its volume.

Mass of sample = 55.7884 g - 24.325]1 g = 314633 g

To find the volume of the sample, we first find the weight of the water displaced by
the sample, then convert this weight to volume using the density of water at 23°C

from Table 7-1. The volume of water displaced is just equal to the volume of the
sample.
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Weight of water in flask (with no sample) = 74.2613 g - 24.3251 g
499362 g

101.9931 g - 55.7884 g

46.2047 g

499362 g - 462047 g
37315 g

MRk

Weight of water in flask (with sample)

Weight of water displaced by sample

Volume of sample = volume of water displaced = —

09975 —
ml

3.7409 ml

. 31 4633 ¢
Density of sample =

8.4106 =
ml

Five significant figures are justified on the basis of the one set of data given, but
repeated measurements would show that you would be unable to reproducibly
adjust the water meniscus with four-place accuracy, so a density value of 8.411
g/ml would be more reasonable.

BUOYANCY

Archimedes' Principle

There is still another method by which the density of insoluble solids can be
determined. It is based on an ancient principle known as Archimedes' principle:
when an object is suspended in a fluid, it APPEARS 1o lose weight equal to the
weight of the fluid displaced. We say that the object is "buoyed up," and that the

"buoyancy” is equal to the apparent weight loss. In equation form, Ar-
chimedes' principle could be stated as

(wt of object in air) - (apparent wt of object in fluid) = (wt of fluid displaced)

Another principle, which we might call the "common sense principle” for
immersed objects, is one we've used in the last two problems:

(the volume of the object) = (the volume of fluid displaced)

The application of Archimedes’ principle to the determination of densities of
liquids and solids is illustrated in the next two problems.
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————
(a)

FIGURE 7-2
{a) Metal object weighs 25.0 g in air. (b) Same metal object appears

to weigh only 15.0 g when suspended in water.

PROBLEM:
A metal object suspended by a very fine wire from the arm of a balance weighs

25.0 g in air, but when it is suspended in water it appears to weigh only 15.0 g
(Figure 7-2). Find the density of the metal.

SOLUTION:
Weight of metal object in air = 250 g

Weight of metal object in water = 15.0 g
Buoyancy = apparent weight loss = 100 ¢

By Archimedes' principle,
weight of water displaced = apparent weight loss = 100 g

By the common sense principle,
volume of object = volume of water displaced

_wt of water displaced
density of water

10.0g

100 —
ml

= 10.0 ml

We use 1.00 g/ml for the density of water here because the weighings were done
only to the nearest 0.1 g. More accurate weighings would have justified the use of
Table 7-1.
,
__mass 2508 5 50

. 3 —_— = g
Density of metal object = volume — 10.0ml U ml
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PROBLEM:

For routine liquid-density determinations, a glass bob fastened to a fine platinum
wire 1s available for hanging on the end of an analytical balance arm It can easily
be weighed while suspended 1n a liquid The glass bob has a density of 2 356 g/ml,
and 1t weighs 11 780 g in air When suspended 1n a liquid of unknown density, the
bob appears to weigh only 7 530 g Calculate the density of the liquid

SOLUTION:
l_l 780 ¢
23% g

Apparent wt loss of bob = 11780 g -7530g=4250g

Volume of the bob = =5 000 ml

By Archimedes' principle,

wt of liquid displaced = apparent wt loss = 4 250 g
By the common sense principle,

volume of liquid displaced = volume of bob = 5 000 ml

S 4 250
mass e _ 0 850 g

Density of iquid = volume _ 5 000 ml ml

Buoyancy Correction for Weighing in Air

Air too 1s a fluid that exerts a small buoyant effecton any obg'f:ct it surrounds
At ordinary conditions the density of airis 1 2 x 107 3g/ml, antl,, very accurate
weighings 1t 1s necessary to take into account the buoyant effect of the dis-
placed air, that 1s, we must calculate what the weight of an object would have
been had the weighing been done :n vacuo where there would be no buoyant
effect. We can make this correction, which involves both the object and the
weights, as follows (see Figure 7-3)

When a two-pan balance 1s "balanced,” the total torque on the balance 1s
zero, and you can set the clockwise torque equal to the counterclockwise
torque because the lever principle,

FixLi=Fy,x L, (7-2)
states that at equilibrium, force #1 (F)) times 1ts distance (L Jfrom the fulcrum
1s exactly equal to force #2 (Fytimes its distance (L) from the fulcrum. F1 and
F; are the products of the acceleration of gravity (g) and the effective masses

(M, and M) at each pan, so that Equation 7-2 becomes

MgL, =MxgL, (7-3)
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A

{a) (b} {c)

FIGURE 7-3

(@) A sealed flask whose volume is 100.0 ml weighs 100.0 g when weighed in air. Both the
weights (volume = 12.5 ml) and the flask are buoyed up by the air. (b) When the air is
pumped out, a greater buoyant support is withdrawn from the flask than from the weights,
because the flask had previously displaced a larger volume of air; the position of balance is
therefore lost and the left pan drops down. (c) The position of balance in the vacuum is
restored by adding 0.105 g to the right pan. This increase in weight is equal to the difference
between the two buoyant forces due to the air in part a. The true weight of the flask is 100.105
g; the buoyancy correction factor is 1.001050.

For a two-pan balance, the lever arms are equal (L, = L), the pan weights are
equal, and the effect of gravity cancels, so that "at balance" the situation
simply reduces to the fact that the effective masses of the object (o) and the
weights (w) are equal. That is,

(Mo)efr = (Mw)eff (7'4)

In each case, the effective mass is the true mass (Mor Mw, corresponding to
weighing in vacuo) minus the buoyance (Bofor object, and Bw for weights) due
to the mass of the air displaced. The true mass of the weights (M) is always

known because this information is supplied by the manufacturer. Equation 7-4
can be rewritten as

Mo - Bo = Mw - Bw (7'5)

The buoyancies (the masses of the air displaced) are given by the products of
the respective volumes and the density of air (d,):

/
B, = Voda — m) da (7'6)

— \ 4y
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My
B, = V“da = (K) da (7-7)

We can substitute Equations 7-6 and 7-7 into Equation 7-5 and solve for M., the
true mass of the object, to obtain

A useful approximation can be made by expressing

d,\!
(1-%2)

[1+.d_3+ (ﬁ)i + (d_3>3 + ]
d, d, d,

and then, after multiplying by

as the series

(-4)

neglecting all those terms that possess d%, d3, d3, and so on. This approximation
is justified because d, js so small (about 1.5 x 107 X d,,)that these terms will

be negligible compared to all the others. This approximation yields the simple
formula

/01 1
M0=M“[1+da(d‘——d;)] (79)

This same expression can be derived for single-pan balances that use the
method of substitution of weights. The fact that the lever arms are unequal

and that there is a constant load on the balance does not alter the final
expression.

The factor

1o (4-)

in Equation 7-9 is called the buoyancy correctionfactor. It is a number—involving
only the densities of air, the weights, and the object—by which you multiply the
sum of the observed weights (M), in order to get the true weight of the object
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{M,). You can see that, if the object and the weights had the same density, they
would have the same volume; each would be buoyed by the same amount, and the
correction factor would be 1.0000000 (that is, there would be no correction). If
there is a big difference in densities of weights and object (as there is in the case
of water as the object), then the correction is significant, as illustrated in the fol-
lowing problem.

PROBLEM:

A sample of water at 20°C is weighed in air with brass weights and found to weigh

99.8365 g. Calculate the true mass of the water. The density of brass is 8.0 g/ml and
the density of air is 1.2 x [0~ *g/ml.

SOLUTION:
. . /1 I\
The buoyancy correction factor = | + d, | - —I1
\d, rf, /
= ]+([7x [0*3) (l___L)
- 1.0 8.0
= 1.001050

The true weight = M, = M., (1.001050)
= (99.8365 g)(1.001050) = 99.9413 g

There is no point in using the very accurate density for water from Table 7-1
because the other densities are given only to two significant figures; furthermore,
the slight correction has almost no effect on the value of the factor or the true

weight. If we used d, = 0.9982 g/ml. the buoyancy factor would be 1.001052 and
the true weight would be 99.9415 g. The error is only two parts in a million.

A huge fraction of all weighing is done by difference—that is, the weight of
the object is found as the difference between the weight of the empty container
and the weight of the container with the object. There is no point in making a
buoyancy correction to both weighings, because the error in container weight is
the same both times and cancels out when one weight is subtracted from the
other. A buoyancy correction need be applied only to the **difference’—that is,
only to the object itself.

If the object being weighed is small, and of some significant density, the need
for buoyancy correction vanishes. The more nearly d., is like d\, (he [ess impor-
tant is buoyancy. For example, if you wanted to know the true weight of 0.5000
g AgCl weighed in air with brass weights (d,, = 8.0 g/ml), you would look up the
density of AgCl in a handbook (it is 5.56 g/ml) and calculate the true value as

true wt of AgCl = (0.5000 g) [1 + (1.2 x 1079 (slTs - ﬁ)]

= 0.500033 g
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In reality there is no correction, because you could weigh only to four decimals
in the first place; the true weight is the observed weight of 0.5000 g.

Finally, if the object has a greater density than the weights (d, > du), he
buoyancy correction factor will be less than 1.000000, because the smaller
volume of the object displaces a smaller mass of air than the weights. Platinum,
gold, and lead are metals with appreciably greater density than brass.

Calibration of Volumetric Flasks

The accurate calibration of volumetric glassware must also take buoyancy into
account. For example, in the previous problem, if the observed weight of water
is that needed to fill a 100 ml volumetric flask exactly to the mark, we could
easily calculate the true volume of the volumetric flask just as we did on p 86:

truevolime=- irpe mass___ 99.9415 -=2100.12m7]

density of watet at 20°C R YK %171

If we had not made a buoyancy correction, we would have thought the volume
00 RIS o
to be 0.9987 g/ml = 100.02 ml; the error is 0-1%. Because the true volume of

the flask is 100.12 ml, and the nominal volume is 100.00 ml, we would say
that the calibration correction is +0.12 ml; that is, we must add 0.12 ml to the
nominal value to get the true volume.

PROBLEMS A

Show units in all calculations.

1. The density of mercury is 13.54 g/ml. How many milliliters of mercury are
needed to weigh 454 g?

o

The density of a sulfuric acid solution is 1.540 g/ml. How much does 1 liter of
this solution weigh?

3. If 17.5 g of brass filings (density = 8.0 g/ml) are put into a dry 10 ml graduated
cylinder, what volume of water is needed to complete the filling of the cylin-
der to the 10 ml mark?

4. A ring weighing 7.3256 g in air weighs 6.9465 g when suspended in water at
24°C. Is the ring made of gold (density = 19.3 g/ml) or brass (density = 8.0
g/ml)?

5. Find the weight of 1 cu ft of air at 2PC, assuming a density of 0.00120 g/ml at
this temperature.
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6. A glass bulb with a stopcock weighs 54.9762 g when evacuated, and 54.9845 g
when filled with a gas at 25°C. The bulb will hold 50.0 m] of water. What is the
density of the gas at 25°C?

7. Mercury (density = 13.54 g/ml) is sold by the "flask,” which holds 76 1b of
mercury. If the cost is $1130 per flask, how much does | ml of mercury cost?

8. (a) A column of mercury (density = 13.54 g/ml) 730 mm high in a tube of 8
mm inside diameter is needed to balance a gas pressure. What weight of
mercury is in the tube?

(b) If the same gas pressure were balanced by mercury in a tube of 16 mm
inside diameter, what weight of mercury would be needed?

9. In normal whole blood there are about 5.4 x 10" red cells per milliliter. The
volume of a red cell is about 90 um’, and the density of a red cell is 1.096 g/ml.
How many pints of whole blood would we need in order to collect 8 oz
(avoirdupois) of red cells?

10. How far (in centimeters) does a 1 cm cube of wood stick out of the water if its
density is 0.85 g/ml?

I1. A piece of Invar (density = 8.00 g/ml) weighs 15.4726 g in air and 13.9213 g
when suspended in liquid nitrogen at a temperature of - 196°C. What is the
density of liquid nitrogen at that temperature? (Invar has a very small coeffi-
cient of thermal expansion, and its change in density with temperature may be
neglected in this problem.)

12. The weight of a metal sample is measured by finding the increase in weight of
a volumetric flask when the metal sample is placed in it. The volume of the
metal sample is measured by finding how much less water the volumetric flask
holds when it contains the metal sample. Compute the density of the metal
sample from the following data, assuming that the density of water is 1.000

g/ml.

Weight of empty flask = 26.735 g

Weight of flask + sample = 47.806 g

Weight of flask + sample + water = 65.408 g
Weight of flask + water (no sample) = 50.987 g

13. (a) Repeat the calculations of Problem 12, using an accurate density value for
water (Table 7-1) and assuming the measurements were made at 27°C.
(b) In which decimal place does it make a significant difference if the accurate
density for water is used instead of 1 g/ml?

14. A chemical is soluble in water but insoluble in benzene. As a consequence,
benzene may be used to determine its density. The density of benzene is 0.879
g/ml at 20°C. From the following data (obtained as in Problem 12), compute
the density of the sample.
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17

18

19
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Weight of empty flask = 31 862 g
Weight of flask + sample = 56 986 g
75 086 g
Weight of flask + benzene (without sample) = 52 175 g

Weight of flask + sample + benzene to fill

A sample of benzene (D = 0 88 g/ml) weighs 25 3728 g i arr with brass
weights What 1s the weight in vacuo?

A platinum crucible (D = 21 5 g/ml) weighs 56 3724 g in air with brass
weights What 1s the weight i1 \acuo?

A brass sample weighs 16 3428 g in air with brass weights What 1s the weight

m vacua °

The density of water at 25°C 1s 0 9970 g/ml What volume s occupied by
1 0000 g of water weighed 1n air with brass weights?

A chemical of density 2 50 g/ml 1s weighed 1n air with brass weights The
observed weight 18 0 2547 g Show by calculation that 1t 1s not necessary to
make a correction of the weight tovacMO 1f the weighing 1s reliable only to the
nearest 0 2 mg

What weight of water at 25°C, weighed in air with brass weights, should be
delivered by a 25 00 ml pipet if 1t 1s accurately graduated”

A spherical balloon 100 ft in diameter is filled with a gas having a density
one-fifth that of air The density of air 1s 1 20 g/liter How rgatny poungs,
including tts own weight, can the balloon [ift? (The ¢y 1 the différence be-
tween the weight of the gas and that of an equal volume of air )

PROBLEMS B

9]
(8]

26

27

The density of a sodium hydroxide solution 1s 1 1589 g/ml How much does 1
liter of this solution weigh?

The density of carbon tetrachlonde 1s 1 595 g/ml How many mulliliters of
carbon tetrachlonde are needed to give 500 0 g°

The density of benzene 1s 0 879 g/ml How many grams of benzene will be
needed to fill a 25 ml graduated cylinder?

A glass bulb with a stopcock weighs 66 3915 g evacuated, and 66 6539 g when
filled with xenon gas at 25°C The bulb holds 50 0 ml of water What 1s the
density of xenon at 25°C?

If 20 g of magnalium lathe turnings of density 2 50 g/ml are put into a 25 ml
graduated cylinder, what volume of water will be needed to complete the
filling of the cylinder to the 25 ml mark®

What ;s the weight (n pounds) of 1 cu ft of aluminum (density = 2 70 g/ml)?
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28.

29.

30.

31.

33.

34.

3s.

36.

37.

The density of Dowmetal, a magnesium alloy, is 1.78 g/ml. Find the weight (in
grams) of a rod i inch in diameter and 2 ft long.

Neptunium has a density of 17.7 g/ml. What would be the radius of a sphere of
neptunium that weighed 500 g?

Gallium (density = 3.01 g/ml) may be purchased at the rate of $6.90 per gram.
How much does | cu ft of gallium cost?

When 235 g of uranium-235 disintegrates by nuclear fission, 0.205 g is con-
verted into 4.4 x 10'¢ calories (4.4 million million calories!) of energy. What
volume of uranium is converted to energy if its density is 18.9 g/ml?

. (a) Find a general factor by which pounds per cubic foot could be multiplied

to convert to density in grams per milliliter.
(b) Find a factor to convert grams per milliliter to pounds per cubic foot.

A metal earring weighs 2.6321 g when suspended in air. When immersed in
water at 22°C, it weighs 2.3802 g. What 1s the density of the earring?

A thousandth of a milliliter is called a lambda (X). A certain biochemical
procedure calls for the addition of 5 X of a 2.00% solution of sodium chloride
(density = 1.012 g/ml). How many milligrams of sodium chloride will be added
from the 5 X pipet?

The weight of a metal sample is measured by finding the increase in weight of
a volumetric flask when the metal sample is placed in it. The volume of the
metal sample is measured by finding how much less water the volumetric flask
holds when it contains the metal sample. Compute the density of the metal
sample from the following data, assuming that the density of the water is 1.000

g/ml.
Weight of empty flask = 23.482 g
Weight of flask + sample = 40.375 g
Weight of flask + sample + water = 63.395 g

Weight of flask + water (without sample) = 48.008 g
(a) Repeat the calculations of Problem 35, using an exact density value for
water (refer to Table 7-1) and assuming a temperature of 68°F.

(b) In which decimal place does it make a significant difference if the exact
density for water is used instead of the approximate value of 1 g/ml?

A chemical is soluble in water but insoluble in kerosene. As a consequence,
kerosene may be used to determine its density. The density of kerosene is
0.735 g/ml at 22°C. From the following data (obtained as in Problem 35),
compute the density of the sample.

Weight of empty flask = 28.176 g

Weight of flask + sample = 40.247 g

Weight of flask + sample + kerosene to fill = 51.805 g
Weight of flask + kerosene (without sample) = 45.792 g
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A sample of liquid of density 0 85 g/ml weighs 32 3524 g 1n air with brass
weights What 1s the weight in vacuo?

A platinum dish (D = 21 5 g/ml) weighs 65 2364 g 1n air with brass weights
What 1s the weight m vacuo?

A crude brass weight of nominal value 100 g weighs 99 9986 g in air, with brass
weights What 1s 1ts true weight in vacuo?

A buret 1s calibrated by filling with water to the zero mark, withdrawing to the
25 ml mark, and weighing the water withdrawn From the following data,
compute the correction that must be applied at the 25 ml mark (similar correc-
tions at other intervals may be used to construct a correction curve for the
entire range of the buret)

Final reading = 25 00 ml

Initial reading = 0 03 ml

Weight of flask + water delivered = 81 200 g
Weight of flask = 56 330 g

Temperature of water = 21 5°C

A geologist often measures the density of a mineral by mixing two dense
liquids, carbon tetrachlonde and acetylene tetrabromide, 1n such proportions
that the mineral grains willjust float She then determines the density of the
liquid mixture, which 1s equal to the density ofthe solid When a sample of the
mixture in which calcite (calcium carbonate) just floats 1s put mn a special
density bottle, the weight1s 6 2753 g When empty, the bottle weighs 2 4631 g,

and when filled v;Iuth water 1t weighs 3 5441 g What s the density of this
calcite sample» (1he temperature of these medsurements | ~sor~ )

How many pounds, including tts own weight, can a hydrogen-filled balloon lift
mn air if it 1s 50 O ft m diameter? (The defisity of airis © 777 g/liter and the
density of hydrogen 1s 0 0833 g/liter The Lift 1s the difference between the
weight of the gas and that of an equal volume of air )

What percentage of your body (density approximately 1 03 g/ml) would be out
of the water while you floated on your back in Great Salt Lake (density of
water approximately 1 19 g/ml)?

How far into a 2-inch cube of wood (density = 0 90 g/ml) must a 14 g iron
screw, 1 inch in diameter, be driven in order that the block will just float’
(Assume that the block does not change i size when the screw 1s driven nto
1t The density of iron 1s 7 60 g/ml Assume that the density of water 1s 1 00
g/ml)

A "Cartesian diver 1s a hollow sealed bulb made of thin glass, such that the
overall density is just a little less than 1 g/ml As a consequence, 1t floats In
water If pressure 1s applied to the gas over the water in which the bulb floats,
the bulb collapses a little and then sinks When the pressure 1s released, it
expands and floats again A glass (density = 2 20 g/ml) sphere made on this
principle weighs 325 g
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47.

(a) What is its radius?
(b) What is the thickness of the glass?

The density of mercury at several selected temperatures is known as follows

1(°C) —-10.00 0.00 10.00 20.00 30.00 40.00 50.00
d (g/mb) 13.6202 13.5955 13.5708 13.5462 13.5217 13.4973 134729

(a) Using the method of least squares, find the mathematical equation that
best fits these data (see pp 72-75).

(b) Find the correlation coefficient and the 95% confidence intervals for both
the slope and the intercept of the best-fit equation found in (a).
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Formulas and Nomenclature

At first it may seem difficult to learn the formulas and names of the hundreds of
chemical compounds used in the introductory chemistry course. Actually the
job is not so hard if you start in a systematic way, by learning the atomic
building blocks that make up the compounds and the rules for naming the
compounds.*

One of the many ways to classify inorganic compounds is into electrolytes,
nonelectrolytes, and weak electrolytes. When electrolytes are dissolved in wa-
ter, the resulting solution is a good conductor of electricity; the water solutions
of nonelectrolytes do not conduct electricity; the solutions of weak electrolytes
are very poor conductors. Water itself is an extremely poor conductor of elec-
tricity. A flow of current is a movement of electrical charges caused by a
difference in potential (voltage) between the two ends of the conductor.

In metals, electrons are the structural units that carry the electrical charge, a
negative one. But because electrons cannot exist for any significant length of
time as independent units in water, some other kind of charged structural unit
must be present in solutions of electrolytes. The general term for this charged
structural unit is ion. A negatively charged ion is an atom (or a group of atoms)
carrying one or more extra electrons it has received from other atoms. And,
naturally, those atoms or groups of atoms that gave up electrons are no longe:

* Most of the rules for chemical nomenclature are discussed wn this chapter The approved
system for naming complex 1ons is given on page 391, and that for naming ortho, meta, and pyro
compounds on page 420.
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electrically neutral; they are positively charged ions. At all times, the solutions
or crystals that contain ions are electrically neutral, because the total number of
negative charges gained by one group of atoms always exactly equals the total
number of positive charges created in the groups from which the electrons
came. [ons tend to stay in the vicinity of each other because of the attraction of
opposite electrical charges. Ions that contain more than one atom in stable
combinations often are called radicals. In addition to explaining the electrical
conductivity of water solutions, ions are important because a tremendous num-
ber of chemical reactions take place between them.

Inorganic compounds also may be classified as acids, bases, and salts. This
classification is particularly useful as a basis for naming the chemicals with
which we shall deal.

The names of the elements (and many of the symbols used to represent them)
are traditional, rather than part of a logical system. The electrical charges that
the ions usually carry can be reasoned out, but chemists do not work through
such reasoning every time they want to use the charges or talk about them: they
simply know them as characteristic properties.

Once you have learned the symbols for the elements, you will easily recog-
nize and understand formulas. A formula is the shorthand notation used to
identify the composition of a molecule. It includes the symbol of each element
in the molecule, with numerical subscripts to show how many atoms of each
element are present if there are more than one. For example, the formula for
sulfuric acid, H,SO, shows that this molecule has 2 hydrogen atoms, 1 sulfur
atom, and 4 oxygen atoms. Note that a molecular formula does not tell how the
atoms are bound together, only the kinds and numbers of atoms.

Listed in the paragraphs that follow are the names, symbols, and usual elec-
trical charges for 30 common positive ions, and the names and formulas for 37
common acids that are frequently mentioned in this text. You should memorize
these so as to have them at instant recall; the use of flash cards or other
foreign-language learning aids is recommended (computer-generated drill pro-
grams also are helpful). Aside from the direct intrinsic value of these names and
formulas, you can reason out from them the names and formulas of almost 50
bases and over 1600 different salts, none of which should be memorized.

POSITIVE IONS WHOSE CHARGES DO NOT VARY

The ions listed in Table 8-1 carry exactly the same names as the elements from
which they are derlvggd For exganglai e Mg rasei sRMiBHY aNHc AR IEWR
atoms, whereas Na* Mg**
do not normally form ions that have charges other than those shown.*

* Some of the elements listed here do exhibit other charges under very unusual conditions, but

this occurs so infrequently that we need not worry about it here. The principal exception, H7, is
discussed on page 109.
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TABLE 8-1
Positive lons Whose Charges Do Not Vary
Single charge Double charge Triple charge
Hydrogen H+ Beryllium Be’+ Aluminum Al+
Lithium Li+ Magnesium Mg-+
Sodium Na+ Calcium Ca**
Potassium K+ Strontium Sr2+
Rubidium Rb+* Barium Ba**
Cesium Cs* Zinc Zn?+
Silver Ag* Cadmium Cd:+
Ammonium NH*,

POSITIVE IONS WHOSE CHARGES VARY

The atoms of some metals can lose different numbers of electrons under differ-
ent conditions (Table 8-2). For these atoms it has been traditional to add the
suffix -ous to the atom’s root name for the lower charge s(tfl[tﬁe%rlll(ll_ilchﬁnsllllgfix -ic
for the higher charge state. Thus the aurous ionis Au* Au’t,
There is difficulty when an element has more than two charge states. To over-

TABLE 8-2
Positive lons Whose Charges Vary

Traditional names

IUPAC names Root -ous ending -ic ending
Copper(l} and (Il) Cupr- Cu* Cu:*
Gold(!) and ([I1) Aur- Au* Au*
Mercury(l) and (I} Mercur- Hg+* (Hgs*) Hg?+
Chromium(ily and (I} Chrom- Cri* Cr+
Manganese(ll} and (ll1) Mangan- Mn:+ Mn 3+
Iron(ll} and (I} Ferr- Fe:* Fei*
Cobalt(ll} and (lIl) Cobalt- Co-* Co’+
Nickel(ll) and (Il1} Nickei- Ni2+ N+

in(lly and (1V} Stann- Sn*+ Sni+
Lead(ll) and (V) Piumb- Pb:* Pb+
Certum(ill) and (I1V) Cer- Ce®* Cet*
Arsenic(lll) and (V) Arsen- As’+ As*
Antimony(lll) and (V) Antimon- Sb+ Sb+

Bismuth(liy and (V) Bismuth- Bitr Bi>+
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come this difficulty and to clarify some subtler points, the International Union
of Pure and Applied Chemistry (IUPAC) has in recent years recommended the
adoption of a system that, when applied to a positive ion, requires that the name
of the element be used and that it be followed immediate%ﬁ b%f its ﬂl&rge iH
e gold(l), an

Roman nymerals withi entheses.. For 1 + would
AU,IE woul‘lgl%e éo‘ivd{?fﬂ;p%ey W(S)lﬁd e I%E%Ineps e“géllgl one" and "gold three,"
respectively. Until there is unanimous adoption of the [IUPAC system, chemists

will have to use both systems. In any case, neither system relieves the student

of the responsibility of knowing the usual charge states of the common
elements.

BASES

T o™ A SRR VAR ST SR pOIT, Bl B e DRt
is convenient to limit our discussion to one special type of base called a Zy-
droxide. A hydroxide is any compound that has one or more replaceable hy-
droxide ions, OH~. Any ofthe positive ions cited in the preceding sections might
combine with the hydroxide ion, the principle being that the resulting com-
pound must be electrically neutral. Naturally there must be as many OH~ ions
as there are positive charges on the other ion. In naming, the word "hy-
droxide" is preceded by the name of the positive ion; for example,

NaOH sodium hydroxide

Co(OH), cobaltous hydroxide or cobalt(II) hydroxide
Sn(OH),  stannic hydroxide or tin(IV) hydroxide

ACIDS

We define an acijd as an¥ substancg that Jlas one or more replaceable h; drpgen
ions (H+); We often say hat an acid can donate one or more hydrogen fons o0 a
base. No matter how many H atoms a molecule might have, if none of them can
be replaced by some positive ion, then the molecule does not qualify as an acid.
On the other hand, if a molecule does have several H atoms, of which only one
is replaceable, that alone is enough to qualify it as an acid. In writing the
formula of an acid, it is traditional to show the replaceable H ions at the
beginning of the formula, separated from those that are not replaceable. For
example, in acetic acid, HC,H;O,, i H* and there are
threepH atoms that are not replaceatlgfé.e ﬁengeéeP(lgﬁ%f yli%g the number of
replaceable H atoms, this traditional method also pro%ides‘ a sim\Plg way of
knowing the charge of the negative ions; for every H* that is removed froth an
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cid there must be_one, negative charge left on the residue. For example, if
?oses its H", lltle f:Br~ hasggln\{?nus-(gne charge; ?f H,SO, loses ilg [VEOeH+’I-{§é
SO3%~ has a minus-two charge, and so on. The names and formulas of acids that
you should know in this course are listed in two separate groups below, because
the traditional method of naming them depends on whether or not the molecule
contains oxygen.

Acids That Do Not Contain Oxygen

These acids are named by putting the prefix hydro- before the rest of the name
of the characteristic element (or elements) and adding the suffix -ic.

HF hydrofluoric acid HCN hydrocyanic acid
HC1 hydrochloric acid H,S hydrosulfuric acid
HBr hydrobromic acid HN, hydrazoic acid
HI hydriodic acid

Acids That Contain Oxygen

If the characteristic element forms only one oxygen acid, the name is that of the
characteristic element followed by the suffix -ic. Thus HyCOj; 55 carbonic acid.
If the characteristic element forms two oxygen acids, the name of the one with
the larger number of oxygen atoms ends in-ic, and the name of the one with the
smaller number of oxygen atoms ends in -ous. Thus HNOj is nitric acid, and
HNO; js nitrous acid.

If there are several oxygen acids, there is a systematic terminology to indi-
cate more or less oxygen atoms than the number assigned to the acid whose
name ends in -ic. This can be illustrated by the oxygen acids of chlorine:

HCIO, perchloric acid one more oxygen than the -ic acid
HCIO;  chloric acid arbitrarily given the -ic ending
HCIO,  chlorous acid one less oxygen than the -ic acid
HC10 hypochlorous acid  one less oxygen than the -ous acid

Table 8-3 includes the common acids that contain oxygen.

The prefix thio- indicates that sulfur is present, usually as a replacement for
one or more oxygen atoms in a compound whose name is familiar. For example,
in thiosulfuric acid, one O atom of sulfuric acid has been replaced by an S atom;
in thiocyanic acid, the only O atom of cyanic acid has been replaced; in thioar-
senic acid, all of the O atoms of arsenic acid have been replaced by S. The rules
of naming do not normally show how many O atoms are replaced. HSCN is
placed in Table 8-3 because of the many similarities between oxygen and sulfur.
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TABLE 8-3
Acids That Contain Oxygen
Formula Name Formula Name
H,CO, Carbonic acid HCIO, Perchloric acid
H,BO, Boric acid (H1O, 1s similar to HCIO,)
H,SI0, Silicic acid HCIO, Chloric acid
HNQ, Nitric acid (HIO; and HBrO, similar to HCIO )
HNO, Nitrous acid HCIO, Chlorous acid
H,SO, Sulfuric acid HCIO Hypochlorous acid
H,SO, Sulfurous acid (HIO and HBrO similar to HCIO)
H,S,0, Thiosutfuric acid HMnO, Permanganic acid
H,CrO, Chromic acid HOCN Cyanic acid
H.Cr,0, Dichromic acid HSCN Thiocyanic acid
H,PO, Phosphoric acid H,C,0, Oxalic acid
H4PO, Phosphorous acid H,CH,0, Phthalic acid
H,AsO, Arsenic acid HC,H,0, Acetic acid
H,AsQ, Arsenious acid H(NH,)SO, Sulfamic acid
SALTS

One general type of chemical reaction is that occurring when a hydroxide reacts
with an acid. This reaction, like all chemical reactions, can be represented by a
chemical equation in which the reactants are separated by ** +°’ signs to indicate
that they are mixed together, the products are separated by '+’ signs to
indicate that they are produced as a mixture, and the products are separated
from the reactants by an arrow to show that the reactants are producing the
products. In order to write a chemical equation for the general reaction between
an acid and 4 By CReh B St e Ry drSRidte t%r%r‘&a%‘le%V(‘;I"zyo‘)’f‘i‘;éhs%c%gﬁ
that the electrically neutral combination of the positive ions from the hydroxide
and the negative ions from the acid is what constitutes a salr. If we express this
n very general terms, this type of reaction can be written as

hydroxide + acid — salt + water
Now that we know the names and formulas of some acids and bases, we can
also write equations for specific examples of this type of reaction, using our
shorthand notation. For example, if potassium hydroxide reacts with hydro-

bromic acid, we write

KOH + HBr — KBr + H,0O
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If cupric hydroxide reacts with perchloric acid, we write
Cu(OH), + 7 HCIO, — Cu(ClO)), +2 H.,O

And if aluminum hydroxide reacts with sulfuric acid, we write
2 AI(OH); + 3 H:S0, — Alf(SOy; | ¢ H.O

In addition to showing which chemicals react and which are produced, the
chemical equation shows the relative numbers of molecules needed in the reac-
tion. In the above reactions we had to use the proper numbers of acid molecules
and base molecules so that the salt that was formed. would he %ectrically
neutral. In the third reaction, for example, the two Al?* 1ons require three SO3-
ions in order to have electroneutrality. Besides showing the correct chemical
formulas of all the reactants and products, abalanced chemical equation always
abides by a principle of conservation, which might be stated as “atoms are
never created or destroyed in a chemical reaction.” In other words, no matter
how drastically the atoms are rearranged in a chemical reaction, there must
always be the same number of each kind of atom in the collection of products
(the righthand side of the equation) as there is in the collection ofreactants (the
lefthand side of the equation).

The rules for naming a salt depend on whether or not the acid from which it is
derived contains oxygen.

1. If the acid does not contain oxygen, the salt is named by replacing the
acid prefix hydro- by the name of the positive ion and changing the
suffix -ic to -ide; for example,

KBr potassium bromide
Sb.S, antimonous sulfide - antimony(III) sulfide
Hg(CN):  mercuric cyanide or mercury(Il) cyanide

2. Ifthe acid does contain oxygen, the salt is named by giving the name of
the positive ion followed by the name of the acid, but changing the
suffix -ic to -ate or the suffix -ous t0 -ite; for example,

SrCO, strontium carbonate

Cu(ClO,), cupric perchlorate or copper(Il) perchlorate
(NH4)2SO3 ammonium sulfite

Co(BrO), cobaltous hypobromite or cobalt(I) hypobromite

By changing the proportions in which some acids and bases are mixed, it is
possible to make salts in which only some of the replaceable hydrogen atoms
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are actually replaced. For example, with HyPO, and NaOH, three different
reactions are possible:

3 NaOH + H,PO, — Na,PO, 43 H,0
2 NaOH + HzPO, - Na,HPO, + H,O
NaOH + H;PO, — NaH,PO, 4 .0

Each of these reactions is possible, and each equation is balanced. Obviously,
we need different names for the three different kinds of sodium phosphate salts.
Of the several ways to accomplish this, the most highly recommended and
unequivocal is to include as part of the name the number of H* lons that have
not been replaced in salt formation. In the example above we would have

NazPO, sodium phosphate
Na,HPO, sodium monohydrogen phosphate

NaH,PO, sodium dihydrogen phosphate

If the acid contains only two H* then only two different salts are possible;

they are most acceptably named by the method just described. However, an-
other traditional method that will probably continue in use for many years is to
use the prefix bi- for the salt of the acid with just half of the hydrogen atoms
replaced, as illustrated for the sodium bisulfate that is produced by the reaction

NaOH + H,SO,— NaHSO, + H,O

BINARY COMPOUNDS NOT DERIVED FROM ACIDS

The atoms listed in this section may combine with many metals to form binary
compounds (compounds made up of two elements) that are saltlike in nature,
but are not derived from acids. For purposes of naming, it is convenient to
assign negative charges to these atoms. Except in the names of the oxides, the
suffixes -ous and -ic are not used with metals forming compounds in this group.
The names of all these compounds end in -ide. Only the metal oxides of this
group are common.

H~ LiH lithium hydride

(O FeO ferrous oxide (Fe,0s ferric oxide)
N3 Sn,N, tin nitride

p3- Ba,P, bariuxn phosphide

As~  NasAs sodium arsenide

c* ALC, aluminum carbide

Si+- Mg,Si magnesium silicide
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BINARY COMPOUNDS COMPOSED OF TWO NONMETALS

Allowing for a bit of quibbling one way or the other, there are only 20 nonmetal-
lic elements. Ofthese 20 elements, Six are so unreactive that until recently they
were thought never to combine with other elements. If, for practical consid-
erations, we eliminate these six elements and hydrogen (which we've already
dealt with in various forms above), this leaves just 13 nonmetallic elements (B,
C, N, O, F, Si, P, S, Cl, Se, Br, Te, I) that can combine with each other. These
nonmetallic binary compounds are designated by the names of the two elements
followed by the ending -ide. Before the name of the second element there is a
prefix to indicate how many atoms of it are in the molecule. Unfortunately, this
is not usually done for the first element. The following are examples of some
common compounds of this type:

CO carbon monoxide SO; sulfur trioxide

CO, carbon dioxide CCl, carbon tetrachloride
CL,0 chlorine monoxide PF; phosphorus pentafluoride
ClO, chlorine dioxide SF, sulfur hexafluoride
C1,0, chlorine heptoxide N,O, nitrogen tetroxide
PROBLEMS A

Name the following compounds (proper spelling is required).

1. Ca(OH), 12. FeC,0, 23. AKCIO),
2. Ag,PO, 13. He.Cl, 24. Hg(C,H,0,),
3. AgSCN 14, MnCO, 25. CsClO,

4. MgC,H,0, 15. Mn(OH), 26. Sr(I0),

5. (NH,S0, 16, NI(CIO), 27. Rb,AsO,
6. Zn$ 17. CrAsO, 28. BesN,

7. CA(CN), 18. SnBr, 29. Ca(HCO,),
8. Ba(10,), 19. CrF, 30, Sb(NO ),
9. CuSO,4 20. Pb(MnO,), 31. PCl,

10. Cul 21. Na,sSio, 32. Bi(OCN),
I1. Fe(NO ), 2 BiO; 33, AlS:04),

Without consulting a text, give the formulas for the following compounds.
34, aluminum bromate 36. bismuth(IIl) oxide

35. mercurous phosphate 37. strontium bicarbonate



38. aurous iodide 49. aluminum acetate
39. chromium(III) iodate 50. calcium oxalate
40. manganous hydroxide 51. sodium chlorite
41. lithium arsenide 52. tin(II) azide
42. arsenic(IIl) sulfate 53. mercury(Il) cyanide
43. stannic chloride 54. ammonium sulfite
44. nickelous periodate 55. cobalt(Il) permanganate
45. chlorine heptoxide 56. plumbous carbonate
46. silver oxalate §7. zinc phosphide
47. chromium(II) borate 58. cupric silicate
48. antimonous sulfide 59. barium hypoiodite
60. Given that selenium (Se) is similar in properties to sulfur (S), and that fran-
cium (Fr) is similar to sodium (Na), write the formulas for the following
compounds.
(a) zinc selenide (e) francium selenate
(b) francium phosphate (H selenium hexafluoride
(c) cobalt(Il) selenite (g) francium hydride
(d) selenium dioxide
61. Write balanced chemical equations for the following reactions.
(a) beryllium hydroxide + thiocyanic acid
(b) periodic acid + antimonic hydroxide
(¢) mercurous hydroxide + acetic acid
(d) arsenious acid + chromous hydroxide
(e) eerie hydroxide + boric acid
(f) hydrazoic acid + ferrous hydroxide
(g) lithium hydroxide + hypobromous acid
PROBLEMS B

Name the following compounds (proper spelling is required).

62.
63.
64.
65.
66.
67.

AgaPO, 68.
CoCl, 69.
Be(NO,), 70.
Fe(MnQ,), 71.
NH,NO, 7.
ALS, 73

Zn(I10)),
Pby(BO,),
As(CNy,
Nij(AsQ,),
1,0,

Ba,Si

AuHSO,
Ba(BrO),
CaH,
N,O;
Sb,S;
MgC,0,

74.
75.
76.

17.

78.
79.
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80. ICI 83. Ca,P, g6. CrBr,
81. Rb,SiO, g4 MnO, g7 BaCro,
82. SF, 85. Cu(C,H;0,), gg CA(SCN)

Without consulting a text, give the formulas for the following compounds.
89. potassium oxalate 102. iron(IIl) bromate
90. cupric arsenate 103. arsenic(V) perchlorate
91. bismuthous carbonate 104. magnesium monohydrogen borate
92. manganese(III) oxide 105. boron trifluoride
93. mercurous sulfate 106. strontium silicate
94. nitrogen tri-iodide

95. cobalt(Il) borate

107. beryllium hydroxide

108. stannic oxide

96. cesium hypoiodite

97.

98.

boron nitride

cadmium dichromate

109. gold(IIl) fluoride
110. ferric chromate

111. iodine pentoxide

99. ammonium acetate 112. lithium thiocyanate

100. zinc cyanide 113. silver thiosulfate

101. tin(II) phosphate 114. antimonic permanganate

115. Given that astatine (At) is similar in properties to chlorine (Cl), and that
gallium (Ga) is similar to aluminum (Al), write the formulas for the following
compounds.
(a) potassium astatate (d) hydrastatic acid
(b) barium astatide (e) gallium thiocyanate
(¢) gallium sulfate (H gallium hypoastatite

116. Write balanced chemical equations for the following reactions.

(a) hydrosulfuric acid + zinc hydroxide
(b) ferric hydroxide + permanganic acid
(c) oxalic acid + plumbous hydroxide
(d) aluminum hydroxide + carbonic acid
(¢) bromic acid + cupric hydroxide

(f) auric hydroxide + dichromic acid
(g) sulfamic acid + strontium hydroxide
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Sizes and Shapes of Molecules

A knowledge of molecular shapes and sizes is important to an understanding of
chemical reactions. The shape of a molecule (and the bond types it possesses)
has important implications for the manner in which it enters into chemical
reactions. The shape and size of molecules also influence their packing in the
crystalline state.

When atoms combine to produce molecules, they often do so in accord with
the octet rule. Your text undoubtedly contains a fairly detailed discussion of the
octet rule. In essence, it may be described as the tendency for an atorE to lose,
gain, or share electrons in order to achieve an s%® configuration in the outer-
most shell. The simplest atoms (H, Li, Be, and so on) tend to achieve a 1s?
configuration, according to what might be called the duet rule.

In Chapter 8, we emphasize the loss and gain of egctm&;ﬁ leading to the
formation of electrically charged ions, such as Na* and Cl~. cn clectrons are
shared, a molecule is formed, and the atoms are connected by a covalent bond.
In this chapter we emphasize the approximate shapes, interatomic distances,
and bond energies of molecules and molecular ions that are held together by
covalent bonds.

COVALENT BOND ENERGIES

The strengths of the bonds that hold the atoms together in a molecule can be
determined in a variety of ways: for example, by direct calorimetric measure-
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ment, by dissociation equilibrium measurements, by absorption spectrum mea-
surements, or by mass spectrometry.

We define bond energy as the energy change (AH) for the chemical process in
which one mole of a given bond is broken, when both the reactants and the
products are in the hypothetical ideal-gas state of 1 atm and 25°C. For a
diatomic molecule, the bond energy is identical to the energy required to dis-
sociate the gaseous molecule into its respective gaseous atoms. For the dissoci-
ation of Cl, gas this corresponds to the reaction

Clyg 2 2 Cly,

for which the C1-Cl bond energy is 58.0 kcal. We say that AHc¢—c; = 58,0 keal.

For a polyatomic molecule of the type AB,, which possesses n A-B bonds,
our definition of bond energy implies that each bond is the same, and that it
corresponds to \n of the total energy required to dissociate the gaseous AB,
molecule into A + nB gaseous atoms. This is a useful definition except when
studying the detailed steps of a chemical reaction. For example, the total bind-
ing energy in a CHy molecule is 397 kcal/mole and, by our definition of bond
energy, the C-H bond energy = 397/4 = 99.3 kcal. Extensive, complicated, and
detailed studies have shown, however, that each H atom is not equally easily
removed from carbon in this molecule; it is estimated that the individual bond
energies are 104 kcal for CHy-H. 106 kcal for CH.~H, 106 kcal for CH-H, and
81 kcal for C-H, with a total of 397 kcal. In most cases, such detailed informa-
tion is not available; neither is it normally needed except in discussion of the
individual steps involved in chemical reactions.

The atoms of some elements (such as C, N, and O) are able to share more
than one pair of electrons between them, to form single, double, or triple
bonds—depending on whether one, two, or three pairs of electrons are shared.
In general, the bonding energy increases and the internuclear distance de-
creases as the number of bonds between a pair of atoms increases.

By studying the experimentally determined bond energies of hundreds of
compounds, researchers have uncovered some useful generalizations, such as
the following.

I. A single bond between two identical atoms has about the same strength
(A Hy-4) in any molecule in which it occurs. Because the atoms are
identical, the bond is purely covalent.

2. A strictly covalent bond between two different atoms (A and B) is about
the same strength as the average of the bond strengths that would be
observed if each atom were bonded to another like itself. That is,

AHy 5 = {AH, 4 + AHg 8] (9-1)



115

TABLE 9-1
Covalent Bond Radii and Energies, and Electronegativities
Bond energy Electronegativity
Element Radius (A) AH,_, (kcal/mole) (e) of element
H—H 0.30 104.2 2.1
8—B 0.88 62.7 2.0
c—C 0.772 83.1 25
C=C 0.667 147
c=C 0.603 194
Si—Si 117 422 18
Si=Si 1.07
Ge—Ge 1.22 376 18
Sn—Sn 1.40 34.2 18
N—N 0.70 38.4 3.0
N=N 0.60 100
N=N 0.55 226.2
P—P 1.10 513 2.1
P=P 1.00 117
As—As 1.21 32.1 2.0
Sb—Sb 1.41 30.2 1.9
Bi—Bi 152 25 19
0—0 0.66 33.2 3.5
o0=0 0.55
S$—S§ 1.04 50.9 25
S$=S8 0.94
Se—Se 117 44.0 2.4
Se=Se 1.07
Te—Te 1.37 33.0 2.1
F—F 0.64 36.6 4.0
Cl—CI 0.99 58.0 3.0
Br—Br 1.14 46.1 2.8
1—] 133 36.1 25

These two generalizations mean that to each element there can be assigned a
“covalent bond energy” (AHa-1), which can be used to estimate the strength
of a bond between any two atoms that form a strictly covalent bond. Table 9-1
lists a few of these covalent bond energy assignments. Carbon and iodine form a
purely covalent bond so, by our second generalization, its approximate bond
energy would be

AHey = 3{AH-—« + AH -]
= 3[83.1 + 36.1] = 59.6 kcal
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ELECTRONEGATIVITY

Unfortunately, as in so many sharing processes, the pair of electrons 1n a
covalent bond often 1s not shared equally by the two atoms The atom with the
greater electron affinity will hold the pair closer to its nucleus, with the result
that 1ts end of the bond (and 1ts end of the molecule) will be somewhat more
negatively charged than the other end When this happens, we say that the bond
1s partially ionic and, because opposite charges attract each other, this partially
ionic bond will be stronger than 1t would have been with equal sharing

Linus Pauling made a careful study of a tremendous number of partially ionic
covalent bonds and came to the conclusion that, as a measure of 1ts electron
affinity, each element could be assigned an elec tronegatvity value (e) that would
make 1t possible to estimate the energy of these bonds To calculate the approx-
imate bond energy (AH,-g) between the atoms A and B, Mis formula requires
knowledge of the A-A bond energy (AH. .), the B-B bond energy (AHg-5),
and the electronegativities of A and B (ey and €) Table 9-! lists some €1€¢
tronegativity values along with covalent bond energies Pauling's finding, which
we might call generalization #3, 1s the following

3 The energy of a partially ionic covalent bond between two atoms (A
and B) 1s equal to the energy expected from a strictly covalent bond
between the two atomsp/us an amount of energy related to the square
of the difference in their electronegativities In equation form, Paul-
ing's formula (with units in kcal) 1s

AH, 5 = 3AH & OHy_p] 4 23 06(e, - €5)? (9-2)

You can see that, if A and B have equal electronegativities, then AH, , 1s
simply the average of the two covalent bond energies The greater the differ-
ence in electronegativites, the greater the percentage of ionic character and the
stronger the bond If the difference in electronegativity becomes too great, the
bond 1s essentially ionic, and the atoms are held together by electrostatic forces
as 1n an ionic crystal, the concept of a molecule disappears

From this brief discussion you can see that more often than not most covalent
bonds will be partially ionic, * and most ionic bonds will be partially cova-
lent > We shall describe a bond as being ionic or covalent according to 1ts
predominant characteristic Some chemists like to say that a bond possesses a
certain percent ionic character One way of calculating an approxumate value
for this quantity 1s with the expression

log F. = - (52’ ©-3)

where F 1s the fraction of covalcnicharacter The fraction ofonic character 18
F=1-F



Covalent Bond Radii 117

PROBLEM:
Calculate approximate values for the bond energy and the percent ionic character
for the C—Cl bond in CCl,.

SOLUTION:
From Table 9-1 we find

AH._ = 83.1 kcal/mole
AHe = 58.0 keal/mole
and
€ =125
€1 = 3.0
With the Pauling equation, we obtain

AHce_¢ = 4831 +~ 58.0] + (23.06X3.0 - 2.5)¢
70.6 + 5.8 = 76.4 kcal/mole

0 — 2.5\¢
log F = — (37) = -0.027778
F. = 0938
F.= 1-0938 = 0.062

Percent ionic character = 6.2%

COVALENT BOND RADII

Before considering shape principles, we should take a look at the sizes of
molecules, particularly their internuclear distances. Electron diffraction studies
of molecules in the gas phase are especially useful for the determination of
these distances (and the angles that the atom pairs form with one another). An
interatomic distance is defined as the average internuclear distance between
two atoms bonded together. Because these two atoms vibrate, the distance
between them alternately lengthens and shortens in rapid succession but, if the
distance is averaged for a period of time, the atoms appear to be separated by
some fixed distance. A fourth generalization can be made about these
distances.

4, The atoms of a given element always appear to have essentially the
same radius (R), regardless of the kinds of atoms to which they are
bound (or their electronegativities). That is, covalent radii are additive,
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and the approximate interatomic distance (D)between two atoms (A
and B) will be given by

Dvp =Ra + Rg

PROBLEM:
Calculate the C—Cl distance in the CCl; molecule.

SOLUTION:
The interatomic distance is the sum of the covalent radii so, with data from Table
9-1,

Dici=R( + R =077 +099 = 1.76 A

We have already observed in the preceding problem that the C-Cl bond energy is
about 76 4 kcal/mole, and that it possesses about 6% ionic character.

SHAPES OF MOLECULES

To predict the shape of a molecule, we can apply a set of simple principles.
Before we outline them, however, you should realize that they have little pre-
dictive value when you try to answer the question, "What molecule is formed
when two or more particular elements react?" From the same elements, but
under differing conditions, it is possible to prepare many different molecules,
not just one. Instead, our principles will answer the question, "What is the
shape of the molecule with a particular formula?"

The concept of the c entral atom 1s convenient to use in discussing the shapes
of molecules. In a simple molecule, one of the atoms usually is "central” to the
whole molecule. For example, in CCl, the central atom is C, the one to which all
the other atoms are attached.

We shall use the term /igand (L) in its broadest sense to refer to those atoms
that are attached to the central atom. What we mean by the shape of a molecule
or ion is the geometrical arrangement of the ligands about the central atom.

General Predictive Principles

In broad outline, our shape-prediction approach will assume that the valence
electrons of the central atom (M) are all spin-paired (that is, their axes are
parallel but spinning in opposite directions), and that these pairs of electrons
will repel each other in such a way that they occupy positions of minimum
repulsion (that is, positions of minimum potential energy). The electron pairs
will try to get as far away from each other as they can and still stay in the
molecule. The central atom's valence electron pairs will fall into one of two
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categories: (

1) bond pairs that are used to bind ligands to the central atom, or (2)

lone pairs that are held by the central atom but not used for bonds. Each pair,
regardless of the type, will occupy a molecular orbital, not an atomic orbital.
The key to success in prediction hinges on finding the correct number of val-
ence electrons associated with M.

A summary of all the procedural steps for shape prediction is given here
because it will be useful for later reference; the application of the steps is
illustrated in detail on the following pages.

1. Find the number of valence electrons around the central atom by drawing

an

"electron-dot formula™ for the molecule or ion whose shape is

desired. See pp 120-121. Follow these rules.

(a)
(b)
(c)

(d)

(e)

The central atom must be the least electronegative atom in the
molecule or ion. H can never be a central atom; it can form only
one bond.

Every ligand must obey the octet rule (or duet rule for H).

If the shape involves an ion (but not a complex ion), take account
of the charge on the ion by adding one valence electron to M for
each negative charge, or subtracting one valence electron from M
for each positive charge.

If possible, also make M obey the octet rule. Manipulation will be
possible only if one or more /igearnds can form multiple bonds. The
four or six electrons involved in double or triple bonds count as
belonging to both the ligand and the central atom, just as do the two
electrons in a single bond. See pp 121 and 132.

For complex ions you canignore the electrons originally possessed
by M (usually a metal ion) and the charge on the ion. You do not
need to draw an electron-dot formula. You need to know only that
each ligand contributes a bond pair to M; there are no lone pairs.
The number of ligands therefore directly tells you the number of
pairs of valence electrons around M. See p 141.

2. Calculate the number P ofelectron pairs around the central atom (M), as
follows.

(a)

(b)

(c)

If the electron-dot formula shows no multiple bonds (double or
triple bonds) between M and the ligands, divide the total numher of
electrons around M by 2 to get the number P of electron pairs.

If the electron-dot formula shows one or more multiple bonds be-
tween M and the ligands, only rwo electrons are counted for each
multiple bond (double or triple). Add these electrons to those in-
Lol i e BRI i DN
If the number of valence electrons in (a) or (b) is an odd number.
then (for the purpose ofthis calculation only) increase the number of
electrons by one to make it even before proceeding as in (a) or (b).
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This 15 equivalent to treating the one odd electron as a lone parr,
though 1t 1s less effective in repulsion than a true lone pair See p
140

3 Deternune the electron-pair geometry of the molecule or 1on, using the
guidelines n Table 9-2

4 Deteimme the molecular geometry taking into consideration the bond

pairs and lone pairs involved in the electron-pair geometry See pp
121-132.

Electron-Dot Formulas

The first thing you must be able to do 1n order to predict molecular shapes 1s to
draw an electron-dot formula, so we'll tackle that subject first Including H,
there are 16 active nonmetals for which you should know the numbers of
valence electrons in the uncombined atoms Except for H (which has only one s
electron), these elements are all found to the right of the diagonal in the p block
of the periodic table (see inside front cover) Each atom has two s electrons in
its valence shell, the number ofp electrons 1s different for different atoms
(Basically, we are uninterested in metals here, metals rarely form predomi-
nantly covalent bonds, but tend to form ionic bonds Excopti fogatfonyetRlse Gae
ignore the noble gases, with an already filled s*p*®

unreactive )

It will pay you to know (without having to look in the periodic table or tables
of electron configurations) that the halogens (F, Cl, Br, I, At) all have seven
valence electrons, that the oxygen family (O, S, Se, Te) all have six, that the
nitrogen family (N, P, As) have five, that the carbon family (C, Si) have four,
and that the boron family (B) have three It will also pay you to know that
electronegativities decrease from right to left in a row, or from top to bottom n
a column, 1n the periodic table

Figure 9-1 shows electron-dot formulas in which each ligand possesses eight
electrons as a result of sharing the needed number from the central atom (ex-
cept H, which needs only two electrons to fill its valence shell) In each case,
the least electronegative atom 1s central, except for NHY where H cannot be
central In the case of the NH{ and SOj™ 1ons, the number of dots reflects the
loss or gain of electrons as required by the charge on the 1ons In three cases
(BCl,, ClFa’,aHd PCL,) the octet rule has been vigla eq go the central atom, but
it 1s not possible to rectify this i)ecause the ﬁgangs gal aiogens n tﬁus case) are
not able to form multiple bonds If both the hgands and the central atom never
violated the octet rule, there would always be just four pairs of electrons
around the central atom, and all molecular structures would be tetrahedral It's
because there are so many exceptions to the octet rule for the central atom that
there are so many different shapes of molecules

The halogens and boron can form only single bonds The oxygen-family



121

ol cl c P ClI -
B cl
ol - P Cl
cl.
o [y
0SSO0 IH N HI F C F
o | H F
FIGURE 9-1

Electron-dot structures.

atoms may form two single bonds or one double bond. The nitrogen-family
atoms may form three single bonds, a single and a double bond, or a triple bond.
The carbon-family atoms can form four single bonds, two singles and a double,
one single and a triple, or two double bonds. For our first examples, we exclude
molecules or ions in which multiple bonds can be invoked in order to make the
central atom obey the octet rule.

Electron-Pair Geometries

As we discuss the electron-pair geometries for the molecular systems with two
or more pairs of electrons, imagine each pair of electrons to be attached to M by
a weightless string that permits free movement within the confines of the tether.
Under these conditions it would be natural to expect that, with only two ~#ch
pairs of electrons, the pairs would be diametrically opposite each other with M
in the center. Within the confines of the string, any other position would bring
them closer together, in a more repulsive condition. Thus, when there are only
two electron pairs around M (that is, when /> = 2), the electron-pair geometry is
always linear (that is, the angle, p-M-p, is always 180°). The letter p refersto a
single pair of glegﬁ‘reo?s. o . -

When P — wo most likely electron-pair geometries are a A-pyramid
with M at the apex, and a A-coplanar structure in which M lies at the center of
an equilateral triangle and in the same plane as the electron pairs, which lie at
the comers of the triangle. A little reflection quickly leads you to the A-coplanar
structure as the one with less electron-pair repulsion, for the electron pairs are
farther apart in this configuration. The p-M-p angle is 120°.

When P = 4, the two most likely electron-pair geometries are a [>-coplanar
structure, in which M lies at the center of the square and in the same plane as
the pairs of electrons, which lie at each corner of the square; and a tetrahedral
structure with M at the center of the tetrahedron outlined by the four pairs of
electrons, one pair at each apex of the tetrahedron. Again, for a given length of
string, the pairs of electrons will be farther from each other in the tetrahedron,
in which the p-M-p angle is 109 28’ than in the S-coplanar structure, where
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TABLE 9-2
Guidelines for Determining Electron-Pair Geometry
Number (P)
of electron Electron-pair geometry Hybrid orbitals
palrs (see pp 121-132) (see pp 135-136)
2 Linear sp
3 A-Coplanar sp!
4 Tetrahedral spt
5 A-Bipyramidal sptd
6 Octahedral (same as -bipyramdaly dispt OF 55519+
7 Pentagonal bipyramidal spid+
8 -Antiprism {or distorted dodecahedral) d'sp

the p-M-p angle is 90°; the tetrahedral electron-pair geometry thus will always
be\sﬁgic[t)ed gltﬁeg(e)ucro aelrt%) ?nflgliﬁﬁgfe posmblhtles of (1) apentagonal-coplanar
structure or (2) a A-bipyramid formed by placing two triangle-based pyramids
base-to-base, with M centered in the plane where the two bases come together.
Again, for a given length of string, the repulsion between the electrons will be
greater in the coplanar pentagon, where the p-M-p angle is 72°, than in the
A-bipyramid, where the p-M-p angle is either 90°, 120° or 180°, depending on
which two pairs of electrons are under consideration. The A-bipyramid will
always be the expected electron-pair geometry.

At least three reasonable electron-pair geometries might occur to you for the
P = 6 case. They are (1) a coplanar hexagon (with M centered in the plane), (2)
a triangular prism (two triangular pyramids, apex-to-apex, with base edges
parallel to each other and M located at the apex-to-apex contact), and (3) an
octahedron (a (-bipyramid formed by placing two square-based pyramids
base-to-base with M centered in this base plane). The same arguments used
above lead to the conclusion that, when P = 6, the expected electron-pair
geometry will always be the octahedron. Note that all the p-M-p angles be-
tween adjacent p positions are the same, 90°, which means that all the
electron-pair positions are equivalent in the octahedron, in contrast to the
nonequivalent positions in the A-bipyramid.

Having established the electron-pair geometry for the common numbers of
electron pairs, we note that, in the more complicated case when P = 7, the
expected electron-pair geometry is a pentagonal bglp?framld with M centered in
the common pentagonal base plane. And for P hree electron-pair geomet-
ries are possible: a cube with M at the center; a square antiprism (two square-
based pyramids, apex-to-apex, with the base of one rotated 45° relative to the
other, and M located at the apex-to-apex contact); and a distorted dodecahedral
arrangement. The square antiprism and the distorted dodecahedron are about
equally probable and involve less electron-pairrepulsion than the simple cubic.
The number of compounds in which M has P = I or P = 8 is actually rather
limited.
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Molecular Geometries

Now, let us look at molecular geometries or shapes. These are determined by
the number (BP) of electron pairs that are used as bond pairs, for these bond
pairs will lie in molecular orbitals between M and L (the ligands) in positions
determined by £. as we have just discussed. The total number of pairs often
(usually) will be equal to the number of ligands attached to M. When this is true
(that is, when P --= BP), the molecular geometry will be identical to the
electron-pair geometry. In the sketches, the electron-pair geometry is shown by
shaded planes, and bond pairs of electrons by solid lines. The lone pairs (/.£’yof
elevcvt;(:rl]sparf Showr}lave a tr1v1a1 case (such as ;. in which H is considered to
be the central atom), in which the only pair is of necessity a bond pair or there
would be no molecule at all. The shape is typical of all diatomic molecules
regardless of the number of electron pairs—it is a "dumbbell” molecule.

When P = 2, as in BeCly (Figure 9-2), the molecular geometry is linear,
because both pairs are bond pairs repelling each other at 180°.

Be Ch Be. Ct
Linear

FIGURE 9-2
Linear molecule.

The compound SnCl,. which appears superficially to be similar to BeCL.
actually is ditferent because P 3, which leads to a triangular coplanar
electron-pair geometry. Here, however, BP = 2 and LP = [. and the net result

is that SnCls is an angular molecule (Figure 9-3) rather than a linear one.

Sn Sn
i / \C( Cf/ \Cf

Angular

FIGURE9-3
Angular molecule.

A triatomic molecule is never called triangular or planar, even though it
always is both; it always should be called either linear or angular. In either
case, the three atoms will lie in the same plane, because any three noncollinear
points always determine a plane.

Boron trichloride also has three electron pairs (P = 3), but all three are bond
pairs and the molecule is triangular-coplanar (Figure 9-4).
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Triangle coplanar

FIGURE 94
Triangular-coplanar molecule.

For CCl,. with P = 4, the molecular structure is tetrahedral with C at the
center, because BP also is 4 (Figure 9-5).

Ct

C/%c _— C\\o

Cl
Tetrahedral

FIGURE 9-5
Tetrahedral molecule.

The ammonia molecule is another in which # = 4, but the molecule is called
pyramidal, not tetrahedral, because there are only three bond pairs (Figure 9-6).
At the apex of the pyramid is the N atom, and the lone pair of electrons

Pyramidal

FIGURE 9-6
Pyramidal molecule.
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occupies a tetrahedral position in the electron-pair geometry. The term
"pyramid” is applied to irregular tetrahedra, the term "tetrahedron" only to
regular (equal-edged) tetrahedra. . .
Still another type of molecule exists for £ = 4 Water is an example (Figure
9-7). Here, BP = 2, and LP = 2. The net result is an angular molecule with the
two lone pairs occupying tetrahedral positions in the electron-pair geometry.

\

H

H / Ov H /// o\

Angular

FIGURE 9-7
Angular molecule.

Note the change in molecular geometry that occurs when a proton (H- with
no electrons) is bonded to an NH, gr an H,0 lecule thraueh.a coordina
covalent bond to form NH* or H,0 *; I each, P dif gquaels Q,Qmﬁqhe n m%er 6?
bond pairs has increased (Figure 9-8).

Tetrahedral

Pyramidal

FIGURE 9-8
Tetrahedral molecule (left) and pyramidal molecule (right).

A common type of molecule is exemplified by PCl.. in which P = 5. Because
all of the pairs are bond pairs, it follows that the molecular geometry will be the
same as the electron-pair geometry, a A-bipyramid (Figure 9-9). Note that all of
the P-Cl bond distances are the same, but that the CI-Cl distances (not bonds)
are greater between any two Cl atoms in the plane than between an apical Cl
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Cit Ci
Cl Cl
Cl\p/ CI\\P/
. N
Ci Ci

Triangular bipyramid

FIGURE 9-9
Triangular-bipyramidal molecule.

and a CI atom in the plane. Up to this point, it has made no difference to
molecular shape which pair of electrons in a given set of electron pairs was used
as a lone pair. But when the electron-pair positions are not equivalent, then the
lone-pair positions are all-important in determining the molecular shape.

A bond pair of electrons has a less effective negative charge than a lone pair,
because the former's charge is more reduced by its lying between two positive
nuclei than the latter’s charge is by its being attached to only one nucleus. As a
result, we would expect a lone-pair-lone-pair repulsion to be greater than a
lone-pair-bond-pair repulsion, and this in turn to be greater than a bond-pair-
bond-pair repulsion. That is,

LP-LP > LP-BP > BP-BP

To simplify the application of these differences in repulsion to the determination
of molecular shapes, we can, for practical purposes, ignore the repulsions be-
tween pairs of electrons that lie at angles greater than 90° to each other in
comparison with those that lie at angles of less than 90°.

Let us apply these principles to the molecule TeCl,. jn which P = 5. B8P = 4,
and LP = I. Two molecular shapes are possible (Figure 9-10). The one that
actually exists is the one with the least repulsion between the electron pairs.

Model (a) has 3 LP-BP repulsions at 90° and
3 BP-BP repulsions at 90°;

Model (b) has 2 LP-BP repulsions at 90° and
4 BP-BP repulsions at 90°.

In both models, all other repulsions are at angles greater than 90° and can be
ignored. Because LP-BP repulsion is greater than BP-BP repulsion, it follows
that (b) has less electron-pair repulsion than (a), and TeCl, has the shape of a
seesaw, as observed.
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Ci Cl
Cl
Cl\-l—e\\/ Cl\Te\//
Cl o
(a) cl (0

FIGURE 9-10
Two possible shapes of TeCl..

In C1F;. where P = 5, we have to make a more complicated decision involv-
1¢ three possible structures (Figure 9-11). We apply the same principles just
wed for TeCl,.

Model (a) has 6 LP-BP repulsions at 90°;

Model (b) has | LP-LP repulsion at 90°,
3LP-BPrepulsionsat90°, and
2 BP-BP repulsions at 90°.

Model (c) has 4 LP-BP repulsions at 90° and
2 BP-BP repulsions at 90°.

Aodels (a) and (b) both have more electron-pair repulsion than model (¢); hence

ve would choose the structure of CIt, to be a T-shaped molecule as in (c),
vhich in fact it is.

FIGURE 9-11
Three possible shapes of CIF

When P = 6.as in SF,. the structure is simple, because all the pairs are bond
>airs, and the molecular geometry is the same as the electron-pair geometry; it
s octahedral (Figure 9-12).
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F F
Octahedral

FIGURE 9-12
Octahedral molecule.

The problem is not significantly more diffic r a molecule such as IF..
where P alFO equa 1n (L), hut BP = }’(Im P u& 8 II1(3Ctr0n -pair geometry

that is octahedral, all positions are equlvalent and it does not matter which
position is occupied by the one lone pair. No matter how you look at it, [}, is a
[D-based pyramid with the I atom centered in the base (Figure 9-13).

F F

F
\ i N
{ / / I —
F/ \\ F—" \
{ F F
Square-based pyramid

FIGURE 9-13
Square-based pyramidal molecule.

Again, because all octahedral positions are equivalent, the shape of the ion
IC14 can easily be determined. Here, P = 6, BP = 4, and LP = 2. Note that one
electron was contributed to the central I atom by the negative charge on the ion.
The two possible structures are shown in Figure 9-14. We evaluate the mini-

mum repulsion as follows.

Model (a) has 8 LP-BP repulsions at 90° and
4 BP-BP repulsions at 90°
Model (b) has i LP-LP repulsion at 90°,
6 LP-BP repulsions at 90°, and
5 BP-BP repulsions at 90°.
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cl : ci | l‘
\l _— | \, _— ‘
CI/ \ CI/ \ ‘

(a) o))

FIGURE 9-14
Two possible shapes of ICl,

Offhand, the minimum repulsion in the two structures might seem similar,
but the decrease in repulsion by having the very strong LP-LP repulsion go
from 90° as in (b) to 180° as in (a) is so great that it more than compensates for
the smaller simultaneous increase in repulsion caused by having one BP-BP
repulsion at 90° as in (b) go to a LP-BP repulsion also at 90° as in (a). As a
consequence, ICl5is a 7-coplanar molecule as shown in (a).

A good example of a pentagonal-bipyramidal molecule is I1F;. where P = 7.
All the pairs are bond pairs. Figure 9-15 shows the structure.

Pentagonal bipyramid

FIGURE 9-15
Pentagonal-bipyramidal molecule.

SbBri~ has an especially irregular shape, which can be deduced from the fact
thatP = I withBP = 6 and LP = I. Note here that Sb has 5 valence electrons of
its own, and that three more have been contributed to it by the charge on the
ion. Of the two possible shapes in Figure 9-16, the irregular octahedron (b) is
more likely, as may be deduced from the following considerations.
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Model (a) has 5 LP-BP repulsions at 90°,
5 BP-BP repulsions at 72°, and
5 BP-BP repulsions at 90°.
Model (b) has 2 LP-BP repulsions at 72°,
2 LP-BP repulsions at 9 .
3 BP-BP repulsions at 72°, and
8 BP-BP repulsions at 90°.

The difference between the two models comes down to this:

Model (a) has 3 LP-BP repulsions at 90° and
2 BP-BP repulsions at 72°;

Model (b) has 2 LP-BP repulsions at 72° and
3 BP-BP repulsions at 90°.

Qualitatively, the difference is that model (a) has a partial LP-BP repulsion at
90°, and model (b) has a partial BP-BP repulsion at 90°. Because the LP-BP
repulsion is greater, we choose model (b).

TaF3# is a molecule that illustrates the situation for P = 8 and BP - 8. The
electron-pair and molecular geometries are the same, corresponding to a square
antiprism. A :-antiprism can be thought of as two “i-hascd pyramids, apex-to-
apex, with the central atom (Ta in this case) located at the junction of the
apices, and the base edges not parallel. The simplest way to visualize this
structure is to imagine the central atom at the center of a cube, with the ligands
at the eight corners. Any two opposite faces can be thought of as the bases of
the two ! -based pyramids. Choose two opposite faces and then rotate one of
them 45° with respect to the other, keeping them parallel. The resulting figure is
a -antiprism in which the ligands (and therefore the bond pairs) are farthest
away from each other. Figure 9-17 illustrates the structure for TaFl~ The

Br

FIGURE 9-16
Two possible shapes of SbBi.
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7

[\

! F

| — J—

FIGURE 9-17
Square antiprism molecule.

distorted dodecahedron that sometimes occurs for P 8 is too difficult to
illustrate in a clear manner, sO we ignore it here.

Another consequence of the unequal repulsion between lone pairs and bond
pairs of electrons is the distortion of the molecule from the perfectly regular
geometric shapes we have discussed. In CCl,. the Cl=C-Cl angle is the tet-
rahedral value 109 28'. as expected. In NH.. however, the H-N-H angle is only
106°45": the distortion is caused in part by the stronger LP-BP repulsion forcing
the H atoms closer together against a weaker BP-BP repulsion. The same effect
can be seen in

SnCl,. where the C1-Sn-Clangle is less than 120°

H,O. where the angle is only 104 27" (instead of 109 281

TeCl,. where the two apical ¢! atoms are not quite linear with respect to Te,
and the two Cl atoms in the plane have a CI-Te-Cl angle of a little less
than 120°;

CIF;. where the T-shaped molecule has a bent cross to the T;

IF; molecule, where the I atom is slightly below the plane of the four F
atoms; and so on.

Not all of these distortion effects can be ascribed to differences in LP-BP and
BP-BP repulsions. Some distortion is due to differences in electronegativity
between M and the ligands. If the two have equal electronegativity, then of
course the bond pairs are shared equally between M and L. If M is more
electronegative than L, however, the bond pairs will be held more closely to M.
But as they are drawn closer to M, the bond pairs also are drawn closer to each
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other and, in an effort to reduce this added repulsion, they tend to widen the
angle between them. The net result is a distortion. Compare the following sets
of bond angles, which reflect both the differences in LP-BP and BP-BP repul-
sions, and the differences in electronegativity between M and L (H-M-H angles
are cited):

NH,. 10645 : PH, 9350°: AsH,. 9135 ShH,. 91 30
H,O. 104270 H,S. 92 20

If the ligands are more electronegative than M, then the bond pairs are drawn
farther from M and away from each other, a situation that assists the lone pair
in making the L-M-L angle smaller as it operates against this weaker BP-BP
repulsion. FOﬁ example, compare NH, (106 45" with NF; (10299, 454 H.O
(104 27 Y OF, Gor 3o,

Multiple Bonds

If you were asked to draw the electron-dot formula for CH.O you might be
tempted to draw the structure shown in Figure 9-18(x). which would have the
A-coplanar structure shown in Figure 9-18(b). This is an incorrect structure

H
H
HCO: c 0
H
@) {b)
FIGURE 9-18

An incorrect structure for CH.O

because the predicted C-O distance is 1.43 A (compared to the observed value
of 1.23 A), and because C does not obey the octet rule in this structure, whereas
it could satisfy the rule by forming a double bond with O. One of the lone pairs
on O can become a bond pair, as shown in Figure 9-19(a). The four electrons in
the C=0) double bond count as belonging to both C and O, so O still obeys the
octet rule and now C does also. According to prediction rule #2(b) (p 119), a
multiple bond counts as only one pair of electrons, so the structure in Figure
9-19(b) is still A-coplanar (not tetrahedral). but the C=0O distance is now pre-
dicted to be 1.22 A, in close agreement with fact.
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tH

(a) (]

FIGURE 9-19
A correct structure for CH,0.

In general, you should always follow the procedure just described when the
central atom does not obey the octet rule and the ligands are able to form
multiple bonds (see p 121).

PROPERTIES OF MOLECULAR ORBITALS

Resonance

A surprising thing is noted when we examine interatomic distances for certain
ions and molecules, such as CO:~ NO:. or Cille. If we draw the usual
electron-dot formulas for these, we get the structures shown in Figure 9-20.
Using Table v-1. we would say that in ('O there are one C=0 bond of length
1.22 A and two C-O bonds of length 1.43 A; in NO).. one N-O bond of length
1.36 A and one N=0 bond of length 1.15 A; in C.H.. three C-C bonds of length
1.54 A and three C=C bonds of length i.3%4 A. In o wilfact, all the bond lengths
in any one of these three molecules are the same; for ¢ O3 all lengths are 1.30
A; for NOj they are 1.24 A; and for (';H  they are 140 A. These values are very
close to the weighted averages of single and double bond lengths. It appears
that, in such molecules or ions, there is no real preference for single or double

o) Q
c O N ¢
0
0 c
L | H C H
H
FIGURE9-20

Electron-dot formulas.
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bonds to be located between any specific atoms. How should this situation be
described? Pauling suggested that the actual state of the molecule is a resonance
hybrid of all the separate forms that can be written in the classical way. The
principal resonance forms for our three examples would be those shown in
Figure 9-21.

It must be emphasized that none of these resonance forms actually exists, but
the superposition of all of them for a given molecule serves as a good represen-
tation, and shows that each bond possesses both single-bond and double-bond
characteristics.

N S R C
co- c=o0 . c 0 ’ © -

NO | N : N I
]
|
L B |
! H H
! I
H ( M H PER H
- ¢ «C ¢
¢ I [ \ I
¢ PR ¢ C
- N ST
H e b cr H
. H H
FIGURE 9-21

Resonance forms.

A Molecular Orbital Description (Sigma Bonds)

So far we have looked at molecular orbitals in a simplified way as electron pairs
that try to seek locations of minimum potential energy. Now that double bonds
are under consideration, it will pay us to examine in greater detail the charac-
teristics of both atomic and molecular orbitals. You recall that an atomic orbital
is a volume element oriented with respect to the nucleus of the atom where
there is a high probability of finding (at the 11051 ) two electrons that are identi-
cal in quantum numbers except for direction of spin. The orbital of each type of
electron (s, p, <. etc.) has a characteristic shape and orientation.

One important type olimolecular orbital is regarded as being formed from the
"end-overlap" of two atomic orbitals (one from each atom). Iftwo electrons (of
opposite spin) fill this molecular orbital (one from each atom, or two from one
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FIGURE 9-22
HC! molecular orbital.

and none from the other), a bond will be formed. In HC'I the molecular orbital
could be regarded as the end-overlap of the half-filled + orbital of H with the one
half-filled p orbital of Cl (Figure 9-22). In Id, the molecular orbital is the
end-overlap of two hulf-tilled p orbitals (Figure 9-23). In making an \H , ion

& & - Cl —_— ! -~ !
v:ﬁ 2 ¢ 1 c
FIGURE 9-23

ICl molecular orbital.

from H+ and NH,. the new bond is the molecular orbital resulting from the

end-overlap of the empty s orbital of H- and the filled (lone-pair) molecular

orbital of NH (Figure 9-24). These end-overlap molecular orbitals are called cr
(sigma) bonds.

& %N *ﬁ%Nf——H N

FIGURE 9-24
NH, molecular orbital.

Hybridization

There is an alternative to resonance as the explanation of why all the bond
lengths are the same in molecules such as C O+ . NO, . and C.H.,: it is known as
hybridization of atomic orbitals to give molecular orbitals. Basically, hybridiza-
tion is a mathematical operation that considers molecular orbitals to be made of
atomic orbitals in whatever way is needed to give the minimum potential energy
(the minimum electron-pair repulsion and the most stable arrangement of
atoms). The mathematical result leads to a definite geometrical arrangement of
molecular orbitals that are identical from the standpoint of bond length and
bond strength. We shall illustrate the method qualitatively by showing, for a
given atom, three different ways to hybridize its v and ;> atomic orbitals of the
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same principal quantum number to give three different kinds of molecular orbi-
tals. A basic principle involved in all hybridization processes is that you will
always get the same number of molecular orbitals as the number of atomic
orbitals that were used. At the moment we shall hybridize atomic orbitals
without regard to the element involved or the number of electrons that are
available.

In each of the following hybridizations we shall deal with one + and three p
atomic orbitals. When we don't hybridize all of them, we must consider how the
resulting molecular orbitals are related to the atomic orbitals we don't use.

I. Hybridize one s and tftlree tomic orbitals t .gelt‘
(a) four identical @ (etrahedral molecular orbitals

2. Hybridize one s and two atomic orbitals to g
(@) three identical Sp> éjo 10  —coplanan mo?ecular orbitals, and

(b) one atomic p orbital perpendlcular to the A plane.

3. Hybridize one « and one ;» atomic orbital to get
(a) two identical sp digonal (linear) molecular orbitals, and
(b) two mutually perpendicularatomic p orbitals that are perpendicular
to the line of molecular orbitals.

If you refer back to the earlier figures in this chapter, you can see that,

henever P == 4 (correspondjn dral electron-pair geometry),
:vvere aZtually it 1g(\/; : (Plecui Igoerta $ o?tﬁe central atdm to gﬁ {49 é p}é?r%
and/or to end- overlap with ligand orbitals so as to make the molecular orbitals
needed to old b% airs. Sunllarlg A-coplanar electron-pair geometly Sl

. molecular orbital§, and linear électron-pair geometry ‘uses-sp motecula
orbltals. These orbitals often are described as > ;> -. and sp without further
description because the symbolism itself implies hybridization (and the number
and kind of each atomic orbital used) as well as the geometry involved. These
are summarized in Table 9-2.

The other electron-pair geometries that are listed in Table 9-2 are also related
to specific hybrid molecular orbitals, but they are more complicated because
they involve «/ orbitals as well a~« andp. In every case, the « and» orbitals are
of the same prigpalogy 1Y M sBEMACHy BA WMo Af Bhe 05 YRRl palligiethfirst
(as in o 4p
numbepRnerhassishar el sand pridé thgldgsvmanh it Jited at the end (as in
AT

A Molecular Orbital Description (Pi Bonds)

When the unhybridized p atomic orbitals that are associated with sp- and sp
molecular orbitals contain no electrons, we need not worry about them. But
every time you draw an electron-dot formula that involves a double or a triple
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bond, you must take these atomic p orbitals into account because they contain
electrons. Let's say that M and L form a «bond by the end-overlap of two o °
molecular orbitals (one from each atom). This pair of electrons will be localized
between M and L. Now, if the A planes of M and L both lie in the same plane,
the p orbitals that stick out perpendicularly above and below each of the A
planes will side-overlap and then merge to form a/c/ocaliz«d molecular orbital
consisting of two "clouds" parallel to the plane, one above and one below
(Figure 9-25). It is a delocalized orbital (called a = orbital) because, if any
electrons are in this orbital, they will be spread out or delocalized with time
over both M and L; they will no longer be localized on either of the atoms i~
electrons. Any double bond can be considered as composed of one cr bond and
one m bond—the cr bond localized between M and L, and the +« bond de-
localized with one electron on each side of the plane. The atoms ::* both ends of
a double bond must use sp- orbitals.

A triple bond has an analogous interpretation. Using N. ¢ N N as an
example, first imagine the end-overlap of one sp digonal orbital from each N
atom to form a a bond localized between the atoms. Then, orient the pairs of
atomic p orbitals on each atom so that they are parallel. I'hesc p orbitals will
side-overlap and merge to give two sets of delocalized = orbitals mutually
perpendicular to each other (Figure 9-26). Each N atom will hold its lone pair in
the sp orbital that isn't used to make the cr bond, and the remaining four
electrons will be located in the 7 clouds to form =7 bonds, with one electron in
each of the four delocalized clouds. Any triple bond can be considered as being
composed of one localized cr bond and two delocalized = bonds. The atoms at
both ends of a triple bond must use ;> orbitals.

o bond
o bond.

M L ™M {.
A
Side view
M t Top view M -
FIGURE 9-25

Double bond.
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FIGURE 9-26
Triple bond.

Because = bonds always are oriented parallel to the cr bonds with which they
are associated, it follows that the molecular shape will be determined solely by
the number of cr bonds that the central atom has. It is understandable, there-
fore, why predictive rule #2(b) on p 119 states that only two electrons of a
multiple bond can be used to calculate the number of electron pairs around the
central atom.

In those molecules or ions where resonance is involved (see Figure 9-213)--in
CO37. for example—it isn't possible to say that one oxygen atom will be in-
volved in a double bond and the other two in singles. We must treat all of them
the same way, as though they all participate in double-tg)on(}sformation. In othgg

words, all of the O i\toms 1must u%e ,sy?z A»codalszn* orbita b uzlng gne Fo enh
overlap with agrbli) -coplanar orbital from C to form a cr bond, and using the

other two s tals to hold lone pairs. Because all four atoms are using -

orbitals, each one has an atomic p orbital perpendicular to the plane that will
side-overlap with the others and merge into two gigantic 77 clouds parallel to the
plane of the C'O3". one above the plane and one below (Figure 9-27). The planar
CO3% ion will be like the hamburger patty between two halves of a hamburger

bun (the w clouds). The (O3 ion has 24 valence electrons that must be ac-

o

Plane of atoms

7 bond
Coplanar side-ovetlap = molecular orbital
of 4 atomic p otbitals with 3 electrons above
plane and 3 below
Top view Side view

{bottom view the same}

FIGURE 9-27
The TT molecular orbital of CO-
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N N.
o o o~ o // O N—0 \
/
Coplanar side-overlap =~ molecular orbital P'?”;Sf
of 3 atomic p orbitals with 2 electrons above ~ 2'© ~ bond

plane and 2 below

Top view Side view
(pottom view the same)

FIGURE 9-28
The 77 molecular orbital of NO.

counted for (Figure 9-20). Six will be involved in the three C-O « bonds, 12 will
be held as lone pairs in sp - orbitals of the O atoms, and the remaining six will be
delocalized in the 7 bond (three below the plane and three above).

Likewise for the NO), ion, the two O atoms must be treated the same way as
participating in double-bond formation. All three atoms must use sp- orbitals,
with end-overlap between each O and N to form cr bonds. And of course the
three p orbitals that rise perpendicularly from their common plane will side-
overlap and merge to give a delocalized split-banana-shaped 7 molecular orbi-
tal, with one half-banana above the plane of the molecule and the other half
below (Figure 9-28). Four of the 18 valence electrons are held in the two cr
bonds, 10 are held as five lone pairs in the sp- orbitals (two on each O, and one
on the N), and the remaining four are delocalized over the length of the mole-
cule in the 7 bond (two above the plane and two below).

In the case of CsHu. every C atom must use sp - orbitals because each one is at
the end of a double bond (see Figure 9-21). Each C will use two of its -
orbitals to end-overlap with its neighboring C atoms to make cr bonds, and its
third sp- orbital will be used to end-overlap with an » orbital of H to make a
third cr bond. In addition, each C atom has a p atomic orbital that stands
perpendicular to the plane of the molecule. These six atomic orbitals will side-
overlap and merge to form a massive = orbital, again like a hamburger bun,
with the planar CsHs hamburger patty sandwiched in between (Figure 9-29). In
accounting for the 30 valence electrons (Figure 9-20), we see that 24 of them are
used to form 12 crbonds (six C-C crbonds, and six C-H) and the remaining six
are delocalized over the entire molecule in the massive 77 molecular orbital
(three above the plane and three below).

Some additional examples of double-bonded molecules are shown in Figure
9-30. You should realize that the NO, and O, ;polecules involve resonance (and
therefore wbonds delocalized over the entire length of the molecules), for there
is no reason to believe that one bond in each should be single and the other
double. Both bond lengths in each molecule will be equal.

The N.O molecule illustrates the situation that exists when one atom is
involved in two double bonds, like the central N atom here. In order for the
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{bottom view the same})

FIGURE 9-29
The : molecular orbital of C,H.

central N atom to provide a p orbital for side-overlap for both the O and the
other N, it will be necessary for it to use sp digonal orbitals. The sp orbitals will
be used to make ¢ bonds, while the two remuiningp orbitals will merge to make
7 bonds.

The NO., molecule illustrates what must be done with a single unpaired
electron on the central atom [see predictive rule #2(c), p !19]. It must occupy a
molecular orbital but, unlike the usual situation, the orbital won't be filled. In

N—=N--o:
N ;
0 0 Linear
Angular
g 0
O 0
|c|) Angular
P
c . Cl
. H H
Ci
Tetrahedral c=c
/ \
H H
Coplanar

H H

H. CH
NP
\\

H H
Tetrahedral about each C

FIGURE 9-30
Examples of molecules with various bond characteristics.
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all respects the molecule w Iie 1de§t1 all tl(l)ﬁ e r\ﬁ), ion illustrated in ﬂ%ure
9-28, except that the . p’or Rat holdS a lone pair i ; wil

only asingle electron in NO.. This single electron will exert a repulsive effect on
the other bond pairs. but much less so than a complete lone pair. You would
expect the O-N-O) angle (134" by experiment) in NO, (o be greater than the
O-N-O angle (115 by experiment) in NO;3. for example. You can also see why
two NO, molecules will so readily react with each other to form N-Oy. o (o
half-filled lone-pair orbitals will end-overlap to form an electron pair « bon
between the two N atoms. In addition, the 7 clouds of each NO., will side-
overlap to make one gigantic = cloud delocalized over the whole plane of the
N0+ molecule:

Finally, we might comment on one other interesting property that is asso-
ciated with a double or triple bond. The = bond keeps the two halves of a
double bond from freely rotating about the « bond axis that joins them. This
property is of the utmost importance in explaining the shape and properties of
many organic compounds. In C,H,. the two =CH, eroups are unable to rotate

freely with respect to each other. ‘In . ‘i the two -CH, groups tendPtIo arrange
themselves to give an end-on view as in Figure 9-31. “Wwith each H atom at

maximum possible distance from the others. The activation energy for rotation
about the C-C bond i§ only 3 kcal mole. so that rotation occurs relatively
easily.

FIGURE 9-31
End-on view of C.H,

Complex lons

The complex ions that are studied in Chapter 25 consist of a metal ion acting as
the “central atom,” to which several ligands are attached. The metal ions
frequently are tranyiigBrmeiad nvings HalkYiahRraciented as haningdnstiphais
4s- (or AL of'd
outermost (3rd, 4th, or.5th) shell. In these complex ions, the pairs of electrons
by which the ligands are attached are all furnished by the ligands (thus each
ligand must possess at least one lone pair before reacting), and there are no lone
pairs on the central ion. Thus, the number P of electron pairs around the
transition metal ion'isjust equal to the number of ligands attached: the molecu-
lar geometry is the same as the electron-pair geomelry.

Although it makes no difference to the shape of the ion whether /=y forsp i~
orbitals are used (it is octahedral in either case), the properties of the resulting
two ions may be enormously different (color, paramagnetic susceptibility. and
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FIGURE 9-32
Molecular shapes of ZnCl; and Co{NH.}}°

strength of metal-ligand bond, for example). Just which of the two hybrid
orbitals is used will be determined by how many d electrons the central ion
possesses, and by the strength of the ligand field. Consult your textbook for the
details. One major exception may occur for those complex ions that have only
four ligands. If the central metal ion has cight « electrons, it is very likely that

th fi ill d in.a (Z-copl h h 1
© I brt orbitals. Some jofs Wi ot ORI BRETRY: Hie
are NiZ+ Pd=* Pt'—’ you must
If you seek to sketch the g iape ofute dansidiod inclaf! iomeNahaihat
first recognize that Znz- @ ot n¢’ I

and Co(NH, 3+ & complex 1ons Once this is established, you note that .

has four hgands and therefore four electron pairs with tetrahedral geometry,
with each bond pair coming from a chloride ion,

:(‘i:’
You also note that Co has six ligands and therefore six electron pairs with octa-
hedral geometry, with each bond pair coming from the lone pair on the ammonia
molecule,
N
AN
H H
H

Figure 9-32 shows the shapes of the complex ions.

PROBLEMS A

1. Sketch each of the following molecules or ions, and give approximate values
for bond angles, bond distances, and bond energies for those for which suffi-
cient data are given in Table v-1.
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(a) (O, IS, (k) NOLCI (p) S04 (u) IC1,
S0 (g) NO); (D) Mot NoL o (q) ShI (V)Y \SS
((%58()-{ (h) NOF tm) Ik, )y NLO) (w) SO,
1y Xeb, (i) Sedl, (n) \IF (s) SIOL, () H,
(e) SO, Li) Sik? {01 OCN ORI (y) C.HC

(z) 1S1005 ),

PROBLEMS B

2. Sketch each of the following molecules or 1on~ and give approximate values

forbond angles.bond distances and bond energies for those for which sufficient
data are given in Table Y [

(2) .0 0 1o, (k) PO Brt-

(b) SO? (g) SnS: NRNUES 2w, fa9 10
() 100, (h) 1101, G W (1) SN (wy €T
(d) ,\1‘(); (i) (,)()( I, (n) IeN (s) I, (x° /1l
(e) N, 01 POL (0 1oL () TBo AL

@;M%uﬁ



10

Stoichiometry |: Calculations
Based on Formulas

A chemical formula tells the numbers and the kinds of atoms that make up a
molecule of a compound. Because each atom is an entity with a characteristic
mass, a formula also provides a means for computing the relative weights of
each kind of atom in a compound. Calculations based on the numbers and
masses of atoms in a compound, or the numbers and masses of molecules
participating in a reaction, are designated stoichiometric calculations. These
weight relationships are important because, although we may think of atoms
and molecules in terms of their interactions as structural units, we often must
deal with them in the lab in terms of their masses—with the analytical balance.
In this chapter, we consider the Stoichiometry of chemical formulas. In follow-
ing chapters, we look at the stoichiometric relations involved inreactions and in
solutions.

WEIGHTS OF ATOMS AND MOLECULES

The masses of the atoms are the basis for all stoichiometric calculations. Long
before the actual masses of atoms were known, arelarive scale of masses, called
the aromic weighneale, was devised. Since 1961, this relative scale has been
based on the assignment of the value 12.00000 to the most common isotope of
carbon. The table on the inside back cover lists approximate values of the
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relative atomic masses. Because these relative masses represent ratios, they are
dimensionless. The atomic masses of the different elements can be expressed in
various units, but the ratios of the masses will always be the same as the ratios
of these relative masses.

With an established scale of relative atomic weights, it is simple to compute
the relative molecular weights on the same scale. All you have to do is take the
sum of the relative masses of the atoms that make up the molecule. Thus, the
relative molecular weight of HuSOyis (9 x 1.0) 4 (1 4 32.1) 4 (4 x 16.0) = 98.1.
With more accurate values of the relative atomic weights, the value is found to
be 98.07. Regardless of the mass units used, the masses of the H atom, the
O, molecule, and the H.SO,
1.0079:31.9984:98.07.

Ever since instrumentation has been sophisticated enough to determine the
masses of individual atoms in an indirect fashion, it has been possible to have a
list ofubsolute values of the atomic masses. The mass of an atom is incredibly
small; expressed in grams, these values are cumbersome to use in day-to-day
work and conversation. In recent years, this difficulty has been surm%unted by
using a special mass unit called a dalton (d): 1 d = 1.6604 x 107 g. This unit 1s
chosen so that the mass of the most common isotope of the carbon atom equals
12.00000 d. Thus, the absolute atomic weight of H is 1.0079 d, and the absolute
molecular wei_ghts of O, and H._>SO.4 re 31.9984 d and 98,07 d, respectively. Th
absolute atomic and molecular weights expressed i daltons (smgetlmes caﬁeg
the Dalton atomic and molecular weights) have the same numerical values as
the relative atomic and molecular weights, but they represent the ac tual masses
of the atoms and molecules involved; we can convert them to grams by multi-
plying by 1.6604 x 10~ g/d.

molecule will stand in the ratio of

THE MOLE

In the laboratory, we normally work with very large numbers of atoms or
molecules, usually with weights conveniently expressed in grams. Suppose we
have a certain weight of O and another certain weight of H:SO4% i¢1ho ratio of
these two weights is 31.9984:98.07, we know that each weight contains the
same number of molecules (because the weight ratio is the same as that of
individual molecules from the relative molecular weights). It 1s convenient to
use the relative atomic weight scale with values expressed in grams. Thus, the
gram atomic weight of H is 1.0079 g; the gram molecular weight of O, ig 31.9984
g; and the gram molecular weight of H,SO, 15 9807 ¢. These gram atomic or
molecular weights are also called mole weivhts. One mole weight of any sub-
stance must contain the same number of atoms or molecules as one mole weight
of any other substance. This quantity is usually called one mole of the sub-
stance. Note that the same numerical scales are used for relative, Dalton, and
gramn molecular weights; only the units are different.
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Relarive Dualton Gram
Molecule molecular v eights molecular weights molecular werghts
H 1.0079 1.0079 d/atom 1.0079 g/mole
(ON 31.9984 31.9984 d/molecule 31.9984 g/mole
H,SO, 98.07 98.07 d/molecule 98.07 g/mole

If a chemical formula states that one molecule of oxygen will react with two
molecules of hydrogen to form two molecules of water, we can immediately
conclude that one mole of oxygen will react with two moles of hydrogen to form
two moles of water. T hus we can readily determine the proportions of masses in
grams that will react on the laboratory scale.

The Dalton scale is particularly useful when describing enormous and com-
plicated biological structures, such as chromosomes, virus, mitochondria, and
ribosomes. The mass of such a structure can be stated in daltons, even though
the quantity of material available in the laboratory would normally be only a
very tiny fraction of a mole.

AVOGADRO'S NLUMBER

We have noted that one mole of a substance always contains a certain number
of molecules (or atoms), regardless of the substance involved. This number is
called Avogadro’s number (in honor of the scientist who first suggested the
concept, long before the value of the number could be determined). Using the
definition of the dalton and the scale of Dalton atomic (or molecular) weights,
we can readily determine the value of Avogadro's number. For example, we
have seen that the absolute molecular weight of O, ig 31.9984 d/molecule.
Therefore,

31.9984 g/mole , 1n2; molecules/mo
31.9984 d/molecule x 1.6604 x 10~ grd—6.0225 x 102 ETEERIERT fe

This value, of course, was determined experimentally and was used to define
the dalton: we have simply revegisrd sk CQPPHAHON fiTenoTRE ¥IHa &k A YRe
gadro's number, 6.023 x 102
fantastically large number of molecules you are dealing with every time you use
a gram molecular weight (mole weight) of a substance. Note that Avogadro's
number is numerically equal to the reciprocal of the dalton expressed in grams.
The term "mole" commonly 1s used to represent the number of molecules (or
atoms) in a quantity of material; that is, one mole of molecules = Avogadro's
number of molecules. In this sense, a mole is a dimensionless number, just as a
dozen means [2. For example, you could talk about a mole of caterpillars,
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meaning 6.023 x log;waterpillars. However, the number is seldom useful ex-

cept in talking about molecules or atoms. The metric prefixes commonly are
used to give such units as millimoles, nanomoles, or picomoles.

PROBLEM:
How many molecules are there in 20.0 g of benzene, C Hy?

SOLUTION:

First find how many moles of C¢Heg there are in 20.0 g, then use Avogadro's
number to find the number of molecules.

Mole weight of CiHs = (6 x 12,0 g/mole) 6 x 10 g/mole) — 78 g/mole

~n

g = 0.256 moles

“H. - —=
Moles of CsH = 78.0 grmole

Number of molecules = (0.256 moles}6.023 x 10** molecules/mole)
= 1.54 x 102 molecules

PERCENTAGE COMPOSITION

A chemical formula may be used to compute the percentage composition of a

compound; that is, the percentage by weight of each type of atom in the com-
pound.

PROBLEM:
Calculate the percentages of oxygen and hydrogen in water, H,O.

SOLUTION:

The formula shows that 1 mole of H;O contains 2 moles of H and 1 mole of O. The
mole weightis (2 x 1.0 g/mole) + {1 x 16.0g/mole) = 18.0 g/mole. This calculation
shows that there are 2.0 g H and 16.0 g O in 18.0 g H,0. Therefore,

20¢g
% H = IS.OgX 100 = 11.1%
16.0 ¢ X 100 = 88.9%
%o0= "8
18.0¢g

PROBLEM:

Compute the percentages of K, Fe, C, N, and H,O in K,Fe(CN);-3H,O crystals.
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SOLUTION:
The dot in the formula indicates that 3 moles of water are combined with | mole of

KFe(CN)gin the crystalline compound. The mole weight is (4 x 39-1 g/mole) . (I
x 55.8 g/mole) + (6 x 12.0 g/mole) + (6 x (4.0 gmole) + (3 x 18.0 g/mole) =
422.2 g/mole. Each of these weights per mole divided by the weight of a mole will

give the percentage, as follows. < 100 = 37.0%

4% 39.1g
7oK = 4] g
x 100 = 13.2%
%Fe = 5. g
4222 ¢
_6x 2.0g _
%C = W x 100 = [7.[%
6 x 14.0g
N=——"=: _
7 m22g ~100=199%
3 x {8B.0g
O — = [2.8
%H0 _ 22y x 100 %

CALCULATION OF FORMULAS FROM CHEMICAL ANALYSIS

When a new chemical compound is prepared, we do not know its formula. To
establish the formula, we find by experiment the weights ofthe various atoms in
the compound, and from these weights we compute the relative number of each
kind ofatom in the molecule. The formula so computed is the simplest formula,
not necessarily the true one. It is therefore called the empirical formula. For
example, we would find the empirical formula for benzene to be CH, whereas

the true formulais CeHe. T4 get the true formula from the empirical formula, we
must also be able to determine the molecular weight. (This is accomplished by

methods that we discuss later.)

PROBLEM:

A sample of chromium weighing 0.1600 g is heated with an excess of sulfur in a
covered crucible. After the reaction is complete, the unused sulfur is vaporized by
heating and allowed to burn away. The cooled residue remaining in the crucible
weighs 0.3082 g. Find the empirical formula of the chromium-sulfur compound
that formed.

SOLUTION:

This is a logical place to use Dalton atomic weights, because what we want to
know is the number of atoms in a molecule. Instead of using grams, use daltons
(d). Think ofthis experiment as having been performed with 1600 d of Cr to obtain
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3082 d of residue; the increase in weight was due to 3082 d - 1600d = {482d of S
combining with Cr. Then use the relative atomic weight scale in d/atom to get

. 1600 d

atoms of Crin 1600d 550 daom 30.8 atoms Cr
. 1487 d

atoms of Sin 1482d = — = 46.2 atoms S

32.1 d/atom

We could write the formula as CrsosS4.2, byt what we want is the simples! formula.
The proportions will be the same if wejust divide each of the numbers (subscripts)
by the smallest, to get

CrusSa: — CFSLS

0813 a6 2
0 e

This formula is unacceptable because it erroncously implies that we can split
atoms in chemical reactions. Therefore we multiply by 2 to get Cr,S;, the correct
empirical formula.

We could have thought of the experiment as being done with 0.1600 d of Cr and
0.1482 d of S; the final result would have been the same. By taking the larger
quantities we avoided the uneasy feeling you might have had when it looked as if
fractions of atoms were combining (0.00308 atoms of Cr and 0.00462 atoms of S).

PROBLEM:
A compound contains 90.6% Pb and 9.4% O by weight. Find the empirical
formula.

SOLUTION:

The results of analysis usually are given in percentages of the constituents. not in
terms of the amounts actually weighed (as in the last problem). This permits
comparison of results from different experiments. You recall that "percent"
means "per 100." We can say, then, that if we have 100 g of the compound, 90.6 g
is Pband 9.4 g is O. We can also say that if we have 100 d of compound, 90.6d is Pb
and 9.4 d is O. Using Dalton atomic weights we can easily find the number of atoms
in 100 d of compound, as follows.

. 90.6 d

atoms of Pbin90.6d = 2072 daom= 0.437 atoms Pb
. 94d

atoms of O in 9.4 d “—todeom 0.587 atoms O

As in the previous problem, we divide each of the numbers of atoms by the smaller
number to give
PbyiwO, = PbO, 44
We know that the subscripts must be simple whole numbers, a situation readily
obtained by multiplying through by 3 to give Pb;O .. tye correct empirical formula.
Frequently the fractional numbers that must be multiplied through by simple
integers do not yield ¢xactly whole numbers (for example, 3 x 1.34 = 4.02, not
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4 00) Do not worry about this Instead, realize that there will always be a little
experimental error that you wili have to allow for Normally. look for relatively
simple numbers for subscripts

PROBLEM:

Many crystalline compounds contain water of crystallization that 1s driven off
when the compound 1s heated The loss of weight 1n heating can be used to deter-
mine the formula For example, a hydrate of barium chloride, BaCl, vH,O,
weighing 1 222 g 1s heated until all the combined water 1s expelled The dry pow-
der remaining weighs 1 042 g Compute the formula for the hydrate

SOLUTION:
In solving this problem we seek the value of \ whose units must be moles of H;O

per mole of BaCl, Our objective, therefore, 1S to find the number of moles of each
in the given sample The 1 042 gresidue 1s anhydrous BaCl; and the loss 10 weight
1s H,O

Weight of H:O = 1222 g- 1042 - 0 180 g HO

From these weights we calculate the moles
= 0 00500 moles

1 042 g BaCl
Moles of BaCl, = £ bauz BaCl,
208 4 _gpatl,
mole BaCl,
) = 0 0100 moles
Moles of H,O __[_g : H,;0
180 g H.WU
mole H,0

We obtain x. the moles of H;O per mole of BaCl,. by dividing the moles ofH,,O
the moles of BaCl, to which the water 1$ attached to give

_ 00100 moles H,O  moles H,O
~ 000500 moles BaCl, = * mole BaCl,

and the formula for the hydrate 1s BaCl, 2H,0

DETERMINATION OF ATOMIC WEIGHTS

There 1S a simple way by which you can find the approxunate atomic weight of
an element It 1s described on pp 211-212 With this method, you determine the
specific heat of the element experimentally, then divide 1t into 6 2 (using the rule

of Dulong and Petit), the result 1s the approximate atomic weight. Even 1if you
didn't know the name of the element, you could use this approximate value

along with an accurate chemical analysis to find anaccurate value of the atomic

weight
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PROBLEM-
From a specific heat measurement, the approximate atomic weight of a metal (M)
1s found to be 135 A 0 2341 g sample of M 15 heated to constant weight 1n air to
convert 1t to the oxide The weight of the residue 15 0 2745 ¢ Find the true atomic
weight of the metal (and therefore 1ts identity), and determine the formula of the
metal oxide

SOLUTION:

Using the approximate atomic weight, we can try to find the empirical formula for
the metal oxide We can say that 2341 d of M combine with 2745 d - 2341 d = 404
d of O The number of atoms of each 1s

atoms of M =L1d: 17 3 atoms of M
135 d/atom
404 d n
= —_—T /g
atoms of O 16 diatom = 2 3 atoms of O

from which we derive the empirical formula to be

'
7

M O )= M‘_ ‘Oﬁ = MO, = MO,y

We find that our appiorvunatc atomic weight value yields a formula of M,0, .
which we know cannct be correct We alsc know that M,¢0,5 1S ynreasonable
What we perceive 1s that the formula 15 undoubtedly M,0, an4 that the apparent
error 15 undoubtedly caused by the approximate atomic weight Assuming that

M0, 1S correct and that the analysis 1 good, we can calculate the <OT1€Ct atomic
weight (X) as follows

02341 o 2 x X g/mole
t fraction of MO, = )
wt fraction of Mian MuOy = 5000 o - 3 X X gimole) « 3 x 160 g mole)
2X
S —— T
2X + 480

X = 0 853X + (0 853)(24 0)

(0 853)(24 0)

1-08%3 mole
The element must be lanthanum—not cesium o1 barium as seemed likely from the
approximate atomic weight This 15 further confirmed by the formula which

would have been Cs,0 for Cs 01 BaO for Ba La,O, agrees With the fact that La
has a valence of +3

X =

ISOTOPES AND ATOMIC WEIGHT

There 1s the implication 1n the first part of this chapter that all of the atoms of a
given element are the same and have the same mass Although their electronic
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structures and reactivities are the same, their masses actually may vary. These
different mass forms are called isofopes. It is because the percentage of each
isotope of an element is always the same throughout nature that the mass of
each atom of that element appears to be the same for all. The mass spectrome-
ter provides a means of accurately finding the percentage of each isotope and 1ts
actual mass. For carbon, for example, two isotopes are found: 98.892% of one
isotope whose mass is 12.00000 d/atom, and 1.108% of the other whose mass is
13.00335 d/atom. If we should take a million carbon atoms at random, then
988,920 of them would each weigh 12.00000 d and 11,080 of them would each
weigh 13.00335 d. The total weight would be

(988,920 atoms)( 12.00000 d/atom) = 11,867,040d

(11,080 atoms)(13.00335 d/atom) 144,080 d
Total weight of 108 2108 = 13 91y (20 9

170 d
OILDAA _yy 619 9
108 atoms atom

Average weight of one atom =

This average weight is the weight that «// carbon atoms appear to have as they
are dealt with by chemists. The average atomic weights for all the elements have
been determined 1n a similar way, and it is these averages that are listed in the
relative atomic weight scale inside the back cover.

PROBLEMS A

1 Find the percentage composition of (the percentage by weight of each element
in) each of the following compounds

(a) N,O (g) Na,S;0; SH,0
(b) NO (h) Ca(CN),

(c)NO, {1) {NH,CO,4

(d) Na,SO, () UONOy), 6H,0

(e) NasS;05

f k ic11li C Q,I lz,,O N,S
Penicillin 1 2
( NaQSO [OHZO ( ) 1Cc1ilin,

2 Whatis the weight of 1 00 mole of each compound 1n Problem '
3 How many moles are in 1 00 [b of each compound 1n Problem I’

4 Find the number of molecules in
(a) 250 ¢ H,0O
(b) 1.00 oz of sugar, C,,H,,0,
(¢) 1 00 microgram of NH,4
(d) S 00 ml of C(.I,, whose densi[y 151 594 g/ml

Note Problems concerning the determination of approximate atomic weights by the rule of
Dulong and Petit may be found in Chapter 14
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(¢) An aluminum rod 20.0 cm long and .00 cm in diameter. The density of
aluminum is 2.70 g/ml.

. In Friedrich Wohlier's Grundriss der Chemie, published in 1823. the atomic

weight of oxygen is given as 100. On this basis calculate the molecular weight
of NH{C]-

From the following analytical results (percentage by weight), determine the
empirical formulas for the compounds analyzed.

(a) 77.7% Fe, 22.3% O (f) 92.4% C, 7.69% H

(b) 70.0% Fe, 30.0% O (g) 75.0% C, 25.0% H

(c) 72.4% Fe, 27.6% O (h) 21.8% Mg, 27.9%P. 50.3% O

(d) 40.2% K, 26.9% Cr, 32.9% O (i) 668% Ag, 159% V, 17.3% O

(e) 26.6% K, 35.4% Cr, 38.0% O (j) 52.8% Sn, 12.4% Fe, 16.0% C,
18.8% N

Weighed samples of the following hydrates are heated to drive off the water,
and then the cooled residues are weighed. From the data given, find the
formulas of the hydrates.:
(@) 0.695 g of CuSO4 v H,0 gave a residue of 0.445 g
EZ; ?52?;; g Zg }I;{ti%\l(}?{;)(z))\}{f(}?{ gave a residue of 0.558 g

o 2 T Y gave a residue of 1.032 g

(d) 0.809 g of CoCly "¥H;O gave a Tesidue of 0.442 g
(e) 2.515 g of CaSO,-xH,0 gave a residue of 1.990 g

. Weighed samples of the following metals are completely converted to other

compounds by heating them in the presence of other elements, and then
are reweighed to find the increase in weight. The excess of the nonmetal is
easily removed in each case. From the data given, find the formulas of the
compounds formed.

(a) 0.527 g of Cu gave a 0.659 g residue with S

(b) 0.273 g of Mg gave a 0.378 g residue with N,

(c) 0406 g of L.i gave a 0.465 g residue with H,

(d) 0.875 g of Al gave a 4.325 g residue with Cl,

(e) 0.219 g of l.a gave a 0.256 g residue with O,

. From a specific heat measurement, the approximate atomic weight of a metal

is found to be 136. A 0.3167 g sample of this metal is heated to constant weight
in air to convert it to the oxide, yielding a residue that weighs 0.3890 g. Find
the true atomic weight of the metal.

The following values ofisotopic atomic weights and abundances are obtained

with a mass spectrometer. Compute the chemical atomic weights for the

elements involved. The isotopic weights are in parentheses.

() For neon: 90.51% (19.99872). 0.28% (20.99963). and 9.21% (21.99844).

(b) For sulfur: 95.06% (31.98085). 0.74% (32.98000), 4.18% (33.97710), and
0.02% (35.97800).

. Itis found experimentally that when a metal M is heated in chlorine gas, 0.540

g of M gives 2.67 g of metal chloride. The formula of the chloride is not
known.
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(a) Compute possible values of the atomic weight of M, for each of the follow-
ing formulas: MCI, MCl,, MCl;, MCl,.
(b) It is found by other methods that the atomic weight of M is about 27.
Which of the above formulas is the correct one?

12. A metal forms two different chlorides. Analysis shows one to be 54.1% Cl and
the other to be 64.4% Cl by weight. What are the possible values of the atomic
weight of the metal?

13. An organic compound containing C, H, O, and S is subjected to two analytical
procedures. When a 9.33 mg sample is burned, it gives 19.50 mg of CO; and
3.99 mg of H,O. A separate 11.05 mg sample is fused with NaxOu 04 the
resulting sulfate is precipitated as BaSO,. which (when washed and dried)
weighs 20.4 mg. The amount of oxygen in the original sample is obtained by
difference. Determine the empirical formula of this compound.

PROBLEMS B

14. Find the percentage composition of (the percentage by weight of each element

in) each of the following compounds.

(a) NH;, (g) (NHD,CrO,

(b) N,H, (h) CaCN,

(c¢) HNy (i) PtP,O,

(d) ZnINOy), ) BiONO,-H,0

(e) Zn(NOy), (k) Streptomycin, Cz2iHz50:.N+
() Zn(NO,), 6H,0

15. What is the weight of 1.00 mole of each compound in Problem 147

16. How many moles are in 1.00 Ib of each compound in Problem 14?

17. Determine the number of molecules in
(a) 50.0 g of mercury
(b) 0.500 Ib of chloroform, CHCl,

(c) 1.00 nanogram of HCI
(d) 25.0 ml of benzene, CHy. whose density is 0.879 g/m!
(e) a copper bar 1" x 2" x 24". The density of copper is 892 g/ml.

18. From the following analytical results (percentage by weight), determine the
empirical formulas for the compounds analyzed.

(a) 429% C, 57.1% O (f) 32.4% Na, 22.6% S, 45.0% 0
(b) 27.3% C, 72.7% O (g) 79.3% TI, 99% V, 10.8% O
(c) 53.0% C, 47.0% O (h) 25.8% P, 26.7% S, 47.5% F
(d) 19.3% Na, 26.8% S, 53.9% O (1) 19.2% P, 2.5% H. 78.3% 1
(e) 29.1%% Na, 40.5% S, 30.4% O () 14.2% Ni, 61.3% 1, 20.2% N,
43% H
19. Weighed samples of the following hydrates are heated to drive off the water,

and then the cooled residues are weighed. From the data given. find the
formulas of the hydrates.
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(a) 0.520 g of NiSO,-xH;O gave a residue of 0.306 g
(b) 0.895 g of Mnl,-x H.O gave a residue of 0.726 g

(c) 0.654 g of MgSO, v H,O gave a residue of 0.320 g
(d) 1.216 g of CdSO,-x H,O gave a residue of 0.988 g

(€) 0.783 g of KAL (SO, v H,0 gave a residue of 0.426 g

20. Weighed samples of the following metals are completely converted to com-
pounds by heating them in the presence of the specified elements, and then are
reweighed to find the increase in weight. The excess of the nonmetal is easily
removed in each case. From the data given find the formulas of the com-
pounds formed.

(a) 0.753 g of Ca gave a 0.792 g residue with H,
(b) 0.63% g of Al gave a 1.750 g residue with S
(c) 0.137 g of Pb gave a 0.243 g residue with Br,
(d) 0.211 g of U gave a 0.249 g residue with O,
(e) 0.367 g of Co gave a 0.463 g residue with P

21. The following values of isotopic weights and abundances are obtained with a
mass spectrometer. Compute the chemical atomic weights for the elements
involved. The isotopic weights are in parentheses.

(a) For magnesium: 78.70% (23.98504), 10.13% (24.98584), and 11.17%
(25.98259).

(b) For titanium: 7.95% (45.9661), 7.75% (46.9647), 73.45% (47.9631), 5.51%
(48.9646), and 5 34% (49.9621).

22. A metal forms two different chlorides. Analysis shows one to be 40.3% metal
and the other to be 47.4% metal by weight. What are the possible values of the
atomic weight of the metal?

23. A sample of an organic compound containing C, H, and O, which weighs
12.13 mg, gives 30.6 mg of CO; and 5.36 mg of H:O in combustion. The
amount of oxygen in the original sample is obtained by difference. Determine
the empirical formula of this compound.

24. A 5.135 g sample of impure limestone (CaCOy) yields 2.050 g of CO: (which
was absorbed in a soda-lime tube) when treated with an excess of acid. As-
suming that limestone is the only component that would yield CO,. calculate
the percentage purity of the limestone sample.
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In order for chemists to prepare and handle gases under a variety of conditions,
they must understand the relationships between the weight, volume, tempera-
ture, and pressure of a gas sample. Measurement of the first three of these
quantities is relatively straightforward. Because the measurement of pressure
can present some complications, we discuss it before we consider the interrela-
tionship of all four variables.

MEASUREMENT OF GAS PRESSURE

The most common laboratory instrument used to measure gas pressure is a
manometer, a glass U-tube partially filled with a liquid (Figure 11-1). Mercury is
the most commonly used liquid, because it is fairly nonvolatile, chemically
inactive, and dense, and it does not dissolve gases or wet (adhere to) glass.
Because mercury does not wet glass, its meniscus will curve upward instead of
down, and its position is recorded as that of the horizontal plane tangent to the
top of the meniscus.

Figure 11-1illustrates the measurement of gas pressure with a manometer. In
part (a), both sides of the mercury column are at the same pressure, and the
mercury level is the same in both tubes. In part (b), the righthand tube has been
evacuated and, as a result, the mercury has risen until the weight of the mer-
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FIGURE 11-1
Mercury manometer  (a) Atmospheric pressure in both tubes (b) Gas
pressure in flask, and vacuum in righthand tube.

cury column of height /i exactly balances the gas pressure in the lefthand tube.
When one side of the manometer is open to the atmosphere and the other side is
evacuated, the instrument functions as a barometer; this could be the arrange-
ment in Figure I1-1(b). with stopcock 2 opened to the atmosphere. At sea level
and a temperature of 0°C. the average barometric pressure corresponds to a
760.0 mm column of mercury. Such a pressure is designated as one atmosphere
(1 atm). It is necessary to specify the temperature when using a mercury man-
ometer, because mercury expands with an increase in temperature. Because of
the mercury expansion, a longer column of mercury will be needed at a higher
temperature in order to provide the same mass of mercury required to balance a
given gas pressure.

Various units are used to express gas pressures. Because pressure is defined
as force per unit area, one should employ units of force in measurements and
calculations. In practice, however, it is convenient to use units more directly
related to the measurements (such as the height of the mercury magpnares
column), or to use mass units per unit area (such as g/cm? O b in2).
work the commonly used unit is the sorr. defined as the pressure that will
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support a column of mercury exactly 1 mm in height at a temperature of 0°C. In
order to correct mercury manometer readings, H (in mm) taken at normal
laboratory temperatures (¢ in °C) to values P (in torr) that would have been
observed had the mercury temperature been 0°C, one can use the simple for-
mula

P = H\ at] (11-1)

if the scale is made of brass, ora = 1.72 x

where = 1.63 x [0~
g1 i the scale ts etche(f%n glass. Conversions from one set of pressure units

to others are illustrated in the following problems.

PROBLEM:

?;p_ress Safg)res 1srepe?f 1 at(g) ipyﬁggn}ferof t}ze following units: (a) grams per
cm?.

SOLUTION:

(a) We assume that the mercury column of the barometer has a diameter of (.60
cm. At a temperature of 0°C, the density of mercury is 13.60 g/ml, and the
column height corresponding to 1 atm is 76.00 cm

Cross-sectional area of column = ()0.30 c¢cm)?

Volume of mercury = (0 30 cm)¥(76.00 cm)

3)
Mass of mercury = (#}0.30 cm)%76.00 cm)(13.60 glem

{ atm = mass _ {(w}8-30-emm)¥(76.00 cm)(13.60 g/cm®)

area (K036’
1033 g/cm?

Note that the result does not depend on the cross-sectional area we assumed

for the mercury column, because this valuehcancels in the %omgutat 224
(b) To convert 1 atm to pounds per in2, W€ us¢ the approximate factors of

and 2.54 cm/in.

., = 2.54 c¢m Ib)
Pounds per in (1033 ) ( m) (“4 .

1 atm = 14.7 Ib/in?

(¢) To convert 1 atm to dynes/cm-, multiply the mass  grams by the accelera-

tion due to gravity.
. o - J
Dynes percm® — (1033 C%) k980 7 %)

1 atm = 1.013 x 10° dynes/cm?
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THE IDEAL GAS LAW

Every chemistry textbook describes the basic experiments that relate the vol-
ume of a gas sample to its pressure and Kelvin temperature. For a given quan-
tity of gas it may be shown, by combining Bogle s law (PV = k", at constant T)
and Charles' law (V = k'T, at constant P),

PTV= k (a constant) (11-2)

This equation predicts the behavior of gases very well except at relatively
low temperatures and at relatively high pressures. Just how low the tempera-
ture must be or how high the pressure must be before serious deviations from
this equation are observed will vary from one gas to another. Under extreme
conditions, these equations cannot be used without correction for the volume
occupied by the molecules themselves or for the attractive forces between
neighboring molecules. For every gas, conditions exist under which the mole-
cules condense to a liquid that occupies a fairly incompressible volume. A
hypothetical gas, called an ideal gas, would obey Equation 11-2 under all condi-
tions, and would possess zero volume at a temperature of 0 K. Most gases obey
this equation at normal temperatures and pressures.

Experiments have shown that one mole ofany gas (behaving ideally) at the
standard conditions of 760.0 torr (1 atm) and 273.2 K occupies a volume of 22.42
liters. These values make it possible to evaluate & for one mole of gas in
Equation 11-2:

liters\

1724 .
. _PV _ (1600 o)\ “mole) _ . taidiwr

* T ~ 2732 K

This constant, known as the "ideal gas constant,” is given the special symbol
R. Equation 11-2 would be written as PV = RT for one mole of gas; for the
general case of n moles, it becomes the important ideal gas equation,

PV = nRT {11-3)

When pressures are measured in atm, it is convenient to have the value of R
in these units too. This may be computed as before, but substituting | atm for P
in Equation 11-2.

( 21iters)
_PV _(1 atm) mole ape litET atm
k="7 132K = 0.08206— 5t k
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Some other frequently used values of R are

cal__

R = 1587 mole K

eros
= 14 x 107 :
83 0 mole K
The following problems illustrate a variety of applications of Equation [ 1-3
In each case the important thing to see 1s how the given situation 1s related to the
ideal gas law Don't try to think of each problem as needing a special equation;
learn to reason from the one equation

PROBLEM:
What 1s the volume of one mole ofany gas at room conditions (740 torr and 27°C)?
SOLUTION:
V= nRT
p
g v e

B (1 mole) (62 mole K) (300 K)

- 740 torr

= 25 3 liters
PROBLEM:

What will be the pressure exerted by anyv gas in a sealed vessel ifits temperature 18
raised to 200°C from 20°C, where 1ts pressure 1s 600 torr?

SOLUTION:

To avoid making a big production out of this problem, you need to realize that the
vessel 1s sealed Therefore, V and # are constant during this change, and Equation
['1-3 can be written as

nR

P, P,
== = ¢onstant
T, T, V

By substituting the given conditions and solving for P, " ° get

P.T, (600 torr

473
P, - 1. (299?(1() K) = 969 torr

PROBLEM:
What 1s the density of NH; gas at 67°C and 800 torr?
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SOLUTION:
De '[ = D = i
ISIY = 2% Viter
Weight = v = (n moles) (V o]e)
Therefore,

Equation {1-3 can be rearranged to give
L
V ~ RT

and thus density of anv gas will be given by

PM
D="—
RT

Taking the specific gas NHy (M = 17.0 g/mole) at the given conditions, we have

(800 torp (17 0
- \ mole 7 )o 641 _&_
( torr ll[CI‘) liter

(340 K)

PROBLEM:
What is the molecular weight of a gas if a 0.0866 g sample in a 60.0 ml bulb has a
pressure of 400 torr at 20°C?

SOLUTION:
Because the number of moles of a substance can always be calculated from its
weight (i) and mole weight (M)by

Y
Vf g/mole
Equation 11-3 can be written as
wRT
V=S
Rearranging and solving for M gives
torr liter
0.0866 (62.4 \
y - VRT ‘ g Y A I

PV (400 torr)(0.060 liter) " mole
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If the empirical formula of this compound had been found to be (CH,F) .. this mole
weight determination could be used to find the tr1r¢ formula. The mole weight of

the CHF unit is 33.0. The true mole weight must be some integral multiple (¥} of
33.0:

66.0

T 7330 ~

The true formula is C,H,F..

PROBLEM:
What is the apparent molecular weight of air. assuming that 1t contains 78%
nitrogen, 21% oxygen, and 1% argon by volume?

SOLUTION:

The apparent molecular weight of a gas mixture will be the total weight of the
mixture divided by the total number of moles in the mixture (that is, the average
weight of one mole of molecules). The ideal gas law, Equation [1-3, can't distin-
guish between gases; it works equally well for a pure gas or a gas mixture. For ¢
given temperature and pressure the volume of a single gas (A) is given by

R

Va= ”‘(P,

and for a mixture of gases (A, B. and C) by

1% {n n n)(ﬂ>
= A+ s + ¢ P

If you divide the first equation by the second, you get

Va Ny Ma H
A - "2 _ mole fraction
\% Ny + Np + 1t n

and conclude that, at a given temperature and pressure, the fraction (or percent-
age) of the volume occupied by each component is just equal to its fraction (o1
percentage) of the total moles present.

If we arbitrarily take 100 moles of air, the percentages by volume indicate thal

we have 78 moles of N, 21 moles of O2and 1 mole of Ar. We know the molecula
weights of the individual components, so we calculate the total weight as follows:

g
i . —| = 2184
78 moles of N, welgh (78 moles) (28 0 mOIC) = g
. ( g’
21 moles of Oz we]gh (21 mo]es)\l320 mo[e) = 672 g
i / L) -
1 mole of Ar weighs (1 mole) {40.0 o] = 40 g

Total weight of 100 moles = 2896 g
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AoNne -

Average weight of one mole =———— = 29.0 g_
100 moles mole

= apparent molecular weight of air

PROBLEM:

How many molecules are there in 3.00 liters of a gas at a temperature of S00°C and
a pressure of 50.0 torr?

SOLUTION:
If we find the number of moles of gas using Equation [i{-3. we can convert that to
molecules by using Avogadro's number.

PV (50.0 torr)(3.00 liters)

n === = I x {07 moles
RT torr liter
Y40
\6‘"4 mole K/ (773 K)
No. of molecules = (3.11 x 10~* moles) L6.02 X IO“mO ecu e_s_)
mole

- 187 x 102 molecules

DALTON'S LAW OF PARTIAL PRESSURES

The pressure of a gas is due to the impacts of the molecules on the walls of the
container. The greater the number of molecules, the higher the pressure. In a
gas mixture, the pressure that each gas would exert if it occupied the same
volume by itself at the same temperature is called the partialpressure. The ideal
gas law, Equation [ -3, can't distinguish between gases; it works equally well
for a pure gas or a gas mixture. For a given temperature and volume the
pressure of a single gas (A) is given by

RT
Po=n(5)

and for a mixture of gases (A, B, and C) by

P ={ns+ ng + 1) (RV—T)

If you divide the first equation by the second, you get

~

] n .
A= 7A ) - mole fraction
P ny + g + n
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and conclude that, at a given volume and temperature, the fraction (or percent-
age) of the total pressure exerted by each component is just equal to its fraction
(or percentage) of the total moles present. Thus, to draw on a previous problem,
if we know that 21.0% of the moles of air is O,, we know that 21.0% of the air

pressure is due to O,. If the barometric pressure is 740 torr, then the partial
pressure of O, ig

Py, = (0.210)(740 torr) = 155 torr

A corollary of this observation is Dalton’s law of partial pressures, that the
total pressure (P) of a gas mixture is equal to the sum of the partial pressures of
the components, i.e.,

P:PA+PB_+_PC+... (11

In the laboratory work of general chemistry, we have important applications
of partial pressures. Gases (such as oxygen) that are not very soluble in water
are collected in bottles by displacement of water. As the gas bubbles rise
through the water, tney become saturated with vapor, and the collected gas is a
mixture of water vapor and the original gas. When the bottle is filled, it is at
atmospheric pressure, or

Pgas + Puyo = barometric pressure = Pp

To obtain the partial pressure of the gas (Pgas), we must subtract the water-
vapor pressure from the barometric pressure

Peas = PB ~ Py

Fortunately, water-vapor pressures are known accurately over the entire liquid
range of water (see Table 11-1) and do not have to be determined experimen-
tally each time.

When gases are collected over mercury, no correction is needed for the vaIp%r
pressure of Hg because it is so small (about 2 x 1073 torr at room temperatute).
Collection over Hg has the further advantage that gases are insoluble in it.
Disadvantages are its high cost and the toxicity of its vapor.

PROBLEM:

A 250 ml flask is filled with oxygen, collected over water at a barometric pressure
of 730 torr and a temperature of 25°C. What will be the volume of the oxygen
sample, dry, at standard conditions?

SOLUTION:
Changing the temperature and pressure of a gas sample changes only the volume,
not the number of moles (that is, n remains constant). As a consequence, the ideal
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TABLE 11-1
Vapor Pressures of Water at Various Temperatures

f (°C} P {torr) t{C P (torr) f (C) P (torr)

0 458 15 128 29 300
1 493 16 136 30 318
2 529 17 14 5 31 337
3 569 18 1565 32 357
4 610 19 165 33 377
5 6 54 20 175 34 399
6 701 21 187 35 422
7 7 51 22 198 40 553
8 8 05 23 211 50 925
9 861 24 224 60 149 4
10 921 25 238 70 2337
11 984 26 252 80 3551
12 105 27 267 90 5258
13 112 28 283 100 7600
14 120

gas equation (Equation 11-3) can be rearranged to give

PV, PV
;__l‘ = ;—22 = nR = constant
7.
and Ve = L

P.T,

In this problem, however, we must use the actual partial pressure of the O, in the
flask, not the total pressure. The partial pressure of O; 1S easily obtained by
subtracting the vapor pressure of HO at 25°C (24 torr, from Table !!-1) from the
total pressure (730 torr) to give 706 torr. Therefore

_ (706 torn)(250 m1)(273 K)
V. T 660298 K—

A

213 ml at standard conditions

PROBLEM:

What is the volume of one mole of N, (or énv gas) measured over water at 730 torr
and 30°C”?

SOLUTION:
From Table 11-1. we find that the partial pressure of water vapor is 32 torr at 30°C.

Thus, the partial pressure of the N2 is 730 torr - 32 torr = 698 torr. Applying the
ideal gas equation, we obtain
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.. (303K)
torr l_tg)
mule X
698 torr

(1 mole) &'62.4
V=

= 27.1 liter

GRAHAM’'S LAW OF DIFFUSION AND EFFUSION

When we put two gases together, the molecules diffuse throughout the con-
tainer, so that within a short time the mixture is homogeneous, or of uniform
concentration throughout. Not all gases diffuse at the same rate, however: the
lighter the molecule, the more rapid the diffusion process.

If different gases are put into a container at the same temperature and
pressure and then allowed to effuse (leak out) through a pinhole in the con-
tainer, you can compare their rates (r)of effusion (measured in ml/min). The
simplest way to do this is to determine the times (¢) required for equal volumes
to effuse through the pinhole. The rates are just inversely proportional to the
times; the shorter the time, the faster the rate. Such a comparison of any two
gases shows that these rates of effusion (and diffusion) are related to the molec-
ular weights of the gases according to the equation

ol (M, 11-5
re 1 Ml ( )

which is known as Graham's law ofdiffusion and effusion. This same relationship
can be derived theoretically from the kinetic theory of gases. This equation
offers a simple way to determine the molecular weights of gases.

PROBLEM:

The molecular weight of an unknown gas is found by measuring the time required
for a known volume of the gas to effuse through a small pinhole, under constant
pressure. The apparatus is calibrated by measuring the time needed for the same
volume of O; (mol wt = 32) to effuse through the same pinhole, under the same

conditions. The time found for O, is 60 sec, and that for the unknown gas is 120
sec. Compute the molecular weight of the unknown gas.

SOLUTION:
If we use Graham's law, and let gas 1 be O and gas 2 be the unknown gas, then

i, [
Loy y - ¥ Mo,
120 sec (.Wz g/mole)5
32 g/mole

60 sec “
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squaring both sides we get
M,
32

4
\/[ = no —_—
2= 12% pole

PROBLEMS A

1.

10.

A graduated tube, sealed at the upper end, has a mercury-filled leveling bulb
connected to the lower end. The gas volume 1s 25.0 ml when the mercury level
is the same i both tubes. The barometric pressure 15 732 torr. What 1s the
volume when the level on the open side 1s 10.0 cm above the level of the
closed side?

. Ifa barometer were filled with a liquid of density [.60 g/ml, what would be the

reading when the mercury barometer read 730 torr? The density of mercury is
13.56 g/ml.

. A mercury barometer reading of 728.3 mm is obtained at 23°C with a brass

scale. What is the barometer reading “corrected to 0°C'—that is, in torr?

What is the atmospheric pressure in Ibs/in® when the barometer reading is 720
torr?

. A student collects 265 ml of a gas over Hg at 25°C and 750 torr. What is the

volume at standard conditions?

What is the volume at room conditions (740 torr and 25°C) of 750 ml of a gas at
standard conditions?

A sealed vessel containing methane, CHy. at 730 torr and 27°C 1S put into a box
cooled with "dry ice" (—78°C). What pressure will the CH, exert under these
conditions?

Liquid nitrogen (boiling point, - 195.8°C) 18 com onlg1 used as a %oo}in
agent. A vessel containing helium at 10 [byin® &t LB temperature of boilin
water is sealed offand then cooled with boiling liquid nitrogen. What will be
its pressure expressed in torr?

Two liters of Np gt 1.0 atm, 5.0 liters of Hz 41 5.0 atm. and 3.0 liters of € H4 at
2.0 atm are mixed and transferred to a 10.0 liter vessel. What is the resulting
pressure”?

A low pressure easily achievedcw]lthla diffusion Bum(g)fandla rnlechgq'ical vac-
uum pump is 1.00 x IO.ﬁlorr. alculate the number 01 molecules still present

in 1.00 ml of gas at this pressure and at 0°C.

. A sample of nitrous oxide is collected over water at 24°C and 735 torr. The

volume 1s 235 ml. What 1s the volume at standard conditions?
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(a) What volume will 0 500 g of O, occupy at 750 torr and 26°C over water?
(b) What volume will 1t occupy 1f collected over mercury at the same condi-
tions?

A sample of NaNO; 1s tested for purity by heating 1t With an excess of NH,Cl
and collecting the evolved N, over water The volume collected 1 567 3 ml at
a barometric pressure of 741 torr The temperature 1s 22°C What volume
would the nitrogen, dry, occupy at standard conditions’

What 15 the weight of 250 ml of Ny measured at 740 torr and 25°C?

What volume will be occupied by T 00 g of O, measured over water at 27°C
and 730 torr?

What 1s the molecular weight of a gas 1f 250 ml measured over water at 73S torr
and 28°C weighs 1 25 g”

What 1s the density of chlorine gas (Cl,) at 83°F and 723 torr’

Calculate the density of NoO (a) at standard conditions, (b) at 730 torr and
25°C, dry

It 1s found experimentally that 0 563 g of a vapor at 100°C and 725 torr has a
volume of 265 ml Find the molecular weight

A compound has the formula CgH ;3 What volume Will 1 00 g of this material
have at 735 torr and 99°C?

What 1s the apparent mole weight of a gas mixture composed of 20 0% H,,
70 0% COsy and 10 0% NO? ( omposmon given iy percentage DY volume )

An oxygen-containing gas mixture at 1 00 atm 1s subjected to the action of
yellow phosphorus, which removes the oxygen In this way 1t 1s found that
oxygen makes up 35 0% by volume of the mixture What 1s the partial
pressure of O, 1n the mixture?

A mixture of gases contained in a vessel at 0 500 atm 1s found to comprise

[150% Nz 50 0% N:O, and 35 0% CO. by volume

(2) What 1s the partial pressure of each gas®

(b) A bit of solid KOH 1s added to remove the CO, Calculate the resulting
total pressure, and the partial pressures of the remaining gases

A vessel whose volume 1s 235 0 ml, and whose weight evacuated 1s 13 5217 g
+ a tare vessel, 1s filled with an unknown gas at a pressure of 725 torr and a
temperature of [9°C It1s then closed, wiped with a damp cloth. and hung i the
balance case to come to equilibrium with the tare vessel The tare vessel has
about the same surface area and 1s needed to minimize surface moisture
effects This second weighingis 13 6109 g + the tare vessel What 1s the mole
weight of the gas’

Two or three milliliters of a liquid that boils at about 50°C are put into an
Erlenmeyer flask The flask 1s closed with a polystyrene stopper that has a fine
glass capillary running through 1t The gas-containing part of the flask 1s then
completely immersed in a bath of boiling water, which (at the elevation of the
experiment) boils at 99 2°C  After a short time the air has been completely
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swept out through the capillary, and the excess liquid has boiled away, leav-
ing the flask filled only with the vapor of the liquid At this point the flask s
removed from the boiling water and cooled The vapor condenses to liquid,
and arr rushes 1n to fill the flask again Whereas the flask, when emptyv and
dry, weighed 453201 g, after the experiment 1t weighs 46 0513 g The
barometric pressure during the experiment 1s 735 torr The volume of the flask
1s determined by filling the flask with water, inserting the stopper to its previ
ous position, and squeezing out the excess water through the capillary The
volume of water so held 15 263 2 ml What 1s the mole weight of the liquid"’

26 The liquid used in Problem 25 1s analyzed and found to be 54 5% C, 9 10% H,
and 36 4% O What 1s the true molecular formula of this liqud’

27 An automobile tire has a gauge pressure of 32 1b/in? at 20°C when the prevail-
What | the gauge pressure ¢ the

ing atmospheric pressure 1s 14 7 lb/in? 1
temperature rises to 50°C?

28 Ittakes 1 mm and 37 sec for a given volume of chlorine (Cl) to effuse through
a pinhole under given conditions of temperature and pressure How long will 1t
take for the same volume of water vapor to effuse through the same hole
under the same conditions?

29 Argon effuses through a hole (under prescribed conditions of temperature and
pressure) at the rate of 3 0 ml/mm At what velocity will xenon effuse through
the same hole under the same conditions?

30 A rubber balloon weighing 5 0 g 1s 12 inches in diameter when filled with
hydrogen at 730 torr andh25°dC How r%mch will the balloon hﬁén ad}(liilion to Jts
own weight’ ssume the density o air to be I 2 g/hter under these condi-

tions )

31 (a) Ifthe balloon of Problem 30 were filled with ammonia gas (NH ) under the
same conditions, would 1t nse?
(b) If so, how much weight would 1t hft?

32 What must be the composition of a mixture of H; and O, 111 jpflates a balloon
to a diameter of 15 inches and vyet the balloon just harch rises from 3 table
top” (Jﬂle balloon wellg%s ¢ g, dna tge pressure/gfld ig;ﬁp\erature are 7%0 torr

and 30°C)

33 Oxygen is commonly sold in 6 0 ft*steel cylinders at a pressure of 2000 Ib/in-
(at 70°F) What weight of oxygen does such a cylinder contain’ (Assume
oxygen to be an ideal gas under these conditions )

34 The average breath that an 18-year old takes when not exercising 1s about 300
ml at 20°C and 750 torr His respiratory rate 1s about 20 breaths/mm
(2) What volume of air, corrected to standard conditions, does an average
18-year-old breathe each day’
(b) What weight of air does he breathe each day’
oxygen and 79% nitrogen by volume )

(Assume that amr 1 21%

35 The percentage of CO; 1n normal air 1s 0 035% by volume, and that 10 the
exhaled am of the average 18-year-old 1s about 4 0%
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Gases

(a) What volume of CO,, at standard conditions, does the average 18-year-old
make each day”
(b) What weight of CO, does he make each day’

An organic compound containing C, H, O, and N 1s analyzed When a sample
weighing 0 01230 g 15 burned, 1t produces 18 62 mg of CO, (absorbed 1n a
soda-lime tube) and 762 mg of H,O |absorbed 1n a tube containing
Mg(ClOy),] When another sample, weighing 0 0051()g, 1s burned, the CO; and
H:0 are absorbed, and the N: formed 'S collected " a measuring tube At 730
torr and 22°C, the N, gas displaces an equal volume of mercury, which 15
weighed and found to weigh 15 000 g The density of mercury 1s 13 56 g/ml
Calculate the empirical formula of the compound

PROBLEMS B

37

38

39

40
41

43

44

45

46

A graduated gas tube, sealed at the upper end, has a mercury filled leveling
bulb connected to the lower end The gas volume 1s 17 2 ml when the leveling
bulb 1s 8 cm above the other mercury level What will be the gas volume when
the leveling bulb 1s 8 cm below the other mercury level”? ¢ barometric
pressure 1s 738 torr

If a barometer were filled with a sihcone fluid whose vapor pressure 15 very
low but whose density 1s 1 15 g/ml, what would be_the barometer reading
when the atmospheric pressure 15 710 torr’ (The density of mercury 33

g/ml)

A gas pressure 1s measured as 826 4 mm with a mercury manometer in a lab
whose temperature 1s 24°C A brass scale 1s used Express this gas pressure In
torr

A gas pressure 15 690 torr What 15 1ts pressure in dynes/cm?’

What 1s the volume at 730 torr and 27°C of 350 ml of H.S at standard condi-
tions’

A 50 0 ml quartz vessel 1s filled with O, at 300 torr and at 35°C 1t 1S then
heated to 1400°C 1n an electric furnace What will be the oxygen pressure at
the higher temperature”

A sample of NH; gas collected over mercury measures 595 ml at 19°C and 755
torr What will be 1ts volume at standard conditions’

What will be the final gas pressure when 3 0 liters of CO at 2 0 atm, 6 0 liters of
Ar at4 0 atm, and 2 0 liters of C,H, 5t 5 0 atm are mixed and transferred to a
8 0 liter vessel?

A 375 ml sample of hydrogen is collected over water at 18 C and 720 torr
What 15 1ts volume at standard conditions’

What wil] be the difference in volume occupied by 0 100 g of hydrogen at 740
torr and 19°C if 1t 1s collected over water instead of mercury’
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47. A mixture of copper and zinc is analyzed for the percentage of zinc by adding
an excess of HCl and collecting the evolved H. over water. (Copper will not
react with HCL) The volume of H. collected is 229.5 ml at a barometric
pressure of 732 torr. The temperature i1s 29°C. What volume would the H,
occupy at standard conditions, dry?

48. In some recent work at the Bell Telephone Research Laboratory. a low
pressure of 107 torr of mercury was used. This is an unusually low pressure,
one not easily obtained. Calculate the number of molecules still remaining in 1
ml of gas at this pressure at 27°C.

49. A 1 g sample of helium occupies 5.6 liters at standard conditions. What will be
its weight when expanded to a pressure of 0.10 atm?

50. What volume will 5.00 g of methyl alcohol, CH;OH., occupy at 720 torr and
98°C?

51. What is the weight of 420 ml of NH; measured at 735 torr and 27°C?

52. What volume will be occupied by 2.50 g of CO measured over water at 27°C
and 725 torr?

53. What is the molecular weight of a gas if 365 ml of it measured over water at
727 torr and 30°C weighs 1.42 g?

54. What 1s the density of NH, gas at 78°F and 74! torr?

3. S;‘!é“lzte the density of C:Hg (a) at standard conditions: (b) at 725 torr and
27°C, dry.

56. What is the apparent mole weight of a gas mixture whose composition by
volume is 60.0% NH;, 25.09% NO, and 15.09% N,

57. 1 0.670 g of a vapor at 100°C and 735 torr has a volume of 249 ml, what must
its mole weight be?

58. A mixture of gases contained in a vessel at [.30 atm 1s found to be 60.0% NH;.
25.0% NO, and 15.0% N2 by volume.
(a) What 1s the partial pressure of each gas?

(b) A bit of solid POu is added fo remove the NHo cyleylate the resulting
total pressure, and the partial pressures of the remaining gases.

59. A gas mixture containing CO, is subjected’ at 1.00atm, to the action of KOH,

which removes the CO,. In this way, the COz s found to be 27.0% by volume
of the mixture. What is the partial pressure of CO; in the mixture?

60. A vessel, whose volume is 205.3 ml and whose weight evacuated is 5.3095 g +
a tare flask, 1s filled with an unknown gas to a pressure of 750 torr at a
temperature of 27°C. It is then cleaned, wiped with a damp cloth, and hung in
the balance case to come to equilibrium with the tare vessel. The tare vessel
has about the same surface area and is needed to minimize effects of surface
moisture. The second weighing is 5.6107 g + the tare flask. What 1s the mole
weight of the gas?
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63

64

65

66

67

68

69

70

71

Gases

Two or three milliliters of a liquid that boils at about 60°C are put into an
Erlenmeyer flask The flask 1s closed with a polystyrene stopper that has a fine
glass capillary running through it The gas-containing part of the flask 1s then
completely immersed 1n a bath of boiling water, which (at the elevation of the
experiment) boils at 98 8°C  After a short time the air has been completely
swept out through the capillary, and the excess liquid has boiled away, leav-
ing the flask filled only with the vapor of the liquid At this point the flask 1s
removed from the boiling water and cooled The vapor condenses to liquid
and air rushes 1n to fill the flask again The flask, when dry and empty had
weighed 39 5762 g, after the experiment 1t weighs 40 3183 g The barometric
pressure during the experiment 1s 730 torr The volume of the flask 1s deter-
mined by filling the flask with water, inserting the stopper to its previous
position, and squeezing out the excess water through the capillary The vol
ume of water so held 15 239 6 ml What 1s the mole weight of the hquid’

The liquid used 1n Problem 61 1s analyzed and found to be 24 2% C, 4 05% H,
and 71 7% Cl What 1s the true molecular formula of this liquid?

An automobile tire has a gauge pressure of 35 0 [bn: When the atmospheric

pressure 1s 14 7 lb/in? and the temperature s 40°F What will be 1t 8auge

pressure If its temperature rises to [20°F?

Hydrogen chloride effuses through a hole (under prescribed conditions of
temperature and pressure) at the rate of 2 70 ml/mm At what velocity will
helium effuse through the same hole under the same conditions’

It takes 45 sec for a given volume of CO to effuse through a pinhole under
given conditions of temperature and pressure How long will 1t take for the

same volume of Br; vapor to effuse through the same hole under the same
conditions?

Under certain prescribed conditions, O, effuses through a pinhole at the rate
of 3 65 ml/mm A mixture of CO and CO; effuses through the same pinhole
under the same conditions at the rate of 3 21 ml/mm Calculate the percentage
of CO 1n the gas mixture

A rubber balloon weighing 10 g 1s 15 inches in diameter when inflated with

helium at 735 torr and 75°F How much weight will the balloon lift in addition
to 1ts own weight? (Assume the density of arr 10 be 1 20 g/liter under these

conditions )

If the balloon of Prob%em 67 were fﬁHEd with rrfethane CH,, at 735 torr and
75°F, would 1t rse? 1 SO how much additional weight woul 1t Lft”

A mixture of Ny and H: has a density of 0 267 g/hter at 700 torr and 39°C For
this mixture, calculate (a) the apparent molecular weight, (b) the percentage

composition by volume, and (c) the number of molecules 1n one ml

Show the mathematical steps needed in order to combine Boyle s and
Charles' laws to give Equation 11-2 on p 159

Use the methods of calculus to combine Boyle's and Charles' laws to give
Equation 11-2 on p 159
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Stoichiometry IlI: Calculations Based
on Chemical Equations

A chemical equation is a statement of experimental fact. It gives on the left side
the reactants and on the right side the products of the reaction. Because no
atoms are produced or destroyed in a nonnuclear chemical reaction, the equa-
tion must be so balanced that every atom originally present in the reactants is
accounted for in the products. This means that the combined weight of the
reaction products is exactly equal to the combined weight of the original
reactants.

All of the important stoichiometric calculations that relate the weights and
volumes of starting materials to the weights and volumes of products typically
involve just three simple steps.

I. Find how many moles correspond to the given quantity of some sub-
stance in the reaction.

2. Use the balanced chemical equation to find, from the number of moles
of the given substance, the number of moles of the substance sought in
the calculation.

3. Convert the number of moles of the substance sought to the units
requested in the statement of the problem.

‘hese three steps are illustrated in the following problems.
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Stolchlometry IIl: Calculations Based on Chemical Equations

PROBLEM:

Oxygen is prepared by heating KCIO,.

(a) What weight of O, js obtained from 3.00 g KCI1O,?

(b) What is the volume of O,, measured at standard conditions?

(c) What volume does the O, occupy if collected over water at 730 torr and 25°C?

SOLUTION:
The first step is to write the balanced equation for the reaction (if it is not given).
This step requires knowledge of the experimental facts. We note in the text that,

when KClOj; is decomposed by heating, the products are KCl and Oz, 50 we start
with the unbalanced equation

KCIO, > KCI + O,

(The A symbol indicates that heating is necessary.) To account for the three
moles of oxygen atoms in KC1O; we need # moles of Oz i the products:

KClO, 5 K(CI + 10,

This is now a balanced equation, but we prefer to eliminate fractional numbers of
moles, so we multiply all terms by 2, getting the final equation

2KCl0, 3 9K C1 + 30,

We now examine the problem, asking two questions: (a) what is given, and (b)
what is sought? We see (a) that the weight of KC1O; ysed is given, and (b) that we

seek the amount of O, produced. We then proceed with the three steps listed
earlier.

. From the weight of KCIOg given, compute the number of moles that are
given.
3.00 g KCIO,
g KCIO;;_
“mole KClO,

Moles of g0, given = = 0 0245 moles KClO;

2. From the moles of KC1O, given, compute the number of moles of Oz pro-
duced. The chemical equation shows that 3 moles of O, are produced from 2
moles of KCIO,. Therefore,

o 3 moles O,
Moles of “2 produced = (2 moles KCIO,

= 0.0368 moles O,

) (0.0245 moles KCIOy)

3. From the moles of O, produced, express the amount of Oz in the units
specified in the statement of the problem, as follows.

ol

(a) Weight of O, = (0.0368 moles Oz)( 32.0 & 26)

1.18 g O,

(b) The volume of O, will be given by the ideal gas law (see p 159). For standard
conditions, T = 273.2 K and P = 760.0 torr, so
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. torr liter (273 K)
Vo KT (0.0368 moles) (\62,4 moie™ )/
- P 760 oy

= 0.825 liters O: at standard conditions

(c) The volume of O, will again be given by the ideal gas law, but the partial
pressure of Oz must be used (not the combined pressures of Oz and water
vapor). The partial pressure of O, is calculated from Dalton’s jaw, using the
vapor pressure of H;O (24 torr) from Table [I1-1.

Py, = 730 torr - 24 torr = 706 torr

/ _ torr litery
(0.0368 moles) “ 62.4 - ' (298 K)
V= nRT . .

P 706 torr
= 0.969 liters O,

PROBLEM:
Chlorine is prepared by the reaction

2NaMnO, + 10NaCl + 8H,SO, — 2MnSO, + 6Na,S0, 5Cl, 8H,0
+ +
or

+
IMnO; 4+ 10CI- + 16H* —2Mn®* © 5CI, T 8H,0

What weights of (a) pure NaCl and (b) 90.0% pure NaMnOQj, are needed to prepare
500 m! of Cl; gas measured dry at 25°C and 730 torr?

SOLUTION:
We follow the three simple steps.

I. From the volume of Cl; that we are given (to Prepare). compute the moles of
Cl, that are given, using the ideal gas equation.

& _ (730 torr)(0.500 liter)
n=TRT ~ ( torr liter) (
mole K /

62.4 298 K)

= 0.0196 motes Cl, given

2. From the moles of Cl; given, compute the number of moles of NaCl and
NaMnO; required. The chemical equation shows that 10 moles of NaCl and 2
moles of NaMnOy are required for 5 moles of Cla. therefore the needed

(.10 moles NaCN\

moles of NaCl 5 moles CL, J (0.0196 moles Cl;} = 0.0392 moles

/2 mole_s NaMnOA\

A\ 2 muoies vy

moles of NaMnOQO, (0.0196 moles Cl) = 0.00784 moles

3. From the moles of NaCl and NaMnO, required, express these quantities in
the units specified in the statement of the problem.
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g NaCl

/
- . = 2 585 ————
(a) Weight of pure NaCl = (0 0392 moles NaCl) \_8 5 mole NaC

=229 g NaCl

(b) Ifx = the required grams of 90 0% pure NaMnO., you can see that 0 90x g
must contain 0 00784 moles of NaMnO, That Is,

09%x g

( 00784 moles NaMnO4)[(141 , &NaMnO, )

mole NaMnO,

1 11 g pure NaMnO,

I
x = = 1 23 g impure NaMnO,
U

PROBLEM:
(a) What volume of oxygen at 20°C and 750 torr 1s needed to burn 3 00 liters of
propane, CsHs, also at 20°C apg 750 torr?

(b) What VOIUHI%T?f ar (21 0% O, b volume) would }be requ1red under the same
conditions» 1he productsof combustion dre’ solely ! and

SOLUTION:

First, you must have a balanced chemical equation on whi¢h to base your calcula-
tion Because the three C atoms of CS.HS are converted 10 3€O02 414 the 8H atoms
are converted to 4H;0. you can readily see that the 10 oxygen atoms needed ™M
this much CO; and H:O must come from 302 Therefore,

CiHy 4 50, 3C0, | 4H,0

Second, you must realize that, when the two substances you are interested 1n are
both gases you can make a much simpler calculation than that involved 1n the
“three simple steps ~° You recall (see p 160) that equal volumes of gases under the
same conditions of temperature and pressure contain the same number of moles
(or molecules) The chemical equation shows that you need 5 moles of O, per mote
of C;Hs, therefore, you Will need 5 times the volume of O a5 the votume of Cotls
under the same conditions Therefore,

(3 00 1iters
5 moles 02\

(a) Volume of02=({— e C11y)
3

15 0 titers of O,

CsHe)

(b) If V = the required volume of air (also a gas) that1s 21 0% Og, you can see that
0 210V 1liters of air must provide 15 0 liters of O, That 1s,

0210V = 15 0 titers O,
150

= 53100 71 4 liters ofair
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PROBLEM:
Sulfur dioxide is prepared by heating iron pyrites, FeSy, in the presence of air. The
reaction is

4FeS, + 110, > 2Fe 0, , 850

(a) How many tons of SO; can be obtained from 20.0 tons of FeS;?
(b) What volume of air, in cubic feet at 0.90 atm and 77°F, is required for the
treatment of 20.0 tons of FeS,? Assume the air to be 21.0% O, by volume.

SOLUTION:
First, you need to know that it is not necessary to convert tons to grams to moles,
and then at the end reconvert moles to grams to tons. You recall that the atomic
weight scale (inside back cover) is a relative atomic weight scale habitually used
with gram as the mass unit. For problems like this where tons (or 1b, or oz, or
whatever) are involved, it is easier to use ton as the mass unit and to use ton
molecular weights (ton-moles) instead of gram molecular weights (moles). We still
use the three-step approach.
I. From the weight of FeS; given, compute the number of ton-moles that are
given.
NN tanc Cnsz
Ton-moles of FeS, given =———
120.0

= 0.167ton-moles feg,

tons red,
ton-mole FeS,

2. From the ton-moles of FeS; given, compute the number of ton-motes of SO:
produced and the ton-moles of O; required. The chemical equation shows that 8
ton-moles of SO, are produced and !l ton-moles of Oz are required for every 4
ton-moles of FeS,. Therefore,

/ 8 ton-moles SO, \
\ 4 ton-moles FeS, /

= 0.333 ton-moles SO,

ton-moles of SO, produced = (0.167 ton-moles FeSy)

/ 11 tan_mgalas, Q/Z \

ton-moles of O, required = [ ———— (0.167 ton-moles FeSy)
! 4 ton-moles FeS,

= 0.458 ton-moles O,

3. From the ton-moles of SO, and Oz produced, express the amounts of SO2and
O: in the units specified in the statement of the problem.

. . {... tons ®, )
W of SO, = ¢ - 0 2
(a) Weight of SO, = (0.333 ton-moles S 2)\ ton-mole SO,

= 21.3 tons SO, produced

(b) The volume of O, (or air) must be calculated from the ideal gas equation,
where the gas constant R is always on a per mole basis (that is, a gram-
molecular-weight basis). The simplest approach in this case is to first convert

0.458 ton-moles 0of O, 10 gram moles (just plain moles), and then use the ideal
gas equation.
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1b-moles O,\/  g-moles O,

Moles of = (0 458 t 1 0
Oz =( on moles 02)\(200 emmld<0,/\  lb-mole O,/

=4 16 x 10° moles O,

The ideal gas equation will give the liters of Oz at the specified conditions (77°F
= 25°C, and 0 9 atm = 09 x 760 torr/atm = 684 torr)

(416 x 10° moles) (6 4 torr liter
V= nRT _ \ mole L

P 684 torr
=113 x 107 liters of pure 0,

\ (/298 K_)

IfX = volume of alrI(le O%f 0, hy volume) that 1 required, then 0 210X must
provide 1 13 x 107 !1€IS 0L PUIC g,

cm? lm \*/ [ fty?
2 — 71 E} —_—
021X = (1 13 x 1Q7 liters Oz)(]O Iller) (2 i4cm) (]2111)
of pure
=399 x 10 ft3 0,
of
>= 190 x
= 3 9—?) x 10 [0°ft*  ar
PROBLEM:

A 02052 g mixture of copper and aluminum 1s analyzed for the percentage of
aluminum by adding an excess of H;SO, and collecting the evolved Hz gyer water

(Copper will not react with H.SO, ) The volume of H: ¢otjected *® 229 5 ml at a
barometric pressure of 732 torr The temperature 1s 29°C Calculate the percentage

of aluminum 1n the original sample The chemical reaction 1s

2A1 + 3H,S0, — ALSO, _ 3H,
+
or 2Al + 6H* —2AD+  3H,

SOLUTION:

We follow the standard three simple steps ' to find, from the given amount of H,
how much Al must be present At the end, this amount of Al 1s stated 1n terms of
how much sample was used (that 1s, the % purity of the sanmple)

1 From the volume ofH, given (produced), compute the number of moles

of Hy that are produced, by using the 1deal gas equation The pressure
must be corrected for the vapor pressure of water (30 torr at 29°C, from

Table 11-1)

ﬂ _ (732 torr - 30 torr)(0 2295 liter)

RT ( 4 torr hiter\
62 302 K
\ mole K/ ( )

H
=855 x 10 smoles H_

n =
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2. From the moles of H; produced, calculate the number of moles of Al that
must have been present. The chemical equation shows that 2 moles of Al
are required for 3 moles of H,. Therefore.

moles of Al = (2 moles Al 55 % 10~* mol
\ 3 moles H-z/](g" X1 moeslzl

- 570 x j0-» moles of Al in original sample

3. From the moles of Al present, calculate the weight of Al present. From
the weight of Al present, then calculate the percentage m the original

sample.
Weight of Al present = (5.70 x 10-2 moles AD (77 o &Al )
g P ) " mole Al
= 0.1539 g Al
A x 100 = 75.0% Al

% Al present = (_OE)SZg sam—ple')

All of these illustrative problems have been worked in the three distinct
steps, in order to emphasize the reasoning involved. With a little practice, you
can combine two or three of these steps into one operation (or set-up), greatly
increasing the efficiency in using your calculator.

PROBLEMS A

1. Balance the following equations, which show the starting materials and the
reaction products. It is not necessary to supply any additional reactants or
products. A A sign indicates that heating is necessary.

(a) KNO; > KNO, . 0,

(b) Ph(NOg); = ppo + NO; , O,

(c) Na + H,O — NaOH + H:

(d) Fe + H,0 > Fe,0, . H

() C:H;OH . 0, > CO, _ H0

(f) Fe, O, + H, 3 Fe + H,O

(8) CO; + NaOH — NaHCOq

(h) MnO; + HC1 — H,0 | MnCl, _ Cl,

(iy Zn + KOH — K,Zn0, _H,

() Cu + HySO, = H,O _ SO, _ CuSo,

(k) ANO,); . NH; _ H,O — Al(OH), . NH,NO,
(1) AINOy); + NaoH — NaAlO; | NaNO; _ H,0
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2 Some common gases may be prepared in the laboratory using reactions rep-

resented by the following balanced equations A A sign indicates that heating
1s necessary For purity, air must be swept out of the apparatus before the gas
1s collected, and some gases must be dried with a suitable desiccant

FeS + 2HC1 — H,S 4+ FeCl,
CaCOj; + 2HC1 — CO; , CaCl, + H.,O
2NHCl + Ca0 = 2NH; 4 CaCl, | H,0
NaCl + H,SO, 5 HCl , NaHSO,
NH,Cl + NaNO, = N,O NaC] + 2H:O
2Al + 3H,S0, — Al,(SO,), ; 3H,
CaC,; + 2H,0 — C,H, + Ca(OH),

(a) What weight of FeS 1s needed to prepare (1) 4 50 moles of H,S” (/7)1 00 yp
of H,S?

(b) How many tons of limestone (CaCOs) are needed to prepare 5 00 tons of

dry 1ce  (COy), assuming that 30% of the CO; produced 1S wasted D
converting 1t to the sohd”

(c) How many grams of NH,Cl and CaO are needed to make 0 100 mole of
NH;”

(d) How many grams of 95% pure NaCl are needed to produce 2 00 Ib of HC1?

(e) What volume ofcommercial HC](36% HCI by weight, density = 1 18 g/ml)
and what weight of limestone (90% pure) are needed to produce 2 00 kg of
COy"

(f) Commercial sulfunc acid that has a density of 1 84 g/m! and 1s 95% H,SO,
by weight 1s used for the production of HCl  (+) What weight of com-
mercial acid 1s needed for the production of 365 g of HCI? (u) at
volume of acid 1s needed for the production of 365 g of HCI?

(g) Commercial sulfuric acid that has a density of 1 45 g/ml and 1s 55 1%
H.SO, by weight!*> used for the production of He what () weight and )
volume of this’ commercial acid are needed for the production of 50 O g of
H, gas”

(h) A manufacturer supplies 1 Ib cans of calcium carbide whose purity 1s
labeled as 85% How many grams of acetylene can be prepared from 1 00
Ib of this product if the label 1s correct”

(1) A whipped cream manufacturer wishes to produce 500 Ib of N;O for her
chain of soda fountains What 1s the cost of the necessary NH,Cl and
NaNO; 1f they cost $840 and $1230 per ton, respectively”’

0) A 0795 g sample of impure limestone 1s tested for purity by adding H, SO,
(instead of HC1 as shown 1n the second equation) After the generated gas
1s passed over Mg(C10,). 1o dry 1t 1118 pagsed over soda 'M€ (a mixture of
sodium and calcium hydrox1?é:s) Wh]Ch absorbs the CO; The soda-lime
tube increases in weight by 0 301 g What 1s the percentage of CaCOj; 1n
the original sample”

(k) The purity of a0 617 g sample of impure FeS 1s tested by passing the H.S
produced by the HC1 (as 1n the first equation) into a dilute solution of

AgNO; The precipitate of A8S 1S filtered off, washed, and gently dned
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The weight of the Ag,S produced is 1.322 g. How pure was the original
sample of FeS?

How many grams of zinc are needed to prepare 3.00 liters of hydrogen at
standard conditions? The reaction is

Zn + H,SO, — ZnSO, + H,

(a) How many grams of zinc are needed to prepare 3.00 liters of H; collected
over water at 750 torr and 26°C?
(b) How many moles of HySO, gre ysed?

. What volume of O; at 730 torr and 25°C will react with 3.00 titers of Hz at the

same conditions?

of
. What volume of steam at 1000°C and 1 atm is needed to produce 10°ft> H,,

under the same conditions, by the reaction

4H,0 + 3Fe = Fe,0, , 4H,

. What volume of Cl, at 730 torr and 27°C is needed to react with 7.00 g of

sodium metal by the reaction
2Na + Cl; — 2NaC1

(a) How many grams of MnO; are needed to prepare 5.00 liters of Clz 5t 750
torr and 27°C?
(b) How many moles of HC1 are needed for the reaction? The reaction is

MnO,; + 4HC1 — MnCl, 4 Cl, " 2H,0

How much H,S gas at 725 torr and 25°C is needed to react with the copper in
1.5 g of CuSO,? The reaction is

CuSO, + H,S — cys + HSO,
(a) What volume of Oy at 730 torr and 60°F is needed to burn 500 g of octane,
CSHIS?

(b) What volume of air (21% O, by volume) is needed to provide this amount
of O;? Balance the equation before working the problem.

CHy 4 0, CO, L HO

. Chlorine is prepared by the reaction

2KMnO, + 16HCl — 2KC! 4+ 2MnCl; ;. 5Cl, + 8H:O

(a) What weight of KMnO, is needed to prepare 2.50 liters of Clz at standard
conditions?

(b) How many motles of HC1 are used?

(c) What volume of solution is needed if there are 12.0 moles of HC1 per liter?

(d) What weight of MnCl; is obtained from the reaction?

12. Nitric oxide is prepared by the reaction

3Cu + 8HNO; — 3Cu(NOy, ~ 2NO , 4H,0
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(2) What weight of copper and (b) how many moles of HNOj; are needed to
prepare 500 m! NO, measured over water at 730 torr and 25°C?

(c) If the nitric acid solution contains 10.0 moles/liter, what volume of the
solution is used?

Arsenic compounds may be detected easily by the Marsh test. In this test,
some metallic zinc is added to an acid solution of the material to be tested, and
the mixture is heated. The arsenic is liberated as arsine, AsHjz. which may be
decomposed by heat to give an “arsenic mirror." The reaction is

4Zn + H3AsO, . gyc] = 4ZnCl, L AsHy  4H0

What volume of AsHj at 720 torr and 25°C is evolved by 7.00 x 10778 of
arsenic, the smallest amount of arsenic that can be detected with certainty by
this method?

25 gas will cause immediate unconsciousness at a concentration of 1 part per
1000 by volume. What weight of FeS is needed to fill a room 20 ft x 15 ft x 9 ft

with H,S at this concentration? Barometric pressure is 740 torr, and the tem-
perature is 80°F. The reaction is

FeS + 2HC1 — FeCl, 4+ H,S

The Mond process separates nickel from other metals by passing CO over the
hot metal mixture. The nickel reacts to form a volatile compound (called
nickel carbonyl), which is then swept away by the gas stream. The reaction is

Ni + 4CO 3 Ni(CO),

How many cubic feet of CO at 3.00 atm and 65°F are needed to react with 1.00
ton of nickel?

A cement company produces 100 tons of cement per day. Its product contains
62.0% CaO, which is prepared by calcining limestone by the reaction

CaCO; = Ca0 + CO,

What volume of CO; at 735 torr and 68°F is sent into the air around the plant
each day as a result of this calcination?

The Ostwald process of making HNOj; involves the air oxidation 0fNH3 over
a platinum catalyst. The first two steps in this process are

4NH, + 50, = 6H:0 . 4n0

2NO + O, — 2NO,
How many cubic feet of air (21% O, by volume) at 27°C and 1.00 atm are
needed for the conversion of 50.0 tons of NH; o NO, by this process?

Hfori) mf?“gl‘?“béf friet oAl (Bh Gdakyaxolvsae ) wednes dadalirthenpragctien
0 3 13

Problem 17 for the equations involved.)

The du Pont company has developed a nitrometer, an apparatus for the rapid
routine analysis of nitrates, which measures the volume of NO liberated by
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the reaction of concentrated H,SO, with nitrates in the presence of metallic
mercury, by the reaction

2KNO; + 4H,SO — K;SO, 3HgSO, 4H,0
‘Mg * + + 2NO
In a simple form of this apparatus, the NO is collected over water in a grad-

uated tube and its volume, temperature, and pressure are measured. A 1.000 g
sample containing a mixture of KNOj and K,SO, is treated in this manner
and 37.50 m! of NO is collected over water at a temperature of 23°C and &
pressure of 732.0 torr. Calculate the percentage of KNOj; in the original sam-

ple.

20. A commercial laboratory wished to speed up its routine analysis for HNO, ipn
a mixture of acids, using the nitrometer mentioned in Problem 19. To do this, it
collects the NO over mercury, uses enough concentrated H,SO, 5 make
correction for water vapor unnecessary. thermostats its graduated tube at
25.0°C, and takes all pressure measurements at 730.0 torr. The tube is grad-
uated to 100.0 m!. What weight of original acid sample should always be taken
so that the buret reading under these conditions also indicates directly the

percentage of HNOj in the original sample?

2[. In the Dumas method for measuring the total nitrogen in an organic com-
pound, the compound is mixed with CuO and heated in a stream of pure CO,.
All the gaseous products are passed through a heated tube of Cu turnings, to
reduce any oxides of nitrogen to N, and then through a 50% solution of KOH
to remove the CO, and water. The N: is not absorbed, and its volume is
measured by weighing the mercury (density = 13.56 g/ml) that the N, dis-
places from the apparatus.

(a) A 20.1 mg sample of a mixture of glycine, CHy{NH)COOH. 3,4 benzoic
acid, C;H{O,, : N, 21°C. ... N,displaces
mercury. Calcg%gllgslhe ;?érggglgi%g 8?%lycine Hulsne original mixthia & of

(b) A 4.71 mg sample of a compound containing C, H, (), and N is subjected
to a Dumas nitrogen determination. The N,. at 735 torr and 27°C, dis-
places 10.5532 g of mercury. A carbon-hydrogen analysis shows that this
compound contains 3.90% H and 46.78% C. Determine the empirical
formuta of this compound.

PROBLEMS B

22. Balance the following equations, which show the starting materials and the
reaction products. It is not necessary to supply any additional reactants or
products. A A sign indicates that heating is necessary.

(@) HsBO; 5 H,B;0,; . H0

(b) CsHuOs — CGH;0 CO,

(c) CaCy + N; & CaCN,',

(d) CaCN; + H,O0 — CaCO; | NH,4
(e) BaO + C + N, > Ba(CN), 4 co
() CHy 4 0z > CO; | H0
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(8) CiHis + 0; > CO,  HO

(h) HyPO, 5 H,PO, . PHs

(i) MnO, + KOH 4 O, & K,MnO, L HO

(i) KMnO, 4 H,SO, — K,SO, Mn,0, H,0
(K) CO + Fes0, > pe( + CO; +

() ZnS + O; 5 ZnO + SO,

Some common gases may be prepared in the laboratory by reactions rep-
resented by the following equations. A A sign indicates that heating is neces-
sary. For purity, air must be swept out of the apparatus before the gas is
collected, and some gases must be dried with a suitable desiccant.

2NaHSO, + H,S0,— 250, | 2HO _ NasSO,
MnO; + 4HCI 2> Cly 4+ MnCl, | 2H,0
2N2,0; 4 2H,0 = 400 4 Oe
$i0; + 2H,F; — SiF, | 2H,0
2HCOONa + H80, % 5¢0 4 2H,0 | NaySO,
~— NH,CI 4+ NaNO, 5 N, | NaCl , 2H,0
2Al + 2NaOH + 2H,0 — 2NaAlO, | 3H,
ALC, 4 12H,0 - 3CH, _ 4AIOH);

(a) What weight of NaHSOyj is needed to prepare (/) 1.30 moles of SO2? (H)
2.00 Ib of SO;?

(b) How many moles ofpyrolusite, MnO,. are needed to prepare (i) 10 g of
Cl;? (H) 2.60 moles of Cl2?

(c) How many pounds of sand, SiG;, are needed to prepare 10.0 Ib of SiF,,
assuming that 25% of the sand is inert material and does not produce
SiF?

(d) How many grams of sodium formate, HCOONa, are needed to make
0.250 mole of CO?

(¢) How many pounds of aluminum hydroxide are produced along with 12.0
moles of CH, (methane)?

(f) How many moles of NH,Cl are needed to prepare 1.33 moles of N2y the
sixth reaction?

(g) How many grams of 90% pure Na,O, (sodium peroxide) are needed to
prepare 2.50 Ib of O,?

(h) Commercial sulfuric acid that has a density of 1.84 g/ml and is 95% H,SO,
by weight is used for the production of CO by the fifth reaction. (i) What
weight of commercial acid is needed for the production of 560 g of
CO? (if) What volume of acid is needed for the production of 560 g of
CO?

(i) What volume of commercial HC1 (36% HCI1 by weight, density = 1.18
g/ml) and weight of pyrolusite (85% MnO,) are needed to produce 5.00 kg

of Cl; by the second reaction?
(j) Commercial sulfuric acid that has a density of 1.52 g/m] and is 62% H;S0O,

by weight is used for the production of SO. by the first reaction. What (i)
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weight and (i) volume of this commercial acid are needed for the produc-
tion of 720 g of SO, gas?

(k) Assume that an excess of metallic aluminum 1s added to a solution contain
ing 100 g NaOH, and that as a result all the NaOH 1s used up When the
reaction 1s complete, the excess aluminum metal 1s filtered off and the
excess water evaporated How many grams of NaAlO; are obtaned’

How many grams of aluminum are needed for the preparation of 5 50 liters of
H, at standard conditions® The reaction g
2A1 + 3H,80, — AlfSOy), . 3H,

What weight of (NH),SO,1 ; ; NH
gas”a he rgeac[io(n 134)2 418 needed for the preparation of 5 00 moles of ™13
(NH ), S0, " Ca(OH), — CaSO, 2NH; 2H,0O

+ +
What volume of O, at 0 90 atm and 75°F 1S needed to burn 21 0 liters of

propane gas, CsHy, ynder the same conditions? The reaction g
C,Hy 4 50, 3CO, L 4H0

What volume of NO can react with 100 liters of air (21 0% O, by volume) at
the same conditions of temperature and pressure The reaction 18

2NO + Oz i d 2N02

An interesting lecture demonstration 1s the Vesuvius ' experiment, 1n which
a small mound of (NH),Cr,0,1s heated to commence decomposition It then
continues 1ts decomposition unaided, gives off heat light and sparks, and
leaves a 'mountain’ of Cr,0, Tphe reaction is

(NH),Cr,0, > N, 4H,0 C(Cr;0,4
+ +

What volume of Np at 730 torr and 31°C 1s produced from 1 60 moles of
(NH,Cr,0;”

What volume of H,S at 720 torr and 85°F 15 needed for the precipitation of the
bismuth in 50 0 g of BiCl;” The reaction 1s

2BiCl; + 3H,S — B1LS, + 6HC1

What volume of H;S at 740 torr and 20°C 15 needed to precipitate the nickel
from 50 0 g of N1,(PO,), 7TH.O as NiS?

HCN gas 1s fatal at a concentration of 1 part per 500 by volume and 18 very
dangerous within one hour at a concentration of 1 part per 10,000 by volume
What weight of NaCN 1s needed to fill a classroom 20 ft x 15 ft x 9 ft with
HCN at a concentration of 1 part per 10,000? (The barometric pressure 1s 740
torr, and the temperature 1s 80°F ) The reaction 1s

2NaCN + H,S0,— Na,SO, + 2HCN
(a) How many grams of aluminum are needed for the production of 5 50 liters

of H; over H-O at 730 torr and 18°C”
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(b) How many moles of H,SO, 4. needed’ (The reaction 15 given in Problem
24)

What volume of Oy, collected over water at 735 torr and 20°C. can be pro-
duced from 4 00 1b of sodium peroxide, Na,O,, according to the reaction

2Na 0, + 2H,0 — 4yNaOH + ©O:

(a) What weight of NaNOj 15 peeded roduce 5 00 liters of N,O collected
over water at 737 torr and 27°C”> ”f%é’ reac(f‘mn 1S

NH,Cl 1 NaNOg = NaCl | N;O , 2H,0
(b) How many moles of NH,Cl are needed”

(a) What volume of NHy at 700 torr and 50°C 1S needed to make S 00 b of
(NH)sPO,? The reaction 1s

3NH3 + H3PO_I - (NH4)JPO4

(b) What volume of HsPO, (density = 1 69 8/mL 859

H PO, . 1S
needed for this preparation”? by weight)

(a) What volume of H:SO, (density = 1 84 g/ml, 95% H:SO; .18
: y g/mi, weight)
needed to produce 8 30 liters of H, collected over water at 740 tofr and
18°C? The reaction s

Mg + H,SO, — MgSO, , H,
(b) How many moles of Mg are used’

What volume of air (21% O by volume) at 720 torr and 68°F 15 needed to burn
I 001b of butane gas, C;H1o” Balance the equation before solving the problem

CHyo 4 025 CO,  HO

In the process of photosynthesis, plants use CO; and water to produce sugars
according to the overall reaction

11H,0 + 12€C0O, — C,H;,0,, 120,
-+

(a) What volume of CO; at 30°C and 730 torr 1S used by a plant In making 1 00
Ib of sucrose, C;;Hz:04,’

(b) What volume of air 16 deprived of its normal amount of CO, 1n this pro-
cess? (Arr cONtains 0.035% ¢ by volume Assume a barometric pressure

of 750 torr and a temperature of 70°F )
A big national industry produces ethyl alcohol, C,H;OH, by the enzymatic

action of yeast on sugar, by the reaction

Zymase

C4H ;06 — 2C,H,OH N 2C0,

What volume of CO, at 720 torr and 30°C 18 formed during the production of
100 gal of alcohol that 15 95% C,H;OH 1,y weight? (The density of 95%

C.H;OH1s 0800 g/m1)
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40. The adsorbing capacity of charcoal may be greatly increased by "steam acti-
vation." The principal action of the steam passing over the very hot charcoal
is to widen the pores as the result of the reaction

H,0 + C>Hs 4 CO

The mixture of CO and Hz. known as water gas, can be used as a fuel for other

manufacturing concerns, as well as to heat up the coke for this process.

(a) How many cubic feet of water gas at 730 torr and 68°F are obtained from
the activation of 50.0 tons of charcoal if it is activated to a 60% weight
loss?

(b) How many gallons of water (density = | g/ml) will this take?

41. What volume of water gas (CO; + Hy) can be prepared from 1500 liters of
steam at 900°C and 1 atm? (The steam and water gas are measured under the
same conditions. See Problem 40 for the equation.)

42. In the contact process for making H,SO4, § is burned with air to SO2 4nd the
SOz-air mixture is then passed over 2 V4Os caialyst which converts it to SO

S + Ozi SO,
280, + O, > 250,

(a) What volume of air (21% Oy at 27°C and 1.00 atm is needed for the
conversion of 1.00 ton of sulfur to SO,? (Use a 15% excess of oxygen.)

(b) How many gallons of H,SO, (959% H:SO, . . 1.84
can be produced from 1.00 ton of sulfur‘.’by weight, density = g/ml)

43. A common biological determination is for amino-acid nmitrogen. This determi-
nation is made by the van Slyke method, in which the amino groups (-NH,) in
protein material react with HNO; (o ]i))roduce N: gas, the volume of which is
measured. A 0.530 g sample of a biological material containing glycine,
CHy(NH,)COOH, yields 37.2 ml of N2 gas callected over water at a pressyr
of 737 torr and 27°C. What is the percemggg o?gfyc?ne in the or{gnana? gamp?e‘.;
The reaction is

CHy(NH)COOH , HNO; — CHy(OH)COOH + H,0O . N,
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Stoichiometry lll: Calculations Based
on Concentrations of Solutions

When two or more substances are mixed together in a manner that is homoge-
neous and uniform at the molecular level, the mixture is called a solution. The
component (usually a liquid) that is present in much larger quantity than the
others is called the solvent; the other components are the solutes. The concentra-
tion of a solution describes the amount of solute present in a given amount of
solution. When a solution is involved in a reaction, the stoichiometric calcula-
tions must take into account two quantities not previously discussed: the con-
centration of the solution, and its volume.

PREPARATION OF SOLUTIONS

The ways in which chemists most frequently express concentrations involve the
mole as the concentration unit (rather than the gram), because reactions are
between molecules as the basic entities.

Molarity

A solution that contains one mole of solute per liter of solution is known as a
one molar solution; it is abbreviated 1.00 M. In general,



Preparation of Sofutions 189

. . moles of solute
molarity of solution = M = ——————————
liter of solution

It is simple to prepare solutions of known molarity from solids and non-
volatile liquids that can be weighed on an analytical balance, and then dissolved
and diluted t0 a known volume in a volumetric flask. When a reagent-grade
sample is accurately weighed and diluted with care, as in the following prob-
lem, the resulting solution is said to be a standard solution.

PROBLEM:
Prepare 2500 ml of 2 0.1250 M AgNOS so]u[ion, using solid AgNOS

SOLUTION:
From the given volume and concentration you can calculate how many grams of

AgNO; to weigh out:

moles AgNOa)(mg'g g AgNO; )

wt. of AgNOj; needed = (0.2500 liter) (0. 1250 Titer A mole AgNO
3

= 5.309 g AgNOQ,

Transfer the 5.309 g AgNO; 10 a 250.0 ml volumetric flask, dissolve it in some
distilled water, then dilute fo the mark (see p 86). Shake vigorously to get a
uniform solution. Don't add 250.0 ml of water to the weighed sample, because the
resulting solution may actually be larger or smaller than 250.0 m] due to interaction
of solute and solvent.

Many crystals contain "water of crystallization,” which must be included in
the weight of the material weighed out for preparing a solution. Allowance is
made for this by using the molecular weight of the hydrate in your calculations,
not the mole weight of the anhydrous form.

PROBLEM:
Prepare 100.0 ml of 0.2000 M CuSO,, starting with solid CuSO, . 5H,0.

SOLUTION:
From the given volume and concentration of CuSO,, you can calculate the moles
of CuSO; required. Furthermore, the formula shows that 1 mole of CuSO,'5H,0

is required per mole of CuSO,. Thus the weight (W) of CuSO, 5H;0 needed is
C,

W = (0.1000 izer) ( 0.2000 molesACu504> mole CuSO -5H,0\ 7 g CuSO SH,0 \'

\% Wirer \Y% mole CuSO;, / v mole CuSO,-5H,0/

= 4.992 g CuSO, 5SH,0 peeded

Transfer the 4992 g to a 100 ml volumetric flask, dissolve it in some distilled
water, then dilute fo the mark. The fact that some of the water in the solution
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comes from the weighed sample is irrelevant. The source of the water is never a
matter of concern.

Many times it is convenient to obtain a substance from its solution. What
volume of solution should you use to get the quantity of solute you want?

PROBLEM:

What volume of 0.250 M Na,CrOy yil| be needed in order to obtain 8.10 g of
Na,Cr0,?

SOLUTION:

If V = liters of solution needed, it must supply the number of moles contained in

8.10 g of Na,CrO,.
Moles of Na,Cro, needed = 8.10 g Na,CrO,  _ 0.0500 moles
162 g Na,CrO,

““mole Na,CrO,

moles Na,CrO

Moles of Na,CrO, in V liters Tter ") (V liters)

(0.250

0.250V moles
0.250V = 0.0500
V = 0.200 liter = 200 ml needed

This problem illustrates the two most common ways of calculating moles of a
compound: (a) weight divided by mole weight, and (b) molarity times volume in
liters.

Molality

When discussing the colligative properties of a solution (Chapter 21), it is more
important to relate the moles of solute to a constant amount of solvent rather
than to the volume of the solution, as in the case of molarity. In practice this is
accomplished by using a kilogram of solvent instead of a liter of solution as the
reference. A solution that contains one mole of solute per kilogram of solvent is
known as a one molal solution; it is abbreviated 1.00 m. In general,

molality of solution = »y = of solute
kg or solvent

Because the density of water is approximately 1 g/ml, the molarities and
molalities of water solutions will have about the same value. This will not be
true for most other solvents.
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It is simple to prepare solutions of known molality. The volume of the final
solution doesn't enter into it at all.

PROBLEM:
Prepare a 2.00 m naphthalene (CioHy) sojution using 50.0 g €Cli 45 the solvent.

SOLUTION:
You are given the molality of the solution and the weight of the solvent, from
which you can find x, the number of moles of C,yHy peeded.

X molesgC,oH8 — .00

Molality = m = 0.0500 ccl,”

x = 0.100 moles Clng needed

. g CioHy
Weight of CioHy needed = (0.100 moles CroHs) (\ 128 mole Cons)
=128 g C,oH,

To prepare the solution, dissolve 12.8 g C;oH, i 50.0 g €Cls- If you knew that the
density of CCl, is 1.59 g/ml, you could measure out
008 _ 3y 4wl cay,

o
1.59 —
ml

Mole Fraction

Another way of expressing concentrations that is used commonly with gases
(see p 162) and colligative properties (see p 328) is mole fraction, which is
defined (for a given component) as being the moles of component in question
divided by the total moles of all components in solution. For a solution that has
three components (A, B, and C), the mole fraction of A is given by

moles of A
moles of A + moles of B + moles of C

mole fraction dff& =X, =

If you think about it, it's also easy to make a solution of a given mole fraction.

PROBLEM:
Prepare a 0.0348 mole fraction solution of sucrose (C;2H2:01), mole weight = 342
g/mole), using 100 g (that is, 100 ml) of water.

SOLUTION:
You are given the mole fraction of sucrose and the moles of water
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& = 555 moles

18

mole
What you don't know 1s x the moles of sucrose needed By definition,

x moles sucrose

mole fraction = 0 0348 =
(5 55 moles H,0) + (¥ mole sucrose)

Therefore,

- (555)(00348) _ o 200 Mole sucrose

t U voro

Weight of sucrose needed = (0 200 mole sucrose) S342 & &rme_)

mole sucrose

= 68 4 g sucrose

Prepare the solution by dissolving 68 4 g sucrose m 100 g water

Commercial Concentrated Solutions

Many solutions can't be made accurately, or at all, by weighing out the solute
and dissolving 1t in the proper amount of solvent For example, pure substances
such as HC1 and NHj are gases, H2SO, and HNO, & hygroscopic
corrosive liquids, NaOH and KOH avidly absorb water anﬁ%ﬁz from the air
In such circumstances, the customary procedure 15 to purchase the chemicals
in the form of extremely concentrated solutions, then dilute them to the desired
strength The following problem 18 typical

PROBLEM.
Commercial concentrated sulfuric acid 1s labeled as having a density of 1 84 g/ml

and being 96 0% H,SO, by weight Calculate the MOlarty of this golution
SOLUTION:

This 1s a typical conversion problem i which we want to go from grams of
solution per liter to m018568f H:SO4 per liter

g solutlonl(o g HySO, \ /1 mole H:SO 180 moles H,SO,
liter g solution/ V98 1 g H,S50,/ liter

- 180 M

( 1840

PROBLEM:
What are (a) the molahty and (b) the mole fraction of the commercial H,SO,
solution 1n the previous problem?
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SOLUTION:
(a) To find the molality we need to know, for a given amount of solution, the

moles of H;SO, and (e kg of H,0. If we take a liter of solution, we shall have
1840 g of solution, of which 4.0% is water, so (0.040)( 1840 g) = 74 g H,0.

Because there are 18.0 moles of Hy,SO, iy this liter, we have

18.0 moles H,SO,
0.074 kg H,0O

molality = = = 243 molal H,SO,

(b) To find the mole fraction, we need to know (for a given amount of solution)

the moles of HySO, 3p4 the moles of H

N 0. If we take a liter of solution, we
shall have 18.0 moles of H,SO; 4354

74 ¢ HO = moles of
/8 4.1 H,O
g H,U
mole H,O
Therefore the mole fraction is
18.0 moles H,SO
_ =(18.0 moles 204 0.814
XH,505 H,S0,) + (4.{{moles H,0)~

Note that it is not possible to convert from molarity to molality or mole
fraction unless some information about the density or weight composition of
the solution is given.

Dilution

One of the most common ways to prepare a solution is to dilute a concentrated
solution that has already been prepared. There is a fundamental principle that
underlies all dilutions: the number of moles of solute is the same after dilution
as before. It is only the moles of solvent that have been changed (increased).
This principle makes dilution calculations simple. If M, and M; are the
molarities before and after dilution, and V,and V2 gre the initial and final
volumes of solution, then

moles of solute before dilution = moles of solute after dilution

i , { i
(Mx mo es) (v, liters) = (Mz —— (V, liters)

Titer liter
MV, = M,V,

The following problem illustrates the use of this equation.

PROBLEM:

gg‘g"{)"lume of 18.0 M H,SO, s needed for the preparation of 2.00 liters of 3.00 ™
2! 4
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SOLUTION:
We are given the initial and final concentrations of the two solutions, along with the
final volume Therefore,

1 /
(|80 m.o ers) (V liters) = (2 00 Iiters) \3 00

moles)
lite

liter

(2 00)(3 00)

= t
(18 0) 0 333 Iiter

To prepare the solution measure out 333 ml of 18 0 vt H,SO, 404 dilute 'tro 2 00
liters in a volumetric flask Shake well for uniformity Because the interaction of
concentrated H,SO, with H,0 evolves mm h heat and can cause hazardous splat-
tering, 1t 1s better to do a partial dilution with about one liter of water first in a
beaker Then, after cooling, transfer the contents to the volumetric flask, and
complete the dilution The final dilution to the mark must be made with the
solution at room temperature

PREPARATIVE REACTIONS

Solutions often are involved In reactions used to prepare compounds or to

perform chemical analyses In either case, you will be faced with stoichiometri-
cal calculations similar to those in Chapters 10 and 12, but you must also

consider the concentrations and volumes of the solutions that are used We shall
use the "three simple steps" as outlined on p 173

PROBLEM:
Cupnc nitrate 1s prepared by dissolving a weighed amount of copper metal n a
nitric acid solution

3Cu + 8HNO, — 3Cu(NOy), , 2NO _ 4H,0
3Cu + 2NO, + 8H* — 3Cu>* T 2NO ™ 4H,0

What volume of 6 00 M HNO; should be used to prepare 10 0 g of Cu{NO,),’

SOLUTION:
1 From the given weight of Cu(tNOj),. calculate the moles of CUNO,),

; that are
given (to prepare)

__100g
1875 g Cu(NOg),__
mole Cu(NOj),

moles of Cu(NOy), given = = 0 0533 mole Cy(NO,),

2 From the given number of moles of Cu(NOy)z, calculate the moles of HNO3
required The chemical equation shows that 8 moles of HNOy are required for 3
moles of Cu(NOs), Therefore
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[0 0533 moles
{ 8 moles HNO, )

= \3 moles Cu(NO,),
= 0 142 moles HNO;

moles of HNQO; required Cu(NO,),]

3 From the number of moles of HNO3 required, find the volume of HNO3
solution as specified 1n the statement of the problem Because the HNO; golution
15 6 00 moles/liter, we must use a volume that will provide 0 142 moles That 1s,

V =0 142 moles HNO3
moles HNO,

liter

= 0 0237 liter
6 00

You will have to add at least 23 7 ml of 6 00 M HNOj in order to prepare 10 0 g
of Cu(NO,),

TITRATION REACTIONS

Standardization

The concentrations of solutions that are made from concentrated commercial
solutions (such as the HSO4 golution on p 192) are usually not known very
accurately because the label information may be only approximate, or the
concentrations may change with the opening and closing of the bottles For

example, concentrated HC1 and NH;, tend to lose their solutes (the odors are
terrible "), I\?a(SH and KOH tend to redef with CO, from the 5, and g 50, and

H3PQ4 are diluted as they pick up HaO rom the @7 As a result, standar
solutions of these compounds can’t be made from concenlrale& commercia
solutions However, 1t:s possible to make a dilute solution of approximately the
desired concentration (see p 194), and then standardize 1t by reaction with a
known weight of a pure compound or with a known volume of another standard
solution

The amount of a solution needed to react with a given quantity of another
substance often 1s determined by a process known asutration The reagent
solution, the titrant, 1s added from a buret (a graduated tube) to the sample
solution until chemically equivalent amounts of the two are present The end-
point of the titration corresponds to the use of chemically equivalent amounts,
1t often 15 signaled by a color change 1n the solution due to the presence of a
suitable indicator The solution 1n the buret may be a standard solution that 1s
being used for analysis of the material 1n the titration flask, or it may be a
solution that 1s being standardized by reaction with a known amount of material
i the flask In any case, the volume of solution added from the buret to reach
the endpoint 13 always recorded The two following problems illustrate stan-
dardization of solutions by titration *

* 1n Chapter 20 we present an alternative approach to solving all of the problems in the balance of
this chapter
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PROBLEM:

Titration of a 0.7865 g sample of pure potassium hydrogen phthalate requires 35.73
ml of a NaOH solution. Calculate the molarity of the NaOH solution. This acid-
base reaction is

NaOH + KHCH, O, —» NaKCH,0, H.0
+
OH- + HC{H,O3 —» CH 05" . H,O

SOLUTION:

I. From the given grams of KHCH,O,, calculate the moles:

KHCH,O,
§ KHCeH,0,
mole KHC,H,0,

moles of K HC H,O, given = = 3 854 x 107® moles

204.1

2. The chemical equation shows 1 mole of NaOH needed per mole of

KHCHO, at the endpoint, so

1 mole NaOH
moles of NaOH used = (\ 1 mole KHCgH,O,

= 3.854 x 104 moles NaOH

) (3.854 x 10*moles KHC,H,0,)

3. The moles of NaOH used were dissolved in 35.73 ml of solution. Therefore,
the molarity of the solution is

3.854 x 1073 moles NaOH moles NaOH

molarity = 0.2—079
0.03573 liters liter

You have "standardized" the solution and found it to be 0.1079 M NaOH.

PROBLEM:

A solution of H,80, jg prepared by diluting commercial concentrated acid. A
volume of 42.67 ml of this solution is required to titrate exactly 50.00 ml of the

NaOH solution standardized in the preceding problem. Calculate the molarity of
the H,SO, go1ution. The titration reaction is

2NaOH + H,50, — Na,SO, + 2H,0
OH- + H* — Hgo

SOLUTION:
1. From the given volume and concentration of NaOH solution, calculate the
moles of NaOH given (used):

moles NaO H\‘

moles of NaOH used = (0.05000 liters) (0,1079 it )
iter

- 5395 x 10-3 moles NaOH

2. The chemical equation shows that 1 mole of H,SOy ig ysed per 2 moles of
NaOH at the endpoint, so the number of moles of HySO, yged is
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(5395 x moles NaOH)

1 le H,SO
moles of H,SO, _ ( mote Badts 1073

V2 molesNaOH/
= 2698 x 10~ Mles g0,

3 The moles of HySO; y5ed were dissolved 1M 42 67 ml of solution [ herefore,
the molanty 1s

2 3 moles py. moles
molarity =ﬁX_L_ H,SO; 0 06322 H,SO,

0 04267 liters liter

You have standardized the H:SO,qglution and found o be 0 06322 M H2SO,

Analysis

Sometimes 1t 1S not possible to perform a "direct™ titration as illustrated 1n the
last two problems In an indirect™ titration, a known (but excess) volume of
standard solution 1S used to insure a complete reaction with whatever 1s being
analyzed for, then, at the end of the analysis, the unused quantity of the stan-
dard solution 1S determined by what 1s called a back-titration For example, such
a procedure 1§ useful for the determination of a gas that can be bubbled through
the standard reaction solution Another example 1S illustrated by the next prob-
lem

PROBLEM
A 0 3312 g sample of impure Na,CO31S gigsolved 10 exactly 50 00 ml of the HaSO4
solution standardized in the preceding problem There 1s CO, gas liberated 1n this
reaction
Na,CO, . H.SO, —» NasSO;, CO,] H)0
+

CO;i + 2H* - CO,t * H0 7
The CO; gas 15 totally driven off by gentle heating, so that 1t Will not interfere with
the endpoint determination The unused portion of the HoSO, 1S thep titrated The
back titration reaction 1s

2NaOH + H,S0, — Na,SO; . 2H,0

OH- + H*— H,0

The back-titration requires 9 36 ml of 0 1079 M NaOH Calculate the percentage of
Na,COs 1n the original sample
SOLUTION:

At the final endpomt the H,SO. ha5 been exactly used up by two reactions one
with NaOH, and the other with Na,CO4 we know the moles of H2S3O, nd. NaO

involved because we know the volumes and concentrations of their solutions ﬂ
we subtract from the total moles of HoSO; the number of moles used by the
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NaOH, we will know the number of moles of H,SO, ;¢4 by the Na,CO, This will
tell us how much Na,COs mygt have been present originally

Total moles H,50, at outset = (006322 ™ 50 (0 05000 hters)

=0 003161 moles H,SO,

moles of H,SO, used by NaOH

‘0 07
- \p ’ liter
= 0 000505 moles H,SO,

malec NigOHN

. /1 mole sto;{)
/(0 00936 liters) \2 moles NaOH.

Moles of HoSO, o1 uged by NaOH = 0 003,61 ~ 0 000505
= 0002656 moles HoSO, yged by Na:COq

The chemical equation shows that I mole of Na,COy 1 yged per mole of H2SO« %

weight of Na,CO; present
B , 1 mole Na,COjq 0 g Na,CO,
= (0002656 moles H809(; 70 ° FEe=2) L TNagO
= 02815 g Na,CO; 1n sample
0 2815 g Na,CO,
0 33,2 g sample

x 100 =85 UU% Na,CO,

% Na,CO, =

PROBLEM:

An on ore 1s a mixture of Fe;0s and inert impurities One method of "% analysis
1s to dissolve the ore sample in HCI, convert all of the wron to the Fe<* with

metallic zinc, then titrate the solution with a standard KMnO, solution The reac
tion 1s

KMnOy + 5FeCl, , gy — KCl 4 MnCl, F SFeCly | 4H;0
MnO, + 5Fe?** 8H* — Mn?* SFe®* 4H,0

At the endpoint, there 1s no more FeCl, for reaction, so the further addition of
purple KMnO, will make the whole solution purple because 1t can no longer be
converted to colorless MnCl, 1fa0 3778 g ore sample requires 38 60 ml of 0 02109
M KMnO; for ttration. calculate the percentage of ron n the original sample

SOLUTION:
1 From the given amount of KMnO,, calculate the moles of KMnO, used

moles KMnQO,
Iiter

=8 125 x 10 « moles KMnO,

moles K MnO, used = (0 02105 ) (0 03860 liter)
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2 From the given moles of KMnO,, calculate the moles of Fe used up The
chemical equation shows that 5 moles of Fe (as FeCl,) are used per mole of
KMnOy, so

moles of Fe used up = (8 125 x 10 1 moles KM l5 mdies e J
p=( nOJ\( mole KMnOy

— 4063 x 10— moles Fe present

3 From the number of moles of Fe present, calculate the weight of Fe, and
from that the percentage of Fe in the original sample

Weight of Fe present = (4 063 x 1073 moles Fe)(Sﬁ 8 & ¢ )

=0 2267 g Fe

0 2267 g Fe
% Fe present = ___— =~ _ x 100 = 60 00% Fe
0 3778 g sample

PROBLEMS A

1 Tell how you would prepare each of the following solutions
(a) 3 00 liters of 0 750 v NaCl from solid NaCl
(b) 550 ml of 200 M ZnSO; from solid ZHSO4 7H20
(c) 180 ml of 0 100 M Ba(NOs); from solid Ba(NOak
(d) 12 liters of 6 0 M KOH from solid KOH
(e) 730 ml of 0 0700 M Fe(NQOs); from solid Fe(NO3); 9H,O

[38]

Tell how you would prepare each of the following solutions
(@) 150 mlof 0 200 M H,SOq £rom 6 00 M H2SO4

(b) 280 ml of 0 600 M CoCl, from 3 00 M CoCl,

(¢) 5 70 liters of 0 0300 M ZnSO; from 2 50 M ZnSOq

(d) 60 0 ml of 000350 M K3Fe(CN)s from 0 800 M KaFe(CN)g
(e) 250 mlof 270 M UOxNO3)s .51 8 30 M Y OANO3):

3 Find molarities and molalities of each of the following solutions

Density Weight
Solution (g/ml) pen entage

(a) KOH 1 344 350
(b) HNO, 1 334 540
(c) H,SO, 1 834 950
(d) MgCl, 1119 290
(e) NayCr,0, 1 140 200
(f) Na,S,0; [ 100 120
(g) NazAsO, 1 113 100
(h) AlySO,)s 1253 220
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Give the weight of metal ion in each of the following solutions

(@) 250 ml of 0 10 M CuSO, (e) 75 ml of 0 10 M AlCly
(b) 125 ml of 0 050 M CdCl, () 1 5 liters of 30 M AgNO;
(c) 50 ml of 0 15 M MgSO, (g) 20 liters of 0 333 M Fey(SO,);

(d) 50 ml of 0 075 M Na,SO,

The density ofa 7 00 M HCI solutionis 1 113 g/ml Find the percentage of HCI
by weight

(@) What s the percentage of HNO; by weight ina 21 2 M solution of HNO,
whose density 1s 1.483 g/ml?
(b) What 1s the molality of this solution”?

If 3 O liters of 6 0 M HCI are added to 2 O liters of 1 5 M HCIl, what 1s the
resulting concentration? ASSUMe the final volume to be exactly 5 O liters

What volume of 15 0 M HNO, Shou]d be added to 1250 m] of 2 00 M HNO;
prepare 14 0 liters of 1 00 M HNOQ,” Water ¢ added to make the final volume

exactly 14 0 liters

The density ofa 2 04 M Cd(NO3); goJution 1S 1 382 g/ml If 500 ml of water s
added to 750 ml of this solution, (a) what will be the percentage by weight of
CA(NOy); 1n e pew solution? (b) What will be jts molality’

If 40 00 ml of an HCI1 solution 1s titrated by 45 00 ml of 0 1500 M NaOH, what
1s the molanty of the HCI?

We need 35 45 ml of an NaOH solution to titrate a 2 0813 g sample of pure
benzoic acid, HC,H;0, What 'S the molarity of the NaOH solution?

What 1s the molanty of a K,C,0, solution if 35 00 1t1s ded for the
utration of 47 65 ml of 0 06320 M KMAd! sototuond THY react i s

2MnO; 4+ 5C,05" ¢ 16H* — 2Mn** + 10CO, + 8H,0

How many mulliliters of a solution containing 31 52 g KMnOy per liter will

react with 3 814 g FeSO, 7H,0? The reaction ;s .

+
MnOj ¢ SFer* t 8H* — Mn**  SFe3*  4H,0

It takes 35 00 m! of 0 1500 M KOH to react with 40 00 m] of H,POy goution
The titration reaction 1s

H;PO; 4 204 — HPO;™ 4 2H,O
What 1s the molarity of the H;PO, solution”

A 1975 ml sample of vinegar of density 1 061 g/ml requires 43 24 ml of 0 3982
M NaOH for titration What 1s the percentage by weight of acetic acid,
HC,H;0,. 1n the vinegar”

If we add 39 20 ml of 0 1333 M H,SO, 15 ( 4550 g of a sample of soda ash that

15 59 95% Na,COs, what volume of 0 1053 M NaOH 1® required for back-
titration”
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17 A 0500 g sample of impure CaCOj3 15 dissolved 1150 0 m] of 0 100 M HC1 and
the residual acid titrated by 5 00 ml of 0 120 M NaOH Find the percentage of

CaCO; 1n the sample The reaction IS
CaCO; + 2HC1 — CaCl, 4 H,0O 4 CO,

18 Tttakes 45 00 ml of a given HC1 solution to react with 0 2435 g calcite CaCO,
This acid 1s used to determine the percent purity of a Ba(OH), sample as
follows

Wt of impure Ba(OH), sample = 0 4367 g

Vol of HC1 used - 35 27 ml

Vol of NaOH used for back-titration = 1 78 ml
1 200 ml of HCI titrates 1 312 ml of NaOH

What 1s the percentage of Ba(OH), 1n the sample’

19 (a) What weight of AgCl can be obtained by precipitating all the Ag* from 50

ml of 0 12 M AgNO;>
(b) What weight of NaCl 1s required to precipitate the AgCl’
(c) What volume of 0 24 M HCI1 would be needed to precipitate the AgCI”

20 What volume of 10 0 M HCI 1s needed to prepare 6 40 liters H,S at 750 torr and
27°C" The reaction s

FeS + 2HCI — FeCl, + H,S

21 What volume of 12 5 M NaOH 1s needed to prepare 25 0 liters of H at 735 torr
and 18°C by the reaction

2A1 + 2NaOH + 2H,0 — 2NaAlO, | 3H,

22 (a) What weight of silver and what volume of 6 00 M HNO; are needed for the
preparation of 500 ml of 3 00 M AgNO,’

(b) What volume of NO, collected over water at 725 torr and 27°C, will be
formed? The reaction

3Ag + 4HNO, — 3AgNO,; + NO + 2H,0

23 Fuming sulfunc acid 1s a mixture of H,SO4 554 SO, A 2500 g sample of
fuming sulfunc acid requires 47 53 ml of 1 1513 M NaOH for ttration Whatis
the percentage of SO; In the Sample”

PROBLEMS B

24 Tell how you would prepare each of the following solutions
(a) 125 mlof 062 M NH4C1 from solid NH4C1
(b) 275 liters of 1 72 M NiNOy); from solid NUNOj), 6H,0O
() 650 mlof025 M AI(NO;)J from solid AJ(NOJ); 9H,0
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(d) 230 mi of 0.460 M LiOH from solid LiOH
(e) 7.57 liters of 1.10 M KCr{SO4): from solid KCr{SO4):- 12H,0

. Tell how you would prepare each of the following solutions.

(a) 750 m] of 0.55 M HyPO, o 3.60 M HsPO4

(b) 12 liters of 3.0 M NH; from 15 M NH;

(c) 25 ml of 0.020 M Pry(SOy); ¢ .50 v Pr2(SOuks

(d) 365 ml of 0.0750 M Kqu(Cli&)s from 0.950 M KiFe(CN)g

Tell how you would prepare each of the following solutions (weight percentage

given).

(a) 650 mlof0.350 M AICl; from a 16.0% solution whose density is 1.149 g/ml

(b) 1)351 liters of 4.35 M NH.NO; from 2 62.0% solution whose density is 1.294
g/m

(c) 465 ml of 3.70 M H3POs from an 85.0% solution whose density is 1.689
g/ml

(d) 75.0 ml of 1.25 M CuCl; from a 36.0% solution whose density is 1.462 g/ml

(e) 8.32 liters of 1.50 M ZnCly from a 60.3% solution whose density is 1.747
g/ml

. Find the molalities of the original solutions used in Problem 26.

. The density of a 3.68 M sodium thiosulfate solution is 1.269 g/ml.

(a) Find the percentage ofNa?Szoa by weight.
(b) What is the molality of this solution?

. The solubility of Hg:Cly j5 700 x 107* % per 100 g of water at 30°C.

(a) Assuming that the density of water (1 g/ml) is not appreciably affected by
the presence of this amount of Hg,Cly, determine the Molarity of the
saturated solution of Hg,Cl,.

(b) What is the molality of this solution?

A pharmaceutical house wishes to prepare a nonirritating nose-drop prepara-
tion. To do this, it will put the active agent in a "normal saline" solution, which
is merely 0.90% NaCl by weight. What quantities of material will be needed if
it is desired to make 3000 gal of nose-drop solution that is normal saline and
contains 0.10% active agent? (The density of 0.90% NaCl solution is 1.005
g/ml.)

If 500 m1 of 3.00 M H.SO, is added to 1.50 liters of 0.500 M H2SOs,

. . what is the
resulting concentration?

. What volume of 15.0 M NHj should be added to 3.50 liters of 3.00 M NHj i

order to give 6.00 liters of 5.00 M NHj on dilution with water?

The density of a 1.660 M Na;CryO0; golution is 1.244 g/ml.

(a) Find the percentage of Na,Cr,O; by weight

(b) If 1.50 liters of water are added to "1.00 ﬁtef of this solution, what is the
percentage by weight of Na,Cr,O07 i the new solution?

If 35.0 ml of 0.750 M AUNO3); 4re added to 100 ml of 0- 150 p AUNO,);,

. - : hat
will be the resulting concentration” wha
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What volume of 4 00 M NaOH should be added to 5 00 liters of 0 500 M NaOH
1n order to get 15 0 liters of 1 00 M NaOH on dilution with water?

How would elou make a standard solution that contains 10 0y of Hg?* P®* liter
of solution® (@I i HgCl,, and use volumetric flasks, pipets, and a balance
sensitive to 0 2 mg A y1s a millionth of a gram )

It takes 31 00 ml of 0 2500 M H,SO,; (g react With 48 00 m] NHs solution What
1s the molanty of the NH;”

How many milligrams of Na,COs will aqct With 45 00 ml of 0 2500 M HCI°

What 1s the molarity of a KMnOy solution 1f 30 00 ml of 1t 18 needed for the
titration of 45 00 ml of O 1550 M Na,C,0, solution” (See Problem 12 for the
equation )

What s the molanty of a ceric sulfate solution 1f 46 35 ml s required for the
titration of a 0 2351 g sample of Na,C,0, that 151‘99 609 pure’ The reaction S
2Ce* T G0 — 2Ce™ 2C0,

A 0 2120 g sample of pure 1ron wire 1s dissolved, reduced to Fe**, and titrated

by 40 00 ml KMnO; solution The reaction 18 +

-+-
MnO; + 5Fe* T 8H* — Mn**  SFe**  4H,0
Find the molanty of the KMnO, solution

A 0220 g sample of H;SO, 15 giluted Wh water and titrated by 40 0 ml of
0 100 M NaOH Find the percentage by weight of H,SO, 1n (e sample

A sample of vinegar weighs 14 36 g and requires 42 45 ml of 0 2080 M NaOH
for titration Find the percentage of acetic acid, HC,H,0,, 1n (. vinegar

From the following data, compute the molarity of (a) the H,SO, ¢olution and
(b) the KOH solution

Wt of sulfamic acid, H(NH)SO; - 0 2966 g

Vol of KOH to neutralize the H(INH,)SO; = 34 85 ml

31 08 ml of H,SOy itrates 33 64 ml of KOH

A crystal of calcite, CaCOsy, 15 dissolved INexcess HC1 and the solution boiled
to remove the CO, The unneutralized acid 15 then titrated by a base solution
that has previously been compared with the acid solution Calculate the molar
ity of (a) the acid, and (b) the base solutions

Wt of calcite - 1 9802 g

Vol of HC1 added to calcite = 45 00 ml

Vol of NaOH used 1n back titration = 14 43 ml

30 26 ml of acid titrates 21 56 ml of base

A 2 500 g sample of an ammonium salt of technical grade 1s treated with
concentrated NaOH and the NHj that 15 iberated 1s distilled and collected 1n
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50.00 ml of 1.2000 M HCI; 3.65 ml of 0.5316 M NaOH is required for back-
titration. Calculate the percentage of NH; in the sample.

A 0.5000 g sample of impure CaO is added to 50.00 ml of 0.1000 M HC1. The
excess HC1 is titrated by 5.00 ml of 0.1250 M NaOH. Find the percentage of
Ca0 in the sample. The reaction is

Ca0O + 2HC1 — CaCl, + H,O

Silver nitrate solution is prepared by dissolving 85.20 g of pure AgNO; and
diluting to 500.0 ml.
(a) What is its molarity?

(b) A CaCl; sample is titrated by 40.00 ml of this A8NOs golution. What is the
weight of CaCl; in the sample?

(a) What weight of MnO; and (b) what volume of 12.0 M HCI are needed for
the preparation of 750 ml of 2.00 M MnClL? (¢) What volume of Cl; at 745 torr
and 23°C will be formed? The reaction is

MnO; + 4HCI — MnClL, | Clp " 2H,0

What volume of [2.0 M HCI is needed to prepare 3.00 liters of Cl, at 730 torr
and 25°C by the reaction

2KMnO, + I6HCI — 2MnCl, 4 5Cl | 8H,O 0

(a) What volume of 6.00 M HNOj and what weight of copper are needed for
the production of 1.50 liters of a 0.500 M Cu(NOs)z ¢olution?

(b) What volume of NO, collected over water at 745 torr and 18°C, will be
produced at the same time? The reaction is

3Cu + 8HNOa - 3CU(N03)2 + 2NO + 4H20

What volume of 10.0 M HCI is needed to prepare 12.7 liters of CO; at 735 torr
and 35°C? The reaction is

CaCOj + 2HC1 — CaCl, 4 CO, " H,O

A 20.00 ml sample of a solution containing NaNO, and NaNO; i5 acidified

with HoSO4 and then treated with an excess of NaNa (sodium aZldl\? The
hydrazoic acid so formed reacts with and completely removes the HNO,. It

does not react with the nitrate. The reaction is
HN; + HNO, —- H,0 " N, + N,O

The volume of Ny and N2O j5 measured over water and found to be 36.50 ml at
740.0 torr and 27°C. What is the molar concentration of NaNO; in this solu-

tion?
You have a 0.5000 g mixture of oxalic acid, H.C.0,'2H;O, and benzoic acid,

HCH50,. 1y sample rec% ires 47.53 ml of 1151 A1 KOH o0 4iiration. What
is the percentage composition of this mixture?
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Thermochemistry

Thermochemistry is the study of the thermal (heat) changes that are associated
with physical and chemical changes. Thermodynamics is much broader in
scope because it includes the study of all forms of energy, including work.
Some of these aspects are considered in later chapters.

CHANGES IN TEMPERATURE

Ifheat is applied to a substance, the temperature is raised; if heat is withdrawn,
the temperature is lowered. The unit of heat is the calorie (cal). which is defined
as the quantity of heat required to raise the temperature of 1 g of water 1 degree
Celsius. We shall not deal with problems so accurately as to be concerned about
the very small difference between a **15° calorie” (the heat needed to raise 1 g
of water from 14.5°C to 15.5°C), or the "mean calorie” (1 one-hundredth of the
heat needed to raise 1 g of water from 0°C to 100°C).

The number of calories required to raise the temperature of an object 1°C is
called the heat capacity of the object. The molar heat capacity of a substance is
the number of calories needed to raise the temperature of a mole of the sub-
stance 1°C.

The specific heat of any substance is the number of calories required to raise
one gram of it 1°C. From our definition of the calorie, it follows that the specific
heat of water is 1 cal/g °C.
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PROBLEM:

The specific heat of Fe,O3 15 o 151 cal/g °C How much heat 'S needed to raise the
temperature of 200 g of Fe;O3; from 20 0°C o 30 0°C? What ;5 the molar heat
capacity of Fe;O,?

SOLUTION.
Because 0 151 cal raises 1 g of Fe;O; 1oC,

total calones = (200 g) (o 151 ALY (o 00
g Cc/

302 cal needed

The molar heat capacity 1s the product of specific heat and mole weight

. cai g
t = — 9
Molar heat capacityy ({) 151 z °C) (15 6 mole)
cal
= 24
M1 mole °C

CALORIMETRY

The amount of heat that 1s absorbed or liberated in a physical or chemical
change can be measured 1n a well-insulated vessel called a calonmeter (Figure
14-1) Calorimetry 1s based on the principle that the observed temperature
change resulting from a chemical reaction can be simulated with an electrical
heater The electrical measurements of current (/), heater resistance (R). and
duration (¢) of heating make 1t possible to calculate how much heat 1s equivalent
o .

10 e OB S RS ot RIS e R0 R
change per gram or per mole

The formula s derived as follows Electrical current, measured 1n amperes, 18
the rate of flow of electrical charge (coulombs), by definition, 1t 1s

coulombs

ampere
P seconds

The common relationship between volts (E), amperes (/), and resistance (R) 1S
known as Ohm's law

E = IR
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FIGURE 14-1
One type of calorimeter.

Electrical energy is given by

_ _ { coulombsy
energy = (volts)(amperes)(seconds) = (volts)mis ) (seconds)

— L1 = 2R, Vot coulombs (orjoules)

By definition,
i volt coulomb (the Si-approved unit of energy)

| joule =
4. 184 joules (the so-called mechanical equivalent of heat)

I calorie =

By combining these laws and definitions, we get

2

. ) .
electrical energy = i 1na calories
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The insulation surrounding the calorimeter minimizes heat loss or gain
through the walls. The cover (C) supports the electrical heater (H); it has two
holes, one to permit the insertion of a sensitive differential thermometer (T), and
one through which reactants can be added. The solution is stirred by a Teflon-
covered magnet (M) that is rotated by the motor-driven magnet (M'"). The
electrical heating is controlled and measured as follows. The double-pole
switch (S) controls two things simultaneously: the timer (W), and the battery
(B), which supplies a constant current to the immersion heater (H). The current
(/) that flows through the heater is read from the ammeter (A), and the duration
(t) of time that the current flows is read from the timer. The resistance (R) of
the heater is known from a separate measurement. The following problems are
based on the calorimeter shown in Figure 14-1.

PROBLEM:
A calorimeter contains 200 ml of 0.100 M NaCl solution at room temperature
(25.038°C according to the thermometer). With the magnetic stirrer going, exactly

10.00 ml of 1.000 M AgNO; solution (also at room temperature) is added dropwise
through the porthole of the calorimeter. The temperature, as indicated by the
thermometer, rises to 25.662°C. A current of 0.700 ampere is then passed through
the electrical heater (whose resistance is 6.50 ohms) for a period of 4 min 5 sec,
and the temperature rises by 0.742°C. Calculate the number of calories produced
when one mole of AgCl precipitates from aqueous solution.

SOLUTION:
The electrical heater and thermometer tell you how many calories it takes to raise
the reaction mixture by 1°C:

(0.700 amp)?(6.50 ohm)(245 sec)

Joule
4.184
energy | cal _186.5 cal
°C 0.742°C T 0.742°C
cal
= ?
251 C

The chemical reaction caused the temperature of the same mixture to rise by
0.624°C, corresponding to an energy release of

energy from reaction = (0.624°C) (25] %} = 157 cal

You will note that there was added (0.200 liter) (0.100 mole/liter) = 0.0200 mole
NaCl and (0.0100 liter) (1.00 mole/liter) = 0.0100 mole AgNO;. Only half of the
NaCl is used, and just 0.0100 mole of AgCl is formed. It is the formation of this
0.0100 mole of AgCl that produces the 157 cal, so
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157 cal cal

0.0100 mole AgCl~ %0 Thole AgCl

energy per mole =

If you want to measure the specific heat of a liquid, you need know only the
electrical energy needed to heat a known weight of the liquid and the measured
temperature change, but you must use acalibrated calorimeter, so that a correc-
tion can be made for the amount of electrical energy that was absorbed by the
calorimeter walls rather than by the liquid.

PROBLEM:

A calorimeter requires a current of 0.800 amp for 4 min 15 sec to raise the tempera-
ture of 200.0 ml of H,O by 1.100°C. The same calorimeter requires 0.800 amp for 3
min 5 sec to raise the temperature of 200.0 ml of another liquid (whose density is
0.900 g/ml) by 0.950°C. The heater resistance is 6.50 ohms. Calculate the specific
heat of the liquid.

SOLUTION:
The tota] heat energy produced by the electrical heater in water was used to raise
the temperature of the water and the calorimeter walls by 1.100°C; it is

(0.800 amp)?(6.50 OMms)(255 sec)
total energy =—on—— —— = 254 cal
4.184
The energy required to raise just the water by 1.100°C (assuming the density and
specific heat of water are both 1.000) is
cal R
energy for water = (200.0 g)( 100 gTC (1.100°C) = 220 cal
The energy required to raise the temperature of the calorimeter walls is the differ-
ence between the total energy and that required for the water—that is, 254 — 220 =
34 cal. The heat capacity of the calorimeter (calories required to raise that part of
its walls in contact with the liquid by 1.0°C)is
34 cal cal

heat capacity of calorimeter = =731 —
L1 C

The total electrical energy produced when the heater was in the liquid is

(0.800 amp)?(6.50 ONMs)(185 sec)
T 484 =

s

cal

Of this total amount, the part required to raise the calorimeter walls by 0.950°C is
energy for calorimeter = (31 cal/°C)(0.950°C) = 29 cal

The difference between 184 cal and 29 cal is 155 cal; this is the amount required to
raise the temperature of the liquid by 0.950°C. The amount of heat required to
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raise 1 g of the liquid by 1°C (its specific heat) is

. G ISECEII
specific eat*of Hquid' = 751§ 111(0.900 g/mD)(0.950°C)
cal
=0.910 gTC

An alternative method of calorimetry that gives less accurate results, but is
simpler in concept, uses only a single insulated container and a thermometer.
Temperature changes in the calorimeter are brought about by adding hot (or
cold) objects of known weight and temperature. Calculations are based on the
principle that the heat lost by the added hot object is equal to that gained by the
water in the calorimeter and the calorimeter walls. This simple approach is
illustrated in the next two problems.

PROBLEM:

The temperature in a calorimeter containing 100 g of water is 22.7°C. Fifty grams
of water are heated to boiling (99.1°C at this location) and quickly poured into the
calorimeter. The final temperature is 44.8°C. From these data, calculate the heat
capacity of the calorimeter.

SOLUTION:

The heat loss from the hot water is equal to the heat gain by the calorimeter and
the water initially in it.

Heat lost by hot water = (wt of H,O)(sp ht of H:O)(temp change)

cal
0

)(99.1°C - 44.8°C)
g °C

= (50 g) (1.00
=2715cal

Heat gained by calorimeter water = (wt of H,O)sp ht of H,O)temp change)
car’
g &

= (100 g) [ 1:00 =21} (44.8°C - 22.7°C)
\

= 2210 cal

Heat gained by calorimeter = (ht capacity of calorimeter)(temp change)

cal
°C

22.1x cal

= (x ) (44.8°C - 22.7°C)

We equate the heat lost to the heat gained and solve forx, the heat capacity of the
calorimeter:
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2715 cal = 2210 cal + 22.1x cal

2715 - 2210 cal

5 =“.‘60C

[

~

[N |
—

PROBLEM:

The calorimeter of the preceding problem is used to measure the specific heat of a
metal sample, A 100 g sample of water is put into the calorimeter at a temperature
of 24.1°C. A 45.32 g sample of metal filings is put into a dry test tube that is
immersed in a bath of boiling water until the metal is at the temperature of the
latter, 99.1°C. The hot metal is then quickly poured into the calorimeter and the
water stirred by a thermometer that is read at frequent intervals until the tempera-
ture reaches a maximum of 27.6°C. Compute the specific heat of the metal.

SOLUTION:
The heat lost by the metal sample is equal to the heat gained by the calorimeter.
Heat gained by water = (wt of HyO)(sp ht of H,O)(temp change)

cal
e°C

(100 g) ( 1.00

350 cal

) (27.6°C - 24.1°C)

Heat gained by calorimeter = (ht capacity of calorimeter)(temp change)

al

(22.8 i) (27.6°C - 24.1°C)
g°C

= 80 cal

Total heat gained = 350 cal + 80 cal
430 cal

Heat lost by metal = (wt of metal)(sp ht of metal)(temp change)

430 cal = (45.32 g) \(A\' (99.1°C - 27.6°C)

.
g
_ 430 cal
T (45.32 g)(71.5°C)

RY

Specific heat = 0.133 ilc

g8

THE RULE OF DULONG AND PETIT

Many years ago, Pierre Dulong and Alexis Petit observed that the molar heat
capacity for most solid elements is approximately 6.2 cal/mole °C. That is, the
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number of calories required to raise one mole of a solid element by 1.0°C is
given by

{ g \ 6 cal__
\ mole> (g °c] 6. mole °C

This rule of Dulong and Petit provides a simple way to find the approximate
values of the atomic weights of solid elements. For example, if you had an
unknown solid element in a finely divided state, you could put a weighed
sample of it into your calibrated calorimeter and quickly find its specific heat;
then, using the rule of Dulong and Petit, you could find its approximate atomic
weight.

PROBLEM:

A 50.0 g sample of a finely divided metal, insoluble and unreactive to water, is put
into 200.0 ml of water in the calorimeter that was calibrated in the preceding
problems. A current of 0.800 amp is passed through the heater for 15 min 50 sec in
order to raise the temperature by 4.00°C. What is the specific heat of the metal?

SOLUTION:
The total electrical energy required to raise the water, the calorimeter, and the
metal by 4.00°C is

(0.800 amp)*(6.50 ohms)(950 S€°)
4.184

= 945 cal

Together, the water and the calorimeter require 231 cal”°C. so the total energy
required by them for 4.00°C is

(231 coacl)(A4.00°C) = 924 cal
The difference, 945 - 924 = 21 cal, is required to raise the 50.0 g of metal by
4.00°C. Therefore, the specific heat of the metal is

21.0cal b 105 cal

(50.0 £)(4.00°C) g °C

. . . _ 62 g
Approximate atomic weight of the metal = 0.105 = 59 ol

ENTHALPY OF TRANSITION

When substances melt or vaporize, they absorb energy but do not change
temperature. Instead, this energy is used to overcome the mutual attraction of
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the molecules or ions and permit them to move more independently than they
could in their former state; the new state with its added energy always has less
molecular order. For example, liquid water at 0°C is a less-ordered state than
crystalline water at 0°C, and water vapor at 100°C is chaotic in its molecular
organization compared to liquid water at 100°C.

These statements are made more precise and quantitative in the following
way. It is said that, at a given temperature and pressure, the molecules of each
substance in "state 1" (say, liquid) have a heat content of H,, whereas in "state

2" (say, vapor) they have a heat content of H;. The "heat of transition” (in this
case, vaporization) is simply "the change in heat content" (AH1):

AHy — Hy _ H,

To avoid the use of the ambiguous term "heat" in connection with "heat
content,” it is customary to use the term enthalpy. At a given temperature and
pressure, every substance possesses a characteristic amount of enthalpy (H),
and the heat changes associated with chemical and physical changes at constant
pressure are called changes in enthalpy (AH): AHr is the enthalpy of transition.
Two common enthalpies of transition are AH; = 1435 cal/mole for the enthalpy
of fusion(melting) of ice at 0°C, and AH\ = 9713 cal/mole for the enthalpy of
vaporization of water at 100°C.

Energy also is involved in transitions from one allotropic form to another, or
from one crystal form to another. To change a mole of red phosphorus to yellow
phosphorus, we must supply 4.22 kilocalories (AHt = +4.22 kcal/mole), and
when 1 mole of yellow silicon disulfide changes to white silicon disulfide, 3.11
kcal is liberated (AAT = —3.11 kcal/mo]e).

In the following problem we apply the principles involved in both specific
heat and heats of transition.

PROBLEM:
What is the resulting temperature if 36.0 grams of ice at 0°C are put into 200 g of
H,O at 25.0°C, contained in the calibrated calorimeter used in the preceding
problems?
SOLUTION:

The energy required to melt the ice is supplied by the water and the calorimeter
walls which, as a result, are cooled. Let T be the final temperature.

. X (3A.0 o)X 1435 cal/maole)
Calories needed to melt ice at 0°C = , = 2870 cal
(18.0 g/mole)

1
Calories needed to raise H,O from 0° to T = (36.0 g)( 1—;—1:) 1 (T°C) = 36.0T cal

Total calories needed = 2870 + 36.07
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. . oy
Calories lost by water going from 7° to 0°C = (200 g)( 1 &—‘C) (25°C - T°C)
31 — 1 (25°C - T°C)
C/
Total calories lost = (231)(25.0 — T)

Calories lost by calorimeter walls from 7° to 0°C

Il

( caht

Going on the principle that
total calories needed = total calories lost
we have

2870 + 36.0T = (231)(25.0 - T)
267T = 2905
T = 10.9°C, the resultant temperature

ENTROPY OF TRANSITION

The enthalpy of transition, divided by the absolute temperature at which it
occurs, is a common measure of the change in molecular order that occurs
during the transition. We refer to this change in molecular order as the "change
in enlropy" (AST), or the "en[ropy of transition.”” [fASy is pOSi[iVC, the change
results in an increase in molecular disorder. Changes in state offer some of the
simplest examples from which one can obtain a feeling for the relationship
between changes in entropy and changes in molecular order. Crystals have a
very high degree of order; in them, the movement of atoms, ions, or molecules
is restricted primarily to vibration about their locations in the crystalline lattice.
When crystals melt, the component atoms, ions, or molecules can move fairly
independently of each other in the liquid, slowly changing their neighbors by
diffusion; the molecular order represented by the lattice disappears. When
liquids vaporize, the component atoms or molecules, now in the gaseous phase,
move about independently in a chaotic, random manner. Each stage, melting
and vaporization, represents an increase in molecular chaos, and is described in
terms of an increase in entropy.

Just as AH: represents the difference in enthalpies between "state 2" and

"state 1,” so does AS+ represent the difference between the entropies in "state
2" and "state 1™

AS: =85, - 5,

AH. 1
AS: — T mole oC
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For water,
1435 cal
As; - —z.bn‘lzoi = 5.26';10??—1-: = entropy of fusion at 6°C
9713 <al
AS. = T”?le = 26.0 %1: = entropy of vaporization at 100°C

For very many liquids, the entropy of vaporization at the normal boiling point is
approximately 21 cal/mole °C; water is not typical. The units for changes in
entropy are the same as those for molar heat capacity, and care must be used to
avoid confusion. When referring to an entropy change, a cal/mole °C is often
called an entropy unit, abbreviated e.u. In order to avoid later misunderstand-
ing, note now that this method of calculating AS from AH/T is valid only under
equilibrium conditions. For transitions, for example, this method can be used
only at temperatures where the two phases in question can coexist in equilib-
rium with each other.

ENTHALPY OF REACTION

Most reactions either liberate or absorb heat. To say that heat is liberated
means that the atoms, in the molecular arrangement they have as products,
must possess less energy than they did in their arrangement as reactants, and
that this difference in energy is evolved as heat; the reaction is exothermic.
When it is important to show this heat change, one way to do so is to include it
as part of the chemical equation, as illustrated by the burning of methane gas:

CHaig) 4 2044, = COyy, + 2H,0q, + 212.800 cal

Another, more useful, way is to say that the enthalpy of the reactants ("state
1") isH, that the enthalpy of the products ("state 2") is H3, and that the "heat
of reaction” is simply the "change in enthalpy” (AH):

AH = H; . Hy = heat of reaction = enthalpy of reaction

The actual amount of heat we measure experimentally for a given reaction
depends somewhat on (a) the temperature of the experiment and (b) whether
the experiment is run at constant volume or constant pressure. The basic rea-
sons for this are that (a) each reactant and product has a characteristic specific
heat that varies individualistically with temperature, and (b) at constant
pressure, some of the heat of reaction may expand or compress gases if they are



216 Thermochemistry

not confined to a fixed volume. We shall avoid these complications here by
saying that AH® refers only to changes occurring at 25°C and at a constant
pressure of | atm; that is, the reactants and the products are in their standard
states .

Also, AH will always be negative for an exothermic reaction, because the
products collectively have a smaller enthalpy than the reactants. For the burn-
ing of CHy.

CHygy + 20y, — COy,, + 2H,0, AH® al

C
= -212,800
For an endothermic reaction, AH is positive. For example,

2HCly, — Hap + Clyg AH® — 144120 cal

If we had written the previous equation in the reverse order, the sign of AH
would have been negative. The positive sign means that it takes energy (o
decompose HC1, and the negative sign means that energy is liberated when HC1
is formed from the elements, H, and Cl:

$H,) + #Clagy — HClyy AH® _ -22,060 cal

The proper way to interpret the calorimeter experi n p 208 is to say that
the enthalpy of reaction between Ag* and CI='Hs 'r{]§’%8 cal/mole AgClL:

Aghog + Clag — AgCly | AH = —15.700cal

The energy changes associated with chemical reactions are determined solely
by the state of the reactants and the state of the products, and are totally
independent of the path or method of preparation. As a result, if a reaction can
be considered to be the sum of two or more other reactions, AH for that
reaction must be the sum of the AH values for the other reactions; this is known

as Hess's law. For example, CO; may be made directly from the elements, or
indirectly by first making CO which is subsequently burned to CO,:

Cio + 30y, — CO, AH® = -26.42 keal
COgy + 3044 — COyy, AH® _ -67.63 kcal
Csr + Ougy = COyyy AH® _ 9405 kcal

You can see that the sum of the first two reactions gives the third, just as the
sum of the AH ° values for the first two gives the AH° for the third.

When a reaction produces a compound from elements in their common physi-
cal state at 25.0°C and 1 atm, the value of AHY is called the standard enthalpy of
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TABLE 1441
Standard Enthalpies of Formation at 25 C and 1 atm (AH; in kcal/mole)

Substance State AH? Substance State AH? Substance State AH?
Any element Normal 000 CO g -26 42 N (atom) g B5 56
Ag* aq 2531 Co, g -94 05 Na (atom) 9 2598
AgCl s -3036 Cus* aq 1549 Na* aq -5730
Br (atom) g 2671 F (atom) g 18 30 NH; 9 -1104
Br- aq ~2890  F- aq -7866  NH, aq -1932
BrCl 9 351 FeO s 6370  NRH} aq 3174
C (atom) g 171 70 Fe,0, s -196 50 NO g 21 60
C (diamond} s 045 H(atom) g 52 09 NO, g 809
Ca?* aq -129 77 H* aq 000 NOj; aq -49 37
Cd?* aq -17 30 HBr g -866 N0 g 1949
CH,OH H -5702  HCI 9 —2206 O {atom) g 5916
CH,0H 9 -4808 HI g 620 OH- aq -54 96
C,H,0H i -6636  H,0 ! -68 32 P {atom) g 75 18
C,HOH 9 -5624 H,0 g -5780  PCl, g -7322
CeHio g -29 81 H,S g -482  PClg g -9535
CeHe ! 1172 | {atom} g 2548 S {atom} g 5325
CeHe g 19 82 I- aq -1337 S+ aq 1000
Cl (atom) 9 2901 Icl 9 420 SO, g ~70 96
CI- aq -40 02 K+ aq -60 04 SO2- aq -21690
ClOo; aq -31 41 Li* aq -66 54 Zne* aq -36 43

NOTE The state aq represents a very dilute aqueous solution

ormation. The standard enthalpy of formation of 1 mole of HCI is AHY =
-22.06 kcal/mole. The standard enthalpies of formation of hundreds of com-
pounds have been determined and are listed in tables in chemistry handbooks.
A few are listed here in Table 14-1. The standard enthalpy of formation of all
elements, in their common form at 25.0°C and 1 atm pressure, is assumed to be
Zero.

One real value of tables of standard enthalpies of formation is that they
permit the calculation of the standard enthalpy of any reaction for which all the
reactants and products are listed; it is not necessary to do an experimental
measurement. Based on Hess's law, the basic premise of the use of tables is
that the enthalpy of reaction is the difference between the sum of the enthalpies
of the formation of the products and the sum of the enthalpies of formation of
the reactants. Thatis,

AH®

2 (standard enthalpies of formation of products)
— 2 (standard enthalpies of formation of reactants)
2"(Aifrj)pruducts - 2"(AI'I?)reactams,
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In the following problems, we first write the chemical equation. Then, below
each substance, we write its standard enthalpy of formation, multiplied by the
number of moles of the substance used in the balanced equation. The standard
enthalpy of reaction is the difference between the sum of the enthalpies of
formation of the products and the sum of the enthalpies of formation of the
reactants.

PROBLEM:
Compute the standard enthalpy of reaction for the gaseous dissociation of PCly
into PC13 and Clz.

SOLUTION:
Write the balanced chemical equation and take the needed values of AH? from
Table 14-1.

PClyq) < PCly,, + Clyy,

kcal kcal
mole) (1 mole) (—73.22 ol

(1 mole)\(495.35 kC&l)

mole

) (I mole) (0.00

ZAH D rotuen = (D(=73.22) + (1X0.00) = -73.22 kcal
2{AH e actams = (1)(—95.35) = —95.35 kcal
(BH *heaction = (-73.22 kcal) - (-95.35 kecal) = +22-13 kcal

The positive sign of the answer indicates that the reaction is endothermic and that
the dissociation at 25.0°C requires 22,130 cal/mole.

PROBLEM:
What is the standard enthalpy of combustion of ethyl alcohol, C,H;OH?

SOLUTION:
Write the balanced chemical equation and take the needed values of AH? from
Table 14-1.
C'JHsOH«U + 30210) - zcomm + 1H20xh
kcal keal keal keal
! (—66 36 : ) 2 9405 ) 3 moles) [ ~68 32
(I mole) mo]e/) 3 moIes)\{O 00 mole ( moles)\( 9409 mole 3 mohﬁ)\{ 68 3 mole)

Z(AHMprotuers = (2X-94.05) + (3X-68.32) = -393.06 kcal
Z(AHDreoctams = (I(-66.36) + (3)(0.00) = -66.36 kcal
(AH )eacnon = (-393.06 kcal) - (-66.36 kcal) = -326.70 kcal

The reaction is exothermic.

Enthalpies of combustion are relatively simple to determine, and they often
are used to find other energy values that are very difficult or impossible to
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determine directly. For example, the enthalpy of formation of methyl alcohol
corresponds to the reaction

2Hy) + Cp + 10,4, — CH30H,,,

yet it is impossible to make CH3OH directly from the elements. However, we

can burn CH;0H in an excess of Oz in a bomb calorimeter and measure the heat
produced (AH° = —173.67 kcal/mole) in the reaction

CH;0H,, + 10 ¢ — COupn + 2H 0,
o keal kcal kcal
( ! _ . o 2L
(I mo[e)(AH( ole) (1 S moles) \o 00 OIL) (1 mole) —94 05 olc/] 2 mo[es)\; 68 32 ole)

2 (AHDoroduets = = (1X-94.05) + (2X-68.32) = -230.69 kcal
E(AHt?)reaL!ams = (D(AHIO) + (1.5)(0.00) = AH‘

(AH )reactmn = ('230.69 kcal) - AHr = -173.67 kcal

AH? = (-230.69 kcal) + (173.67 kcal) = -57.02 kcal
= standard enthalpy of formation of CH;OH,,,

You will note that Table 14-1 also contains standard enthalpies of formation
for ions in aqueous solution. It is worth noting here that calorimetry was a
strong argument favoring the view that all strong acids and bases exist in dilute
water solution only as ions and not as molecules. No matter which combination
of strong acid and base is used in a neutralization reaction, the heat value
obtained is always very close to the value of AH°® = —13.36 kcal per mole of
water formed. The implication of course is that, although the chemicals are
different in each case, the reaction is the same; it must be

Héo + OHge — Hy Oy AH® = 13.36 keal

If weak acids or bases are used, the observed heat values are always less and
quite variable. In essence, the reaction is also the same for the weak ones,
except that some of the enthalpy of the reaction (some of the — 13, ,}g kcal) must
be used to remove the H*+ °F OH- 1rom the weak acids or bases. The subscript
aq refers to the fact that the substance in question is in dilute aqueous solution;
AH? for HE,, in Table 14-1 has also been set arbitrarily equal to zero, just as
were the elements in their standard states.

BOND ENERGIES (ENTHALPIES)

The term bond energy is defined as the AH required to break a bond between
two atoms in an isolated gaseous molecule, producing the dissociated fragments
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in the isolated gaseous state. At first, you might think that the value of AH® =
+22.06 kcal/mole would be the H-C1 bond energy, but it is not. The value of
+22.06 represents the difference between the energy required to dissociate the
HC1 molecule and the energy liberated when the H atoms and Cl atoms com-

bine to form H; and Clz molecules. The bond energy, however, corresponds to
the reaction

HCl,, — H,, + Cly,

We could calculate AH for this if we knew (for the elements) the enthalpy of
formation of molecules from their atoms. Some crystalline elements (especially
metals) vaporize as monatomic gases, and it is not too difficult to determine
their heats of sublimation. Some elements—such as H,, O,, 4,4 Br,—are
diatomic gases that dissociate into atoms at high temperature; these dissocia-
tion energies may also be determined. Table 14-1 also includes the standard
enthalpies of formation of a number of atoms: these are based on the normal
physical form of the element at 25.0°C. For HC1 we find

E(AHﬁpruduc(s = (+5209 kcal) + (+2901 kcal) = 81.10 keal
E(AHF)reaclams = -22.06 kcal
(AH *)reaction = (81.10 kcal) - (-22.06 kcal) = +103.16 kcal

The bond energy is 103.16 kcal. There is additional discussion of bond energies
on pp 113-115.

CHANGES IN INTERNAL ENERGY

In the definition of enthalpy change (p 215) and in all of the examples of heat
changes and transfers we have discussed, there has been the limitation of
constant pressure .

Most experiments are performed at constant atmospheric pressure in vessels
and flasks open to the air. In the illustrative examples involving the combustion
of C,H;0H 4pq CH;0H, owever, the measurements had to be carried out in a
heavy-walled "bomb” calorimeter at constant volume.

In comparing the heat effects associated with these two different limitations,
we must look at three different constant-pressure situations.

1. If there are more moles of gaseous products than gaseous reactants in
the balanced chemical equation, then the extra gaseous moles will ex-
pand against the atmospheric pressure and the work energy required
for this will come at the expense of some of the heat that is liberated. A
smaller amount of heat will be liberated than if the reaction had oc-
curred at constant volume.
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2. Ifthere are fewer moles of gaseous products than gaseous reactants in
the balanced chemical equation, then the atmospheric pressure will do
work on the reaction mixture as it contracts due to the diminished
number of gaseous moles, and this work energy will be added to the
heat that is liberated. A larger amount of heat will be liberated than if
the reaction had occurred at constant volume.

3. If there are the same number of gaseous moles of products as reac-
tants, there will be no contraction or expansion of the reaction mixture.
The heat liberated at constant pressure will be the same as at constant
volume,

We next offer a simple way to calculate the heat effect at constant pressure
from that observed at constant volume, or vice versa. First, note that the prod-
uct of P and V always has the units of energy. A simple bit of evidence for this
observation comes from the ideal gas law, using the value of 1.987 cal/mole K
for R:

= calories

cal \r K) 1.987(nT)

PV = (n moles) (1.987 ole K,

It is said that every substance has an internal energy (designated as E'), and
that the heat effect associated with a change at a constant volume and tempera-
ture is AE. As the molecules go from "state 1" to "state 2,” AE = E, _ E,.
This effect is exactly analogous to the heat effect that is associated with a
change at constant pressure and temperature: AH = H, - H,. The variables H
and E are related by the potential of the system to expand or contract—that is,
to the potential to be affected by PV work — by the explicit function

H=FE + PV
For a change,

AH = AE + A(PV)

If the change is a chemical reaction at constant temperature and pressure,
A(PV) becomes PAV because the pressure remains constant, and it comes as a
result of the difference in the number of gaseous moles of products and reac-
tants in the balanced chemical equation:

A(PV) = PAV = (An)RT

where &n = n (gaseous moles of products) - 71 (gaseous moles of reactants).
For chemical reactions, then,

AH = AE + (An)RT
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This equation makes it simple to calculate enthalpies of reaction from values of
AE obtained at constant volume, and vice versa.

PROBLEM:

The combustion of C;HsOH., 10 bomp calorimeter at constant volume gives a
value of AE® = —326.1 kcal/mole. Calculate the value of AH°.

SOLUTION:

The balanced chemical equation
C.HsOHyy | 30y, — 2CO0yq, . 3H,O,
shows that Ain = 2 - 3 = —1. Therefore, at standard conditions (25.0°C),
AH® = AE° + (An)RT

P\ 7/ keah
(=326.1 keal) + (—1 mole)(1.987_Ca 10-3 —S2h (298 ¢

mole K/ \ cal s

Il

)

-326.7 kcal (per mole of C,H;OH)

THE FIRST LAW OF THERMODYNAMICS

A concise summary of the principles of the last section is given by the first law
of thermodynamics, which states that any change in internal energy (AE) of a
system is just equal to the difference between the heat (Q)it absorbs and the
work (W) it performs:

AE=0Q-W

In other words, energy cannot be created or destroyed; all energy must be
accounted for.

A "system” is any carefully defined object or collection of materials that is
under discussion or study. For example, it may be the substances in a chemical
reaction mixture, the contents of a calorimeter, a solid of prescribed dimensions
or amount, or a gas at a given temperature, pressure, and volume. Everything
in the lab or the universe that exchanges heat or work with the system is called
"the surroundings.”

For a chemical reaction at constant volume, W = 0, so AE = Q. If the
reaction absorbs heat from the surroundings, Q is positive, and the reaction is
endothermic (AE is positive).

For a chemical reaction at constant pressure, Q = AH. and W = (An)RT, so
AH = AE + (An)RT.If the reaction absorbs heat from the surroundings, AH is
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positive, and the reaction is endothermic; AE may be larger or smaller than AH
depending on the sign of An.

PROBLEMS A

1. Calculate the approximate specific heat of each of the following elements: (a)
S; (b) Zn; (c) La; (d) U; (e) Pb.

2. Calculate the resultant temperature when 150 g of water at 75.0°C is mixed
with 75.0 g of water at 20.0°C. (Assume no heat loss to container or surround-
ings.)

3. Calculate the resultant temperature when 50.0 g of silver metal at 150.0°C is

mixed with 50.0 g of water at 20.0°C. (Assume no heat loss to container or
surroundings.)

4. Suppose 150 ml of water at 50.0°C, 25.0 g of ice at 0°C, and 100 g of Cu at
100.0°C are mixed together. Calculate the resultant temperature, assuming no
heat loss, and using the approximate specific heat of Cu.

5. Suppose 150 ml of water at 20.0°C, 50.0 g of ice at 0°C, and 70.0 g of Cu at
100.0°C are mixed together. Calculate the resultant temperature, assuming no
heat loss, and using the approximate specific heat of Cu.

6. A Dewar flask (vacuum-jacketed bottle) is used as a calorimeter, and the
following data are obtained. Measurements in parts (a) and (b) are made to
obtain the heat capacity of the calorimeter, and parts (c) and (d) are performed
on an unknown metal.

(a) Calorimeter with 150.0 g of HyO has a temperature of 21.3°C.

(b) When 35.0 ml of H;O at 99.5°C are added to the calorimeter and water of
part (a), the resultant temperature is 35.6°C.

(C) Calorimeter with 150.0 g of H,0 has a temperature of 22.7°C.

(d) A 50.3 g sample of metal at 99.5°C added to the calorimeter and water of
(c) gives a resultant temperature of 24.3°C.

Calculate the approximate atomic weight of the metal.

7. A 100.0 g sample of glycerol is put into the calorimeter calibrated in Problem
6, and its temperature is observed to be 20.5°C. Then 45.7 g of iron at 165.0°C
are added to the glycerol, giving a resultant temperature of 37.4°C. Calculate
the specific heat of the glycerol. (Use the approximate specific heat of iron.)

8. Calculate the heat capacity of a calorimeter (Figure 14-1) that, when contain-
ing 300 ml of water, requires a current of 0.840 amp passing for 3 min 41 sec
through a 9.05 ohm immersed resistance in order to raise the water tempera-
ture from 22.376°C to 23.363°C.

9. Calculate the following quantities, using the calorimeter calibrated in Problem
8.

(a) The specific heat of a water-insoluble material. First, 38.5 g of a finely

divided sample are stirred with 250 ml of water; then a current of 0.695
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11

12

13
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amp for 8 mm 53 sec raises the temperature of the mixture from 24 605°C
to 26 328°C

The specific heat of a liquid First, 300 g of 1t are put in the calorimeter 1n
place of the water, then a current of 0 742 amp 1s passed for 3 mm 22 sec,
raising 1ts temperature from 21 647°C to 22 406°C

The enthalpy change per mole of precipitated Pbl; when 25 0 ml of 6 00 M
Nal are added with stirring to 300 ml of 0 250 M Pb(NOy); contained I the
calorimeter A current of 0 900 amp passing for 8 mm 18 sec through the
heater immersed 1n the reaction mixture causes a temperature rise only
0 750 of the rise observed for the reaction Also write the equation for the
reaction involved

The enthalpy change per mole of KBrO; when 15 0 g of solid KBrO; g
dissolved 1n 200 ml of water n the calorimeter This 1s the so called heat
of solution ' After the salt 1s dissolved, a current of O 800 amp passing for
10 mm 38 sec 1s required 1n order to regain the initial temperature of the
water Also write the equation for this reaction

The enthalpy of fusion per mole of p-1odotoluene., C;H,I when 21 8 g of
p-1odotoluene are added to 200 ml of water 1n the calorimeter, the crystals
(being immiscible with water and also more dense) sink to the bottom As
current 1s passed through the heater, the temperature of the mixture rises
until the p-iodotoluene starts to melt, at this point, all of the electrical
energy 1s used for fusion and none for raising the temperature A current
of O 820 amp passing for 4 mm 41 sec 1s required for the period 1n which
the temperature stays constant and before the temperature again begins to
rise, as both the water and the liquid p-10dotoluenerise above the melting
point of 34 0°C Write the equation for the reaction '

(b

-

(c

~—

«

~

(e

o

A metal X, whose specific heat 1s 0 119 cal/g °C, forms an oxide whose com-
position 1s 32 00% O

(a) What 1s the empirical formula of the oxide?

(b) What 1s the exact atomic weight of the metal?

A metal Y, whose specific heat 1s 0 0504 cal/g °C, forms two chlondes, whose
compositions are 46 71% Cl and 59 42% Cl

(a) Find the formulas of the chlorides

(b) What 1s the exact atomic weight of the metal?

(1) Use Table 14-1 to determine the standard enthalpy of reaction, in kcal,
for each of the following reactions

(1) Give the values of the standard enthalpies of reaction in kjoules

() Calculate the change 1n standard internal energy (AE®) for each of the
reactions
(a) FeOg,, + Hyy 2Fey, + H,Op)
(b) 4NHgyp + MU ft 6H,0,, + 4NOQ,)
(€) Zngy + 2HCliaqy @ Hyg + ZnCly o)
(d) 2FeOyy + $05) 2 Fe 044
(e) 3NOy, + H:Oy22 2HNOg4q + NO,,
(f) 2N2O(y)‘2 2N2(g) + 02(47)

Calculate the standard enthalpy change (per mole) for the following reactions
Also write the equation for the reaction 1n each case
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(a) Dissolving NH; in water

(b) The burning (or rusting) of iron to give Fe,Oy

(c) Combustion of liquid CgHg

(d) The reaction of metallic cadmium with dilute HCI

(e) The evolution of H,S on mixing HC1 and Na,S solutions

The enthalpy of combustion of rhombic sulfur is —70.96 kcal/mole. The en-
thalpy of combustion of monoclinic sulfur is -70.88 kcal/mole. Calculate the
standard enthalpy and entropy of transition from rhombic to monoclinic sul-
fur.

. Calculate the standard enthalpy and entropy of vaporization for C;H;OH 4

25°C.

Calculate the bond energies in the following gaseous molecules: (a) NO; (b)
H,0: (¢) NHy; (d) PCl;.

. The observed heat of combustion at constant volume for sucrose

(Cy2H220415) ,, 25.0°C . AE° _ —1345

(a) Write the gct]uation for the cambustiorll(cr%la/cmtl%lr?'and calculate AH ° for the
reaction.

(b) Calculate the standard enthalpy of formation of sucrose.

(c) The overall metabolism of sucrose in your body is the same as the com-
bustion reaction in the bomb calorimeter. Calculate how much heat is
produced in your body for every teaspoon of sugar (5.2 g) you eat and
metabolize. How much for every pound of sugar you eat?

PROBLEMS B

18.

19.

20.

21.

22.

23.

L

Calculate the approximate specific heat of each of the following elements: (a)
Pt; (b) P; (c) Sr; (d) As; (e) Au.

Calculate the resultant temperature when 250 g of water at 25.0°C are mixed
with 100 g of water at 80.0°C. (Assume no heat loss to container or surround-
ings.)

Calculate the resultant temperature when 100 g of lead metal at 200.0°C are

mixed with 200 g of water at 20.0°C. (Assume no heat loss to container or
surroundings.)

Suppose 200 ml of water at 55.0°C, 35.0 g of ice at 0°C, and 120 g of Zn at
100.0°C are mixed. Calculate the resultant temperature, assuming no heat
loss, and using the approximate specific heat of Zn.

Suppose 200 ml of water at 15.0°C, 60.0 g of ice at 0°C, and 90.0 g of Cd at
125.0°C are mixed. Calculate the resultant temperature, assuming no heat
loss, and using the approximate specific heat of Cd.

A metal X, whose specific heat is 0.112 cal/g °C, forms an oxide whose com-
position is 27.90% O.

(a) What is the exact atomic weight of the metal?

(b) What is the formula of the oxide?
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24.

25.

26.

27.

28.
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A metal Y, whose specific heat is 0.0312 cal/g °C, forms two chlorides whose
compositions are 35.10% Ct and 15.25% CI.

(a) What is the exact atomic weight of the metal?

(b) What are the formulas of the chlorides?

A Dewar flask (vacuum-jacketed bottle) is used as a calorimeter, and the

following data are obtained. Measurements in parts (a) and (b) are made to

obtain the heat capacity of the calorimeter, and parts (c) and (d) are performed

on an unknown metal.

(a) Calorimeter with 200 g of water has a temperature of 23.7°C.

(b) When 50.0 g of water at 99.1°C are added to the calorimeter and water in
(a), the resultant temperature is 36.0°C.

(c) Calorimeter with 200 g of water has a temperature of 20.6°C.

(d) A 91.5 g sample of metal at 99. PC added to the calorimeter and water in
(c) gives a resultant temperature of 21.5°C.

Calculate the approximate atomic weight of the metal.

A 200 g sample of an unknown high-boiling liquid is put into the calorimeter
calibrated in Problem 25, and its temperature is observed to be 24.2°C. Then
55.3 g of copper at 180.0°C are added to the liquid in the calorimeter to give a
resultant temperature of 28.0°C. Calculate the specific heat of the liquid. Use
the approximate specific heat of copper.

Calculate the heat capacity of a calorimeter (Figure 14-1) that, when contain-
ing 250 ml of water, requires a current of 0.650 amp passing for 5 min 25 sec
through the 8.35 ohm immersed resistance in order to raise the water tempera-
ture from 25.357°C to 26.213°C.

Compute the following quantities, using the calorimeter calibrated in Problem

217.

(a) The specific heat of an unknown metal. First, 40.0 g of a finely divided
sample are stirred with 220 ml of water; then a current of 0.720 amp for 12
min 24 sec raises the temperature from 25.265°C to 27.880°C.

(b) The specific heat of an unknown liquid. First, 250 g of it are placed in the
calorimeter in place of the water; then a current of 0.546 amp is passed for
4 min 45 sec, raising the temperature from 26.405°C to 27.033°C.

(c) The enthalpy change per mole of precipitated BaSO, when 125 ml of 0.500
M BaCl, solution are mixed in the calorimeter with 125 ml of 0.500 M

N2,S0, solution. A current of 0.800 amp passing for 5 min 41 sec through
the heater immersed in the reaction mixture caused a temperature rise

1.500 times larger than that observed for the reaction. Also write the
equation for the reaction involved.

(d) The enthalpy change per mole of NH,NO; when 16.0 ¢ of solid NHaNO;
are dissolved in 250 ml of water in the calorimeter. This is the so-called
"heat of solution." After the salt is dissolved, a current of 1.555 amp
passing for 4 min 16 sec is required in order to regain the initial tempera-
ture of the water. Write the equation for this "reaction.”

(e) Th'e enthalpy of fusion per mole ofdiiodobeqzene, CGH.?Iz. When 200 g of
diiodobenzene are added to 250 ml of water in the calorimeter, the crys%als
(being immiscible with water and also more dense) sink to the bottom. As
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current 1s passed through the heater, the temperature of the mixture rises
until the duodobenzene starts to melt, at this point, all of the electrical
energy 1s used for fusion and none for raising the temperature A current
of 0 500 amp passing for 6 mm 49 sec 1s required for the period 1n which
the temperature stays constant and before the temperature again begins to
nise, as both the water and the liguid dnodobenzene nise above the melting
point of 27°C  Write the equation for the "reaction

(1) Use Table 14-1 to determine the standard enthalpy of reaction (in kcal)
for each of the accompanying reactions

00 Give the values of the standard enthalpies of reaction wn kjoules

() Calculate the change 1n standard internal energy (AE®) for each of the
reactions
(@) Co + HiOpy 2 Hyyy, | COqyy
() CeHawy + H0up 2 6COsq,y |, 3H:00
(c) 2K(sy + HaSOuaey 2 K;SOuqaer . Hag
(d) NoOipy 4 Hapy 2 HiOuy  Nao)
(e) NHygy 24Ny 4 1#H,
(0 2H,S(g 4+ 305, 2 2H, 0 N 250y,

Calculate the standard enthalpy change (per mole) for the following reactions
Also write the equation for the reaction in each case

(a) Dissolving HCI 1n water

(b) Combustion of Cy4Hyo vapor

(¢) Combustion of liquid C,HsOH

(d) The production of PCls from PCls

(e) The reaction of metallic zinc with dilute H,SO,

The enthalpy of combustion of diamond 1s —94 50 kcal/mole The enthalpy of
combustion of graphite 1s —94 05 kcal/mole What 1s the standard enthalpy
and entropy of transition from diamond to graphite?

Calculate the standard enthalpy and entropy of vaporization of CeHs g4
250°C

Calculate the bond energies n the following gaseous molecules (a) CO, (b)
COs2. (¢) SO;. (d) NaCl The enthalpy of sublimation of NaCl1s AH - 154 70
kcal/mole, and the standard enthalpy of formation of NaCl,,, 1s AH? = -98 23
kcal/mole

The observed heat of combustion at constant volume of a common fat,

glyceryl trioleate (Cs;H04O04¢s) at 25 0°C 18 AE® _ 7986 keal/mole

(a) Write the equation for the combustion reaction and calculate AH*° for the
reaction

(b) Calculate the standard enthalpy of formation of glyceryl tnoleate

(c) The overall metabolism of this fat 1n your body 1s the same as the combus
tion reaction 1n the bomb calorimeter Calculate how much heat 1s pro-
duced 1n your body for every ounce of this fat that you eat and metabolize
How much heat energy would your body produce while getting nd of one
pound of this fat?
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Chemical Kinetics

THE LAW OF MASS ACTION

The rate of a chemical reaction depends on several important factors but,
except for the case where a molecule is unstable and spontaneously decom-
poses, there is a very basic requirement that two interacting molecules must
first collide with each other before any kind of reaction can occur. A collision
between two potentially reacting molecules does not necessarily mean that a
reaction will occur, but at least there's the possibility. The greater the frequency
of collision, the faster the reaction is likely to be. The one factor that deter-
mines the frequency of collision is concentration: the higher the concentrations
of the reactants, the greater the number of molecules per unit volume, and the
greater the collision frequency. This basic principle was first put forth quantita-
tively in 1863 by Guldberg and Waage in their statement of the law of mass
action, which asserts that, for a general reaction of the type

dA +bE +cC+ -+ >mM N 4 o o o (1
the rate (V) of the reaction at a given temperature will be

« o o (15
V = k[AF[BPICE



The Law of Mass Action 229

where the quantities in brackets are the molar concentrations of the reactants;
a, b, ¢, m, n, . . .arethe coefficients in the balanced chemical equation; and & is
a proportionality constant (called the rate constant) that is characteristic of
each specific reaction.

One must immediately be aware of the limitations of the law of mass action.
Almost every chemical reaction is in actual fact an extremely complicated
process, and the familiar balanced chemical equation (which shows the molar
relationships between the original reactants and the final products) gives no
clue at all to the many intricate sequences of simple intermediate steps that are
followed in going from "reactants" to "products." Always bear in mind the
following points.

1. The law of mass action really applies only to each of the individual
intermediate steps in a chemical reaction.

2. The actual overall rate expression for a given chemical reaction can be
determined reliably only by experiment. It often is a very complicated
equation, appearing to bear no relation to the overall chemical equation
in the way that Equation 15-2 (the rate equation) is related to Equation
15-1 (the chemical equation).

3. The simple intermediate steps that make up a reaction mechanism
invariably involve (a) spontaneous decomposition of one molecule, (b)
most commonly a bimolecular collision between two molecules, or (¢)
an unlikely termolecular collision between three molecules. From a
practical standpoint, nothing more complicated is ever observed.

It is important to know the overall rate expression for a reaction, because this
permits you to control the reaction and to predict the reaction times needed for
different conditions. This expression usually can be determined experimentally
without any knowledge of the reaction mechanism itself; in fact, it is a useful
aid to working out the mechanism. One objective of the material that follows is
an explanation of the manner in which the empirical (experimentally deter-
mined) rate expression is obtained for a great many reactions.

We shall not consider those reactions that have very complicated rate expres-
sions. Instead, we shall consider those for which the empirical rate expressionis
of the form given by Equation (15-2),

; V = k[AJ[BP[C]® y (152)

but where a, b, and ¢ are not necessarily the same as the coefficients in the
balanced chemical equation (Equation 15-1).

There are some common terms that are used in studies of reaction rates. One
speaks of the order of the reaction as being the sum of the exponents (a + b + ¢
+ ¢ ) in the empirical rate expression, and of the order offeactant  as being
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the exponent to which the concentration of the reactant is raised in the empirical
rate expression. Thus, if the empirical rate expression is

V = k[A][B]

we say that it is a third-order reaction (a + b = 3) that is second orderin A (a =
2) and first order in B (b = 1). If C is also a reactant but its concentration does
not appear in the rate expression, then we say that the reaction is zero order in
C (¢c = 0).

HOW CONCENTRATIONS CHANGE WITH TIME

The experimental problem is to find (at a given temperature) the order of the
reaction and the reactants and the value ofA. Assume for the moment that there
is a way to determine [AJ as a function of time (?) after mixing the reactants.
When the experimental values of [A] are plotted versus 7. it is not surprising
that the general form of the resulting graph is like that shown in Figure 15-1.

As A is consumed, its concentration drops, and the reaction goes pro-
gressively slower and slower as predicted by Equation 15-2. In fact, as shown
in Figure 15-2, Equation 15-2 represents the instantaneous rate corresponding
to the slope (tangent to the curve, see p 66) at any given point '—that is, at
whatever [A] exists at time ¢'. The slope (rate) is greatest at the beginning of the
reaction and least at the end. This is a problem ideally suited for treatment by
the methods of calculus. The slope atr’is A[A]/A? but, in the limit as smaller and
smaller increments of [A] andt are chosen, this slope is given by the ratio of the
infinitesimals, d[A)/ds. The instantaneous rate (V) of Equation 15-2 thus is ex-
pressed more profitably in calculus terms by

- di(i%l = K[AJ[BP[C - (15-3)

t

FIGURE 15-1
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FIGURE 15-2

The negative sign associated with —d[A)/ds indicates that [A] decreases with
time.

Experimentally it is just as useful to determine the rate at which [B] or [C]
decreases, or the rate at which one of the products [M] or [N] increases. The
choice of which compound is used for the rate study will depend on experimen-
tal convenience. For example, if M is colored but all other substances colorless,
then it would be convenient to study the rate of color increase due to [M].
Perhaps B is a gas and the others are not; in this case the rate of decrease of gas
pressure could be used.

Because most reactions involve unequal numbers of molecules of reactants
and products, it is necessary to take this into account when comparing the rate
of use of a given reactant with the rate of formation of a given product, for
example. If the reaction under study is

2A + B— 3M

then it is evident that B is used up just half as fast as A is used up and only
one-third as fast as M is produced. The common way to compare these rates is
to divide the experimentally-determined rates by the coefficient in the balanced
chemical equation to give, in the example above,

I/dM]Y _  d[B] _  1/d[A]
3\ dr )~ dt 2( ) (15-4)

- dr

These interrelated rates and changes in concentration can be illustrated
graphically in a single diagram as in Figure 15-3. Unfortunately, in most chemi-
cal reactions there is no simple way of following color or pressure changes
during the course of the reaction. Instead, one must take samples from the
reaction mixture at various times along the way after mixing, do something to
stop the reaction in the samples, and then later analyze the samples to find how
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. 4
Molar concentration | /

FIGURE 15-3

far the reaction had proceeded in each of the time intervals before sampling.
These analyses could be used to provide a few points to construct curves
similar to those shown in Figures 15-1 and 15-3, in contrast to the continuous
curves that could be obtained by the continuous monitoring of a color change,
for example.

DETERMINATION OF RATE CONSTANT AND ORDER

No matter what experimental method is used, constructing tangents to curves is
not a practical, accurate way to obtain reaction rates. Further, unless precau-
tions are taken to avoid it, it is likely that the concentrations of B and C are also
changing at the same time as A, and the observed rate of change of [A] would
be a complicated reflection of everything changing at once. In this case it would
not be possible to separate out the true dependence of the rate on [A], and it
would not be possible to evaluate a ork.

In order to avoid these major complications it is common practice to study
reaction rates under conditions such that the concentrations of all of the reac-
tants but one (say A) are used in large excess so that, from a practical
standpoint, their concentrations remain constant while [A] alone changes.
Thus, ifthe initial concentrations of B and C are very large compared to A, then
for all practical purposes [B] and [C] are constant (and of known value) during
the course of the reaction, and Equation 15-3 becomes

- % = k[AJ{BP[C] = k'[A]" (15-5)

an equation involving only two variables, [A] and . Of course [A] and [B] could
have been kept large and constant, or [A] and [C], and the principal result
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would have been the same because d[A]/ds, d[B]/d¢, d[Cl/d¢, d[M]/d¢, and so on
are all related to each other through Equation 15-4. There are two general cases
of Equation 15-5 to consider: when a = 1, and when a > 1. We discuss these
cases separately, simplifying to consider only two reactants, A and B.

First-Order Reactions (a = 1)

A value ofa = 1 may be obtained in Equation 15-5 under two different situa-
tions, as we have noted. First, there is the special circumstance where A is the
only reactant (that is, A is unstable and decomposes without any reaction with
other substances) and where B and C do not exist (thus, &' = k). A common
example of this situation is radioactive decay, in which a given radioactive
isotope spontaneously decomposes into the isotope of another element at a rate
characterized by a rate constant k.

A value ofa = 1 can also be obtained in some cases where a reactant B is
involved, under experimental conditions where [B] = [Ble, a concentration
much larger than [A]. We can rearrange Equation 15-5 to separate the variables,
so that only [A] is on the lefthand side of the equation and only ¢ on the
righthand side:

d[A]
— = = k'dt -

[A] (15-6)
where k' = £ [B]2. (The same equation applies where A is the only reactant, but
in that case k' = k) Using the methods of calculus, we can integrate this

equation so as to relate [Alo (the concentration of A that exists at ¢ = 0) to the
value of [A] at any later time ¢:

_ [A] d[A] o t
J[[AL, —dt— = /‘J([; dt (15-7)
In [A] - In [A]ly = k% (15-8)
L’I
log [A] = - :z + log [Al, (15-9)

Equation 159 relates the experimentally determined values of [A] to the
times ¢ at which the samples were taken. // a reaction is first-order (or pseudo
first-order, as would be the case if [B] is much larger than [A]), then aplot of log
[A] versus ¢ will yield a straight line as in Figure 15-4, with slope equal to
—k'/2.30, and with y intercept equal to log [Al,.

In order to find the true rate constant k£ from the slope of this plot, you must
know b as well as the large excess concentration [Ble. The value of b can be
determined by keeping A at a high known concentration [Ale and then plotting
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L y intercept = log [A],

log [A]

FIGURE 15-4

log [B] versus ¢ as in Figure 15-4 (ifb = 1), or by making the plots shown in
Figure 15-5 (if b > 1).

If a reaction is not first-order, then the plot shown in Figure 15-4 will not
be a straight line, and it will be necessary to plot the experimental data in some
other way.

Before going on to these alternative procedures, however, we should con-
sider a special way by which true (not pseudo) first-order reactions are often
considered. In these cases, k' = k. This consideration is especially applicable to
radioactive decay processes. It is common practice to describe these true first-
order reactions in terms of the time required for one-half of the material to
decompose (this time is called the half-life, 7,). In this special circumstance

[A] = #[Alo when ? = ;. and Equation 159 becomes

A kt
log [A] - log [A]e = log[[T]]; = -log 2 = -0.301 = - 230 (15-10)

and

" (2.30)/50.301) _ 0.293 (15-11)

Equation (15-11) shows that, if the half-life of a given first-order reaction is
known, it is a simple matter to find the corresponding rate constant, and vice
versa. Equation 15-11 also emphasizes the fact that the unR8Gb9 P Fgeating
constant are simply reciprocal time: sec™!, min~!, hr7t,
15-10illustrates the fact that it doesn't make any difference what concentration
units are used; in the log term, the ratio causes the units to cancel. Therefore, it
is common practice to use such units as torr, mg, g, or moles/liter. In the case of
radioactive decay, the practical unit to use is "counts per minute” (cpm)
corrected for background, because this measurement is proportional to the
amount (and concentration) of the radioisotope present.
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FIGURE 155

(a) Second-order plot (a = 2). (b) Third-order plot (a = 3).

Second-Order and Third-Order Reactions (a > 1)

If you found that your experimental data did not fit a straight-line first-order plot
(Figure 15-4), it is natural that you would next considera = 2 ora = 3. (It is
very unlikely that the order would be greater than 3, because ofthe implications
involving molecular collision processes; we shall not consider such cases.) In

this circumstance, using [Ble, a large known excess concentration of B, Equa-
tion 15-5 becomes

dfA] _
[A]”

k'dt (15-12)

where k' = k[B)2.
When Equation 15-12 is integrated o as to relate [Alo (the concentration of A
att = 0) to [A] at time ¢, we obtain

ferdia]
) TAF =k I[) dt (15-13)

which corresponds to

] , 1
=(a - Dkt + A

(

(15-14)

—_—

When experimental values osng] observed at different times ¢ eploited as
1/[A)e-1 Versus 7 as in Figure 15-5, you should get a straight line whose slope 1s

(a - Dk’ = (a ~ Dk[B]2 and whosey intercept is 1/[A)2"". Of course, you will
have to try different values ofa in order to find which value (2 or 3) results in a
straight line, as in Figure 15-5a or 5b.
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This whole process can be repeated, reversing the roles of A and B, so that a
large known initial concentration [Ale, is used. As a result, a set of equations
identical to Equations 15-13 and 15-14 would be obtained having B in place of
A, and b in place ofa. The same is true for Figure 15-5.

Now, having found for both A and B which ofthe plots in Figures 15-4 or 15-5
gives a straight line, you will know the values ofa and b (that is, the order of
each reactant). In addition, the slope of whichever plot in Figures 15-4 or 15-5
gives a straight line will give you k (the rate constant) because you know [B]2
and [A])Z. In short,

1. the type of plot that gives a straight line tells the order;
2. the slope of that straight line gives the rate constant, k.

IMPORTANT MISCELLANEOUS COMMENTS

1. In the preceding discussion, we emphasized taking a set of data pairs
(values of [A] at the corresponding times ¢) and plotting them_as (1) 1 A
versus 7, (2) 1/[A] versus ¢, and (3) L/[AJ? versus ¥ in orﬁer o Tind W?nc%p[log
gives a straight line. In many ways, a simpler approach is to use your hand
calculator or a computer and apply the method of least squares (see p 72) to
each of the three possibilities. Whichever combination yields the largest corre-
lation coefficient must be the one that would have given the straight-line plot. At
the same time, you would have found the slope and y intercept of that straight
line, and your problem would be solved without any graphing.

2. If gaseous reactions are studied, it is customary to express concentration
in partial pressures, using atm as the pressure unit. In other words, if A is a gas,
then [A] would be expressed as P, in atm or torr, not moles/liter.

3. The units ofk are important. As stated earlier, ttfélﬁlﬁ@s%lf KEsrsgenng-
order reaction are reciprocal time: sec™', min}, hr~

order reactions, £ has the units of m~ lsec‘I (G some other reciprocal time

unit); for a gaseous reaction the umtsaypg&,%@eogqg} ré@;proca? Umgl{f}no{ or

reaction, k has the units of M~*min~for gaseous reactions. Other units may be
reactions in solution, or atm~*min~!

used, but these are the traditional ones; they should always be stated.

4. A modification may be needed when dealing with a second-order or third-
order plot for a compound involved in a chemical reaction that uses unequal
numbers of moles of reactants and products. In this case, any one of the rate
terms similar to those given by Equation 15-4 can be set equal to k { A]¢[B]®[C]*.
When you multiply both sides ofthe equation by the integer (z) needed to cancel
the fraction in front of whatever term that you chose, you can see that &' in
Equations 15-5, 15-12, 15-13, and 15-14 must alse include this integerz. As a
result, k' = zk [B]?, and the slopes of the lines in Figure 15-5 are equal to zA [B)2
in part (a) and 2z4[B]2in part (b).
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5. Inthe foregoing discussion, we have used the basic assumption that chem-
ical reactions go to completion, or until at least one reactant is completely
used up — that they are not reversible. Many reactions do go to completion, or so
nearly so as to make no difference. But a huge number of reactions are reversi-
ble, and to such an extent that the products form and accumulate and then react
with each other to re-form the reactants. The reaction ultimately goes to a
position of dynamic equilibrium far from completion where the rate of the
forward reaction is the same as the rate of the reverse reaction, and the reaction
appears to have ceased. Under these conditions the experimenter observes the
net rate of reaction, which is simply the difference between the rates of the
forward and reverse reactions:

Vo = ~ S8 _ LIAJBPICY ~ IMJ"IN) (15-15)

[M] and [N] can be expressed in terms of [A] through Equation 15-1, and
simpler expressions for use with rate studies can be derived (just as Equations
159 and 15-14 were derived from Equation 15-2) for the purpose of finding the
values of both the forward and reverse rate constants, krand kr. §uch reactions
can also be studied by mixing only products together, as well as by mixing only
reactants together. Later we examine in some detail the situation that exists at
dynamic equilibrium.

ILLUSTRATIVE PROBLEMS

There is no end to the variety of problems that can be found in the area of
chemical kinetics. The few given here are fairly typical. To save space, actual
plots are not given; we refer to Figure 154 or 15-5 for the rype of curve that
would be obtained. In each case the data are converted to the form needed in
the plots, so that you can graph them if you wish. Slopes and y intercepts of the
best-fit lines have been obtained by the method of least squares (see p 72).

PROBLEM:

The activity of a radioactive isotope is studied with the help of a Geiger counter,
which counts how many disintegrations occur per minute (counts per min, cpm).
The number of cpm is a measure of how much of the isotope is present at any given
time. The accompanying data have been corrected for the background cpm always
present. Determine the half-life of the isotope.

¢ (min) 0 2 4 6 8 10 12 14
cpm 3160 2512 1778 1512 1147 8§34 603 519
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SOLUTION:

You know that radioactive decay is first-order, so it is necessary only to find the
rate constant for decay, from which the half-life may be calculated by means of
Equation {5-11. To make the first-order plot, first convert cpm to log cpm to get

¢t (min) 0 2 4 6 8 10 12 14
log (cpm) 3.500 3400 3250 3.180 3.060 2.921 2780  2.715

The plot of log (cpm) versus ¢ will look like Figure 15-4, with a correlation
coefficient of 0.9974. The slope is -0.0578 min~!, and the y intercept is 3.50S.
Because the slope is equal to -k/2.3,

k = —(slope)(2.30) = —(—0.0578 min~!)(2.30) = 0.133 min~!
The half-life is given by

0693 069
' k7 0.133 min™!

= 52! mm

PROBLEM:

A le of radigacti jum-24 (¢, = 15,0 hr) is. inj o, imal f
A sample of radigagtiye sodjum36 (i 5l 0 S HBSICS RN P Ui s
one-tenth of the original activity?

SOLUTION:
Equation 15-9 shows how the activity [A] at time ¢ is related to the activity {A at

the beginning. In this problem [A] = 0.10{A], at the time ¢ that you seek. The
needed rate constant is obtained from the given half-life:

0693 0693
C o 1s.0hr

% = 0.0462 hr *
kt  —0.0462 hr~!

[A1 .
log [A] - log [Aly = log ' =1log(010) = -~ 1.00=- " '=—=-F

_ (2.30)1.00) _
t 0.0462 Tr' 49.8 hr

PROBLEM:
Cinnamylidene chioride (A) reacts with ethanol (B) to give HCI (C) and a compli-
cated organic molecule (D) by the reaction

A+B—->C+D

Because A is the only one of the compounds that absorbs light in the near ul-
traviolet, the rate is followed by measuring the change in light absorption of a
suitable wavelength. The concentrations of A as a function of time after mixing A
and B at 23.0°C are the following.
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+{mn) 0 1) 31 67 10 133 178
1Al (moleslitery 211 < 107 1.98 x II) .76 x 0™ 133 <« 10° 1i6x 10™ 0Ys6 10 0.743 x 10-3

The concentration of B remains constant because it also serves as the solvent.
Assume that the reaction is zero-order with respect to B, and calculate the rate
constant and order with respect to A.

SOLUTION:
Try, in succession, the plots of log [A] versus¢, 1/[A] versus ¢, and l/[A t
until a straight-line plot is obtained. You quickly find that the data converted to

jp Versus

¢t (min 0 10 31 67 100 133 178
log [A] -4.676 -4.703 -4.754 -4876 -4935 -5.020 -5.129

give an excellent first-order plot (like Figure 15-4) with correlation coefficient of
0.9997. The slope is -2.56 x 102 min-? 204 tpe y Interceplis -4.678. Because the

reaction is zero-order with respect to B, the slope is just equal to —4/2.30. There-
fore

k = —(slope)(2.30) = —(~2.56 x 107 min~")(2.30) = >89 X 10-3 min~:

The overall rate expression is

—_

[A] = 5.89 x 1078 [A]

w

PROBLEM:

Methyl acetate (A) reacts with water (B) to form acetic acid (C) and methyl
alcohol (D):

CH3;COOCH, 4+ H,O — CH;COOH + CH,;OH
A + B — C + D

The rate of the reaction can be determined by withdrawing samples of known
volume from the reaction mixture at differenttimes after mixing, and then quickly
titrating the acetic acid that has been formed, using standard NaOH. The initial
concentration of A is 0.8500 M. B is used in large excess and remains constant at
S1.0 moles/liter. It is known also that reactions like this are first-order with respect

to H;O. From the data given, determine the rate constant for the reaction and the
order with respect to A.

¢ (min) 0 15 30 45 60 75 90
[C] (moles/liter) O 0.02516 0.04960 0.07324 0.09621 0.1190 0.1404

SOLUTION:
From the concentration of C produced at each time interval, calculate the concen-
tration of A that must remain, knowing that each mole of C resulted from using up
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one mole of A. That is, [AJ = 0.850 - [C]. This calculation gives the following
data.

7 (mm) 0 15 30 as 60 75 90
[Al (moles/liter) 0 8500 08248 0 8004 0 7768 0 7538 07310 0 7096
log [A] -007058 -0 08365 -0 09669 -0 1097 ~01227 -0 1361 -0 1490

Try, in succession, the first-order, second-order, and third-order plots until a
straight-line plot is Obtained. It turns Out that the first-order plot gives an excellent
fit (correlation coefficient = 0.9999), soa = 1. The slope is -8.718 x 107* min™!,
and the y intercept is —0.07054. The slope (see Figure 15-4) is equal to —k—[}%%]‘
and it is given that (H,O] = 51.0 M. Therefore,

_—(slope)(2.30)  —(—8.718 x 10~*min-")(2.30) ) R
k = [H,0] - / ./“.; mOleS_\l =-3093"x 10~° M~ 'min

\ ' liter /

The overall rate expression for this second order reaction is

- dg# = 393 x 1075[A]{H,0]

PROBLEM:

H;0, i catalytically decomposed by the presence of I~. The accompanying data
are obtained at 20.0°C with a 0.250 M H,O, golygion in the presence of 0.030 M K.
The reaction flask containing 50.0 ml of reaction mixture is connected to a gas
buret, and the rate is followed at a series of time intervals after mixing by measur-

ing the volume (V) of O, collected over water at a barometric pressure of 730.0
torr. The reaction is

2H,0; — 2H,0 + 0O,

Find the rate constant and order of reaction for the decomposition of H,O,.

((minp 05 10
Voo(m) 0 79 155

N

25 35 50 65 80
6 358 478 639 774 804

8
b —

SOLUTION:

From the volume of O; produced at each time interval, calculate the concentration

of H:O: that must remain, knowing that 2 moles of H,0,

mole of O, produced. are used up for every

moles
Moles H,O: 4 beginning = (0.0500 liters) (0~250 liter ) = 0.01250 moles Hz0:

Ifhe moles of O, in V liters at the given conditions are obtained from the ideal gas
aw:
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n PV (730 - 18 torr)(V liters) moles O
0= pr = (_torr liten = 00389V oles Ly

2 —_— ol
24w, @R K

The number of moles of HyO: remaining at each time interval will be

moles H,0,
moles HyOz remaining = (0.01250 mole H202) _ X2 mole O, Z) (0.0389y ™moles 0,)

This number of moles will be in 0.0500 liter, so the concentration will be

_ (0.01250) — (0.0778V)

[H,0,] = = 0.250 — 1.556V
2 0.0500

Using this equation (with Vo, in liters) to calculate [HzOx] gives the following set of

data.
7 (min) 0 s 10 15 25 35 50 65 80

moles
1H,00) ( Her ) 0.2500 02377 02259 02148 0.1943 0.1756 0.1506 0.1296 0.1109
log [Ha04] 0.6021  -0.6240  -0.6461  -0.6679  -0.711S  -0.7554  -0.8223  -0.8875  -0.9551

The first-order plot gives an excellent straight line with correlation coefficient of

0.9999, so there is no pgiat in tryipgsesPrd-ordergntrb st dseP Mgurd hesslyng
is -4.41 x 1073 min™' they
equal to —k/2.30, so
k = —(slope)(2.30) = —(—4.41 x 107 min~)(2.30)
= 1.0l x 1072 min™

The overall rate expression is

_ diH,0,]

dr = 101 X zHZOZJ

PROBLEM:

The gaseous reaction ZNO + Op — 2NO ig studied at constant volume by measur-
ing the change in the total pressure with time; this change occurs as 3 gaseous
moles are converted to 2 gaseous moles. The change in pressure (AP) at any given
time will be equal to the partial pressure of O; ysed 4P, and to one-half of the
partial pressure of NO used up. Two series of measurements are made at 27.0°C:

(1) with an excess of Oz where mmally Py, — 620 torr and Pyo - 100 torr. and (2)
with an excess of NO where initially Po, = 20.0 torr and Pxo = 315.0 torr. The

variation in total pressure with time is shown in the following data. Determine the
rate constant for the reaction and the order with respect to each reactant.

" t (min 0 1.5 3.2 5.5 8.4 12.7 19.1
P (£OIT) 720.0 715.0 710.0 705.0 700.0 695.0 690.0
o t (min) 0 1.7 3.5 5.6 8.1 11.0 14.5
Pigar (tory) 335.0 333.0 331.0 329.0 327.0 325.0 323.0
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SOLUTION:

From the total pressure at each time interval, calculate the partial pressures of NO
and O; that must remain. From the information in the problem, you can see that in
series (1) Pro = 100 - 2(AP), and in series (2) Po. = 20.0 - AP. By using the ideal
gas law, 1t would be possible to convert these partial pressures to moles/liter, but
this usually is not done with gaseous reactions. Instead we shall simply use the
partial pressures (in torr) as the measure of concentration. Try, in succession, the
first-order, second-order, and third-order plots until a straight-line graph is ob-
tained for each series.

For series (1):

t (min) 0 1.5 3.2 5.5 8.4 12.7 19.1

Pyo ftorry 100.0 9.0 80.0 70.0 60.0 50.0 40.0

log Pro 2.000 1.954 1.903 1.845 1.778 1.69% 1.602
VP 0.01000  0.01111  0.01250  0.01429  (0.01667  0.02000  0.02500

For series (2):

! (min) 0 1.7 3.5 5.6 8.1 11.0 145
Py, (torr) 200 18.0 16.0 140 12.0 100 8.0
log Po, 13010 12553 12041 1.1461 10792 1.0000  0.9031

Series (1) tells us that the reaction is second-order with respect to NO, and series
(2) that the reaction is first-order with respect to O;. The superiority of 1/P\o
versus ¢ for series (1) is much more apparent from the graphs (the first-order plot
has a very pronounced curve, whereas the second-order plot is extremely straight)
than from the correlation coefficients (0.9999 for the second versus 0.9908 for the
first). We conclude, therefore, that we need the rate constant for the overall rate
expression

dP()_, _ l _dP\u
T od 2\ dt

) :I(Pi)()f’m

In this case, the slope of the series (1) secondl®factqN8f Shogimgirerited hecanss
equal to 24A[P,,] = 7.88 x 107#torr™! min™!,

of the coefficient of = for [ — :1:\0) (see Miscellaneous note #4, p 236). As a
result,
-y 1.88 x - 1 pin-
4 4 1 1
L= 1_88 x 10 JRR— 107 torr™! min~! _ 6.35 x 1077 torr~* min~!

2[Pq. ] (2) (620 torr)

The slope of the series (2) first-order plot is -0.0274 min~!,
1.3009. Figure 15-4 shows that the slope = —A[P\,)#/2.30 = -0.02740 min~".
Therefore

with , intercept =

_ —(2.30¢—0.0274 min™")  (2.30)(0.0274 min~"Y) . . N
k== TPl =TT @3 15torr)? %6.35%107 torr - min
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The two series agree on the value of k that should be used in the overall rate
expression.

THE ENERGY OF ACTIVATION

Molecular collisions are a fundamental requirement for chemical reactions, and
concentrations are important because they determine the frequency of these
collisions. Nevertheless, most collisions do not result in a chemical reaction,
because the energy of collision is insufficient to surmount the barrier to reac-
tion. This barrier, the energy required to rearrange atoms in going from reac-
tants to products, is very substantial for most reactions; it is called the activa-
tion energy, or the enthalpy of activation (AH,).

The average kinetic energy of molecules is proportional to the Kelvin tem-
perature (~ 37 cal/mole), but there is an enormous continuous exchange of
energy that takes place between molecules at a given temperature. In fact, there
is a distribution of kinetic energies similar to that shown in Figure 15-6 for
kinetic energies of collisions.

Only an extremely small fraction of molecules are likely to have a series of
successive collisions in which they come away with most of the energy, or
with almost none of it. The area under the entire distribution curve is unitys; it
represents all of the molecules. The area lying to the right of any given energy
value—say, AH,—represents the fraction of molecules having energies of
collision greater than AH., the minimum amount needed for reaction to occur.
This fraction (area) is given by the term

AH, _— " AH,
TRT T 10 2 3RT
L300 K
310 K
/
Probability, P
AH,
Relative kinetic energy of collision, E
FIGURE 15-6

Distribution of relative kinetic energies of collision in the
direction along the line of molecular centers at different
temperatures.
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For a huge number of reactions, AH, is of the order of 12,800 cal/mole, which
at 25.0°C would correspond to a fraction of only 4 x 107'°, less than a billionth
of all the molecules. This fraction increases exponentially with the temperature;
an increase of only 10.0°C will double the fraction of molecules with enough
energy to react. The distribution curve will also be shifted to the right to give a
larger area to the right of AH,, as shown in Figure 15-6.

The law of mass action (Equation 15-2) is always stated as applying to a
given temperature, and it appears not to have temperature involved in its
statement. Yet the rates of chemical reaction invariably increase markedly
with increase in temperature. Because concentrations will be negligibly
affected by temperature, the temperature-sensitive factor in the law of mass
action must be the rate constant, &. As a good approximation, we say that &
is proportional to the fraction of molecules (or collisions) that have the re-
quired enthalpy of activation:

AH AH,

k=Ae BT —4-10 2% (15-16)

where A 1s just a proportionality constant. This equation provides a
method of finding the enthalpy of activation for a given chemical reaction.
By taking the logarithm of each side and rearranging, we get

. (ZAHN 1
logk = ( 2.30R) T + log A (15-17)

If you determine the rate constant for a reaction (as in the first part of this
chapter) at several different temperatures, you can plot your data as log k&
versus 1/T (Figure 15-7) and obtain a straight-line graph, preferably by the
method of least squares.

They intercept corresponds to log A, and the slope corresponds to —AH,/2.3R,
from which we can obtain the activation enthalpy in cal/mole as

cal
mole K

/
AH, = —(2.3) \1.987 ) (slope, K)

log k

1
;

FIGURE 15-7
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PROBLEM:
The rate constants at several different temperatures are obtained for the rear-
rangement of cyclopropane (A) to propylene (B):

H H H H H
\ / b
H-C——C-H— H—C—-C=C
AN [

/C\ H H H
H H
The data are the following.
1¢°0) 420 485 500 Lo2 £10 s19 530
A {sec™)) 110 = 107* 2.61 x 107* §.70 < 107# x 1074 [6.4 x 107* 286 107*

(a) Determine the enthalpy of activation for this reaction, and (b) calculate the
fraction of molecules having the requisite enthalpy of activation for entering
into reaction at 500°C.

SOLUTION:

(a) Transform the data to the form needed for the application of Equation [5-17
and a straight-line plot, as follows (with T in K).

1319 1294 1 LM 1 1263 x | S
T 1346 x 1073 R [ 1074 107! 10! x 1

log & -3.959 -3.583 -3.244 -2.991 -2.785 -2.544

When th dat tted in Fi 15-7,. t a straight line wh
Slopin is e_STAO%,axarI%F}(O, and a\%hlgse;\g]ilr{?ercept 1sy01%1.§§, \%Shraalgcorré?ftlc% @

efficient of 0.9998. The slope is equal to —AH./2.3R. Therefore,

AH, —(2.30)(R )(slope)

. K =643x

cal cal
- . — 1(-1.40 10¢ 104
(2.30) {l 9R7 mole K\/( 1.407 mofe

64.3 kcal/mole

AH,

(b) The fraction of molecules with any given energy is obtained from 10 23T

Therefore, at 500°C (773 K), the fraction is

64.300 cal

(130)(1‘937 o \I/(773 K_ 620 x [0

This is a very small fraction indeed!
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H Activated complex
H

Enthalpy

H Products

reverse forward
-

_—

Time course of reaction

FIGURE 15-8

Reversible Reactions

For reactions that are reversible, the concept of an activation energy barrier
applies to the reverse reaction just as it does to the forward reaction. Determin-
ing the rate constants for the reverse reaction at several different temperatures
by simply mixing the products together would enable you to find AH. for the
reverse reaction. Figure 15-8 shows the relationship between the enthalpies of
activation for the forward and reverse reactions.

The energy content (enthalpy, H) of the substances is shown on the vertical
scale. On collision, the reactants contribute their kinetic energy to the forma-
tion of the activated complex and, if this is equal to or greater than (A Hy,)¢, (he
complex can be formed and subsequently can decompose into the products,
which take up energy (AHa): for use in kinetic energy. In Figure 15-8, the
products contain less energy than the reactants, and the difference is given off
as the energy (enthalpy) of reaction, (AH rescuon- Just the reverse would be true
if you started with products. From the diagram you can see that these three
quantities are related by

(AH)reachon = (AHa)f - (AHa)r (15'18)

This relationship makes it possible for you to determine (AH.)r and combine it
with the enthalpy of reaction determined in a separate experiment to find (AH ).
without having to study the rates of the reverse reaction.

Catalysts

A catalyst provides an alternative pathway by which reactants can proceed to
form the products, a pathway that involves a lower energy barrier and a differ-
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ent intermediate activated complex. This alternative pathway is shown by the
dotted line in Figure 15-8. With a smaller activation energy required, there will
be a larger fraction of molecules that can react (the area to the right of the
dotted line in Figure 15-6), and the reaction will go faster. Note that a catalyst
lowers the activation for the forward and reverse reactions by exactly the same
amount, and that (AH )eaetion remains unchanged.

PROBLEMS A

1. The following counts per minute (cpm) are obtained for a sample of an un-
known isotope at 10 min intervals, beginning withz = 0: 10,000, 8166, 7583,
6464, 5381, 5023, 4466, 3622, 2981, 2690, 2239, 2141, 1775, 1603, 1348, 1114,
1048. Determine the half-life of the isotope.

8]

. As part of a radio-iodine treatment for a thyroid problem. a sample of radioac-
tive Nal is injected into a person at 9:00 A.M. on a certain day. The iodide goes
almost immediately to the thyroid gland. If the sample has 10,000 cpm when
injected, how many cpm will there be at 3:00 P.M. on the same day? The
half-life of the iodine-128 isotope is 25.08 min.

3. How many milligrams of a 100 mg sample of radon-222 will disintegrate in 30
days, given that the half-life is 3.82 days?

4. The Dead Sea scrolls were found by radioactive carbon-dating techniques to
have 1.9 cpm per gram of carbon. Living material similar to that from which
they were made has 15.3 cpm per gram of carbon. How old must the scrolls
be, knowing that the half-life of carbon-14 is 5730 yr?

5. The p-nitrophenyl ester of N-carbobenzoxylysine reacts with water according
to the following equation (B and P are just symbols used to simplify descrip-
tion of this compound; H and O represent hydrogen and oxygen).

BOOP + H,O0 — BOOH + POH

There is a very great difference in the ultraviolet absorption of the products
and the reactants, so that the rate of the reaction can be followed easily by
means of a spectrophotometer at a wavelength of 3476 n he fo ow
P P gﬁ- solut1on g%B Clretlerg
data are obtained for a very dilute (3.388 x 107?
to the mol%htgl of BOOP at time 1; in eac}% case the value should be multipgjsed
osider the concentration of waler to remain constant at’ 53.5
moles/hter and the reaction to be first order with respect to water. Determine

the order of the reaction with respect to BOOP, and the rate constant for the
reaction.

t (min) 0 5 10 15 20 25 30 35 40 45
C (moles/liter) 3.388 3.081 2.783 2.553 2.290 2.065 1.892 1.710 1.538 1.406
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6. Cyclopentadiene (C) reacts with itself to give a dimer (D):

2CsHg — CyoHy,

When this reaction is carried out at constant volume in the gas phase, the total
pressure drops because two gaseous moles are converted to one. The change
in total pressure at any given time interval will be equal to one-half of the
partial pressure of C used up in that time. The following experiment is run at
127.0°C, using an initial pressure of 200 torr of C. Use partial pressures in torr
as a measure of concentration (instead of moles/liter), and determine the rate
constant and order of the reaction.

t (min) 0 10 20 30 40 50 60
P 1ora {torr) 200.0 177.5 163.4 153.6 146.4 140.9 136.6

7. NO; decomposes at high temperature according to the gaseous reaction

NO; — NO + 10,

When this reaction is carried out at constant volume, the total pressure in-
creases because one gaseous mole is converted to one and one-half mole. The
change in total pressure at any given time will be equal to one-half of the
partial pressure of NOg ysed up in that time. The following experiment is run
at 277.0°C, using an initial pressure of 100 torr of NO;. Use partial pressures in
torr as a measure of concentration (instead of moles/liter), and determine the
rate constant and order of the reaction.

t (min) 0 10 20 30 40 50 60 80
Piar (torr) 100.0 104.2 107.8 110.8 113.4 1157 117.7 121.1

8. Ditertiarybutylperoxide (D) decomposes to acetone (A) and ethane (E) by the

gaseous reaction
D-2A+ E

The accompanying data are obtained at 155.0°C by observing the pressure
change that occurs at constant volume as one gaseous mole is converted to
three gaseous moles. The change in total pressure at any given time is just
equal to twice the partial pressure of D used up in that time. Use partial
pressures in torr as a measure of concentration (instead of moles/liter), and
determine the rate constant and order of the reaction.

({mm)
Pua (t01T)

0 20 30 S0 60 80 90 1o 120 140 150 170 180 200 20
1735 1873 1934 2083 2113 2229 2286 2398 2444 2545 2592 287 2739 2820 2868

. () Calculate the average molar kinetic energies for He, Hz, Oz. 5pq CO;

27.0°C.
(b) How many molecules of each gas are present in 1.00 ml at 760 torr and
27.0°C?
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10. Calculate the fraction of CH, molecules having kinetic energies greater than
13.0 kcal/mole at each of the following temperatures.

(a) 200 K (d) 500 K
(by 300 K (e) 1000 K
(c) 400 K

[1. How much faster will a reaction be at S0.0°C than at 20.0°C. when its activa-
tion energy is 15.0 kcal?

12. Two reactants for a given reaction are M and N.
(a) If, for a given initial concentration of M, a five-fold increase in the concen-
tration of N causes a 25-fold increase in the initial rate of reaction, what
can be said about the order with respect to N?
(b) If M is not only a reactant but also the solvent, what is the probable order
with respect to M in the experimentally determined rate expression?

[3. The accompanying values of the rate constant & have been obtained at differ-
ent temperatures for the reaction

CO + NO, —» CO, + NO

t (°C 267 319 365 402 454
k (M~tsec™!) 0.0016 0.021 0.12 0.63 2.70

(a) Determine the energy of activation for this reaction.

(b) What fraction of the molecules possess the necessary enthalpy of activa-
tion at 350.0°C?

(c) Given that the enthalpy change for this reaction is -54.2 kcal, calculate
the enthalpy of activation for the reverse reaction.

(d) Draw an enthalpy diagram for this reaction that shows the relationship
between the enthalpy of the reaction and the enthalpies of activation for
the forward and reverse reactions.

14. The accompanying values of the rate constant k have been determined as a
function of temperature for the reaction

NO; —» NO + 10,

t (°C) 319 330 354 379 383
k (M7'sec™!) 0.522 0.755 1.700 4,02 5.03

(a) Determine the energy of activation for this reaction.

(b) What fraction of the molecules possess the necessary energy of activation
at 250.0°C?

(c) Given that the enthalpy change for this reaction is +13.5 kcal, calculate
the enthalpy of activation for the reverse reaction.

(d) Draw an enthalpy diagram for this reaction that shows the relationship
between the enthalpy of the reaction and the enthalpies of activation for
the forward and reverse reactions.
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PROBLEMS B

15

16

17

18

The radioactivity of an isotope 1s studied, and the following counts per minute
(cpm) are obtained at five-minute intervals, starting witht = 0 4500, 3703,
2895, 2304, 1507, 1198, 970, 752, 603, 496, 400, 309, 250, 199 Determine the
half-life of this isotope

You buy a 250 mg sample of radioactive Na;PO, 1n
experiments with tghe radioactive **P. ut unforescen p%%?érhos %ﬁ% Bhé fivrtle

ation of the experiments for 60 days What percentaIge of the original sample
remains active for your use if the half-life of **P 1s 43 days?

Free, isolated neutrons have a half-life of 12 8 mm If you produce 10 neu

trons 1 a pulsed nuclear target experiment, how long will you have to wait
until only 10 neutrons remain (statistically)?

A piece of wood from the doorway of a Mayan temple is subjected to radioac-
tive carbon dating techniques and found to have 12 7 cpm per gram of carbon
The living trees from which the wood came had 15 3 cpm per gram of carbon
How old must this temple be, knowing that the half-life of "C 1s 730 yr?

Benzene diazonium chloride (B) decomposes 1n water according to the equa-
tion

CsHsN,Cl — C4H;sCl + N,

It 1s possible to follow the rate of the reaction by measuring the volume V of

N, produced at a given temperature and pressure The following data are
obtained at 50 0°C using 35 0 ml of a 0 0672 M solution of B The N, gas 15
collected over water In a gas buret where the temperature 1s 14 0°C The
barometric pressure 1s 745 torr From these data, determine the order of the
reaction and rate constant

t (mm)
V (ml)

0 60 70 80 90 100 120 130 170 190 210 230
00 202 226 254 278 299 336 354 410 431 450 465

20

Acetaldehyde (A) decomposes 1n the gas phase according to the equation
CH,CHO — CH, 4 o

The rate of decomposition can be measured by observing the rate of change of
gas pressure at a given volume and temperature, because one gaseous mole 1s
converted to two gaseous moles The change 1n total pressure at any given
time interval will be equal to the partial pressure of A used up 1n that time In
the accompanying set of data obtained at 518 0°C, the total pressure of the gas
mixture 1s given as a function of time Determine the order of the reaction and
the rate constant Use pressure in torr as a measure of concentration, not
moles/liter
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t (sec) 0 42 73 105 190 242 310 384 480 665 840 1070 1440
Py (torr) 363 397 417 437 477 497 517 537 557 587 607 626 645

21. Acetyl fluoride (A) reacts with water (B) to form acetic acid (C) and hydro-
fluoric acid (D). The reaction is carried out in acetone (an inert solvent) so
that the concentrations can be kept low and the reaction under control. The
equation is

CH;COF + H,O0 — CH,COOH | (g
A + B — C + D
Samples of the reaction mixture are taken at 10 min intervals and quickly

titrated with standard NaOH to obtain the combined concentration of C and
D. Two series of measurements are made: (1) with an excess of H,O where

[H:O] = 1.000 M and [A] = 0.0100 M at the outset, and (2) with an excess of A
where [A] = 0.800 M and [H,O} = 0.0200 M at the outset.

¢t (min) 0 10.0 20.0 30.0 40.0 50.0 60.0
(1) [C + D] (moles/liter) 0 0.00286 0.00530 0.00740 0.00920 0.01076 0.01208
(2) [C + D] (moles/liter) 0 0.004805 0.008800 0.01236 0.01561 0.01842 0.02098

Determine the order of this reaction with respect to each reactant, and the rate
constant for the reaction.

22. The gas-phase reaction
2NO + H, — N,O , H,

is studied at 826.0°C under two sets of conditions: (1) with a large excess of
NO, and (2) with a large excess of H,. Because 3 gaseous moles are converted
to 2 gaseous moles, the rate can be followed by measuring the total gas
pressure as a function of time. The change in pressure at any given time will be
equal to the partial pressure of H; used up and to one-half of the partial
pressure of NO used up in that time. The following data are obtained for series
(1), where the initial mixture contains 400 torr of NO and 100 torr of H,.

pllee) 0 200 400 600 800 1000 1200
(D) p.. (O 5000 4661 4457 4295 4209 4132 409.1

For series (2), the initial mixture contains 600 torr of Hy and 100 torr of NO,
and the following data are obtained.

¢ (sec) 0 150 30.0 45.0 60.0 75.0 90.0

@ pow (torr) 7000 693.1 6888 6847 6810 6784 6765
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23.

24.

25.

26.

27.

28.

Chemical Kinetics

Determine the order of this reaction with respect to each reactant, and the rate
constant for the reaction. Express concentrations as partial pressures in torr,
not moles per liter.

(a) Calculate average molar kinetic energies for Ne, Ar, CO, and C,Hg 4
127.0°C.

(b) How many molecules of each gas are present in 1.00 ml at 730 torr and
127.0°C?

Calculate the fraction of Ny molecules having kinetic energies greater than
15.0 kcal/mole at each of the following temperatures.

(@) 27.0°C (dy 327.0°C

(b) 127.0°C (e) 427.0°C

(c) 227.0°C

How much faster will a reaction be at 40.0°C than at 25.0°C, when its activa-

tion energy is 18.0 kcal?

The initial rate of reaction is observed by mixing given concentrations of A
and B. First doubling the concentration of A (keeping B constant) and then
doubling B (keeping A constant) causes a doubling of the initial rate in the first
instance but a quadrupling in the second. What can be said about the order of
the reaction with respect to A and B?

The accompanying values of the rate constant k are obtained for the gaseous
reaction

2NO + Cl; — 2NOC1
Each of the values of k£ should be multiplied by 102,

t (°C 0 40 82 128 178 275 2
k(m)_.,,sec_,) 1.38 7.5 2772 722 1g2 4573 11%

(a) Determine the energy of activation for this reaction.

(b) What fraction of the molecules possess the necessary activation energy at
100.0°C (to enter into reaction)?

(c¢) Given the enthalpy change for this reaction as —18.1 kcal, calculate the
enthalpy of activation for the reverse reaction.

(d) Draw an enthalpy diagram for this reaction that shows the relationship
between the enthalpy of the reaction and the enthalpies of activation for
the forward and reverse reactions.

The following values of the rate constant kK are determined for the gaseous
reaction

N205 i 2N02 + ‘%O‘z

1 (°C)
k (sec™)

793 503 &
0 34628 1.3535 48 55 65
787 X 108 10° 108 109 107 107
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(a) Calculate the enthalpy of activation for this reaction.

(b) What fraction of the molecules possess the necessary energy of activation
to decompose at 50.0°C?

(c) Given the enthalpy change for this reaction as +12.6 kcal, calculate the
enthalpy of activation for the reverse reaction.

(d) Draw an enthalpy diagram for this reaction that shows the relationship
between the enthalpy of the reaction and the enthalpies of activation for
the forward and reverse reactions.
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Chemical Equilibrium in Gases

GENERAL PRINCIPLES
When the reversible chemical reaction
aA+bB+cC+9+ v @mM aN+ s

reaches equilibrium, the rates of the forward and reverse reactions are exactly

equal, and the net rate of reaction (Vne) is zero. Under these conditions,
Equation 15-15 can be rearranged and cast into the form

K. - ki _ MNP (161
[AF[BPICI

The constant K., which was not present in Equation 15-15, is a new constant
(the ratio of the forward and reverse rate constants) called the equilibrium
constant. Each of the quantities in brackets is the equilibrium concentration of
the substance shown. At any given temperature, the value ofKe remains con-
stant no matter whether you start with A, B, and C or with M and N, and
regardless of the proportions in which they are mixed. K. varies with tempera-
ture because k, and k. vary with temperature, but not by exactly the same
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amount. This dependence on temperature is discussed at the end of this chap-
ter. Equation 16-1 applies to any chemical reaction at equilibrium, no matter
how many or how complicated the intermediate steps in going from reactants to
products.

A good understanding of the principles of chemical equilibrium is important
for the prediction of the yield of a reaction at a given temperature and for
knowing how to change the yield to your advantage. You will also be able to
predict the effect of temperature changes on the yield. Every living biological
system contains thousands of reversible reactions whose shifting equilibria
must be carefully controlled for the health of the system. Every industrial
chemical process is optimized by using the principles of chemical equilibrium.

Special cases of chemical equilibrium in solution are considered in several
later chapters, so here we deal only with gaseous reactions. When concentra-
tions are expressed in moles/liter (as they usually are in solution) in Equation
16-1, the equilibrium constant is designated as K.. whereas for concentrations
expressed as partial pressures in atm (as they usually are for gases) the equilib-

rium constant is designated as K,,. For gaseous equilibria, then, Equation 16-1
becomes

K. — P'{;Pl{ MA 2)
" R R -

The relationship between K. and K, is easily established by means of the ideal
gas law because

moles _ P

n )
M liter Vv ~ RT (16-3)

Substitution of P/RTtor each molar concentration in Equation 16-1 gives

o — W _ A __K
¢ pa . pb . pc  (DTR+m—tatb+o) T (RT)># (16-4)

where An is the difference in the number of moles of gaseous products and

reactants. If An = 0, then K = K5 otherwise you can convert one to the other
by means of Equation 16-4, using 0.08206 liter atm/mole K for R if partial

pressures are expressed in atm.

DETERMINATION OF K,

Values of the equilibrium constant may be obtained by allowing the reactants to
come to equilibrium at a given temperature, analyzing the equilibrium mixture,
and then substituting the equilibrium concentrations into Equation 16-2.
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PROBLEM:
Starting with a 3: 1 mixture of Hy and Na 4 450.0°C, }e equilibrium mixture is

found to be 9.6% NHa, 22.6% N2\ and 67.8% Hz by volume. The total pressure is
500 atm. Calculate Ky and Kc. The reaction is N2 4 3H2 2 2NH.

SOLUTION:
According to Dalton's law of partial pressures (see p 163), the partial pressure of a

gas in a mixture is given by the product of its volume fraction and the total
pressure. Therefore the equilibrium pressure of each gas is

Pyn, = (0.096)(50.0 atm) = 4.8 atm
Py, = (0.226)(50.0 atm) = 11.3 atm
Py, = (0.678)(50.0 atm) = 33.9 atm
Total pressure = 50.0 atm
By substitution in Equation 16-2,
Piu, 4.80 atm)?
K, = NHs ( atm) = 5.23 x 107 atm™

Py, - P§, (11.3 atm)(33.9 atm)?

Use Equation 16-4 to calculate K¢, noting that An = (2 - 4) = -2.

o - Ko _ 5.23 x 10°% atm2
c = An -2
(RT) [(0 08206 —l“zr]:‘m) 723 K)]
=0.184 ('1’::’::) = 0.184 M~?

Note that the starting composition does not enter into the calculations, only the
equilibrium composition.

Table 16-1 gives equilibrium constants for a number of gaseous reactions.

THE EFFECT OF CHANGE IN TOTAL PRESSURE ON K,
AND EQUILIBRIUM POSITION

When the preceding experiment with H; and Nz is conducted at 490-0°C and 100
atm total pressure, an equilibrium mixture is obtained that, on analysis, proves

to be 16.41% NH;;, 20.89% Nz, and 62707 Hz. F 11 . f
reasoning as in the preceding problem, we c%n deteromlonwel{ﬁatﬂ%ﬁesgglueil}l)r}?u(r)n

pressures are Pyy, = 16. 41 atm, Py, — 20. 89 atmNHlQ PHaF&@ummltlmldam
calculated value of K, = 523 x 10~

pressure does not double the pressure of each gas, as it would have done in a
mixture of nonreacting gases. Instead, the chemical equilibrium shifts to
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TABLE 16-1
Equilibrium Constants for Selected Gaseous Reactions
Temp
Equilibrium (°C) K,
H; 2 2H 1000 70 x 107'®atm
2000 31 x10-¢ alm
Cl, =2 2Cl 1000 245 x 107
2000 0 570 atm
N,O, 2 2NO, 25 0 143 atm
45 0671 atm
2H,0 =22H, , O, 1000 69 x 10-18
* 1700 64 x 10 a1
2H, S+ 2H, : S, 1130 00260 atm
1200 0 0507 atm
r; = Cl; « 2HC! 1200 251 x 108
1800 112 x 102
SO~ HU ;> SO, 900 655atm-t
1000 1 86atm-+
CO; &+ bher N H,0 700 0534
1000 0719

make more NHy at the expense of N2 and Hz i ¢ych o way that the new equi-
librium pressures give exactly the same value o% Ige.

We can generalize from this example and say that, for any chemical equilib-
rium involving a different number of moles of gas on each side of the balanced
equation, the equilibrium position will always shift with an increase in total
pressure toward the side with the smaller number of gaseous moles; the value
ofK, will remain unchanged.

THE EFFECT OF CHANGE IN PARTIAL PRESSURE OF ONE GAS
ON K, AND EQLUILIBRIUM POSITION

It often is important to know the yield of a chemical reaction—that is, the
percentage of reactants converted to products. The following example shows
how this yield may be calculated, and how conditions may be altered to in-
crease the yield.

PROBLEM:

K, = 54.4 at 355.0°C for the reaction H, + I, 2 2141 what percentage of I, will be
converted to HI if 0.20 mole each of H, and 2 are mixed and allowed to come to
equilibrium at 355.0°C and a total pressure of 0.50 atm”

SOLUTION:
Assume that X moles each of H, and o e ysed up in reaching equi-
librium to give 2X moles of HI, in accordance with the chemical equation, leaving
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0.20 - X m(?les each of H_2 and |2+ The partial pressure of each gas is given by the
product of its mole fraction and the total pressure (see p 163).

Moles of H; at equilibrium = 0.20 - X
Moles of I; at equilibrium = 0.20 — X
Moles of HI at equilibrium = 2X
Total moles at equilibrium = 0.40 — 2X + 2X = 0.4

2X Y\
Py = (_ (0.50 atm)

0.40
0.20 - X
Py, =P, = (W) (0.50 atm)
2X 2
o - Py [(m) (0.50 atm)]
" Py, - P, [[020-X 2
" : [(0—40—> (0.50 atm)]
2X 2
244 = (0.20 - X)

Taking the square root of each side, we obtain

2X
74=020-x
X = L478= 0.157 = moles of Hz and 1; yyged up

0,18
Percentage conversion (yield) = v.oou X 100 = 78.5%

PROBLEM:
What percentage of I, will be converted to HI at equilibrium at 355.0°C. if 0.200
mole of I, is mixed with 2.00 moles of Hz at total pressure of 0.50 atm?

SOLUTION:

In this problem, it is advantageous first to assume that the large excess of Hy will
use almost the entire amount of I, leaving only X' moles of it unused. In general, it
is always advantageous to let X represent the smallest unknown entity because it
often simplifies the mathematical solution. If X moles of I, are not used, then 0.20
- X moles are used. For every rpole of I, used up, one of Hz is used up, and two of
HI are formed. Proceeding as in the last problem, the number of moles of each
component at equilibrium is

moles of H, = 2.00 - (0.20 - X) = 1.80 + X
moles of I, X = X
2(0.20 - X) =040 - 2X

Total moles = 2.20

moles of HI
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The partial pressure of each component will be the mole fraction of each times the
total pressure, as follows.

P,, =(1.80 + X

330 ) (0.50 atm)

P, = (L) (0.50 atm)

2.20

IO AN _ VN

Py = ( 590 ) (0.50 atm)

When we substitute these partial pressures into the expression for X, we get an
expression that will be tedious to solve unless we make a reasonable approxima-
tion: we assume that X is negligible in comparison with 0.20 and 1.80.

0.40 — 2X 2
K = S44_ [( 2.20 ) (0'50)] _ _(0.40p°
v =T7/180 +Xx X (1.80)(X)
[( 2.20 ) “”‘”][(m) (0'50)]
40 400 = 0.0016 moles of I not used
T (1.80)(54.4) ?

0.200 - 0.0016 = 0.1984 moles of I, ysed
0.
Percentage of I, used = 2 x 100 = 9929

Note that the wise decision to let X = the amount of I, nor used instead of the
amount of I, that was used really did simplify the solution by making it possible to
neglect X when added to or subtracted from larger numbers. If we had solved the
quadratic equation instead, we would have found that 99.197% of the I, had been
used up. This is a common method of simplifying a math problem, and at the end
you can always check to see whether your answer really is negligible compared to
what you said it was. Many chemists say that if X is less than 10.0% of what it is
added to or subtracted from, it is okay to neglect it.

The preceding problem illustrates the fact that, although the value ofK, does
not change with changes in concentration, the equilibrium position will change to
use up part of the excess of any one reagent that has been added. In this
problem, the large excess of H, shifts the equilibrium position to the right,
causing more of the I; to be used up (99.2% compared to 78.5%) than when Hz

and L, are mixed in equal proportions. Advantage may be taken of this principle
by using a large excess of a cheap chemical to convert the maximum amount of

an expensive chemical to a desired product. In this case Iz, the more expensive
chemical, is made to yield more HI by using more of the cheaper H,.
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THE PERCENTAGE DECOMPOSITION OF GASES

Many gases decompose into simpler ones at elevated temperatures, and it often
is important to know the extent to which decomposition takes place.

PROBLEM:

K, = 1.78 atm at 250.0°C for the decomposition reaction PCly @ PCly; | Cl.
Calculate the percentage of PCly that dissociates if 0.0500 mole of PCls i5 placed in
a closed vessel at 250.0°C and 2.00 atm pressure.

SOLUTION:

Although you are told that you are starting with 0.0500 mole PCls, this piece of
information is not needed to find the percentage dissociation at the given pressure
and temperature. If you were asked for the volume of the reaction vessel, then you
would need to know the actual number of moles; otherwise not. To answer the
question that is asked, it is simpler to just start with one mole (don't worry about
the volume) and assume that X moles of PCls dissociate to give X moles each of

PCly and Cl and 1 - X moles of PCl 4 equilibrium.
Moles of PCl; = 1.00 — X
Moles of PCl; = X

Moles of Cl, = X
Total moles = 1.00 + X

The partial pressures are given by the mole fractions times the total pressure, and
are substituted into the Kp cxprcssion’ to givc

[(%) (2.00 atm).“:(l fX) (2.00 atm)]
[(%) (Z.OOatm)]

2x? 2X?
(1 - XXl +X) 1-Xx2

K,= 178 atm =

1.78 =

178 - 1.78X2 = 2X2

X? = ;—;2 = 0.471

X = 0.686 moles PC15 dissociate

0. 686 -
Percentage of PCls dissociated = 00 x 100 = 68.6%

This was not a difficult quadratic equation to solve but, even if it had been, it
would not be possible to neglect X compared to 1.00; it is too large. If we had
neglected X, we would have obtained the extremely erroneous answer of 94.3%
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dissociated. If K, is very large (or very small), it means that the equilibrium
position lies far to the right (or to the left). In either of these cases it is possible to
choose X so that it will be very small and amenable to a simplified math solution.

The value of Ko for the PCls equilibrium is neither very large nor very small, and
hence it never will be possible to neglect X.

THE EFFECT OF TEMPERATURE ON K|,
AND EQUILIBRIUM POSITION

Equation 16-1 shows that
k
K. = k—fr

) ) - A Substi-
and Equation 14-16 shows that a rate constant is equal to A« 10 2387

tution shows the temperature dependence of K., as follows:

_AH, " )
A.10 23RT A _%
Ke=="—gm =10 =7 (16-5)
A,IO "23RT r

Equation 15-18 and Figure 15-8 show that (AH,); _ (AHa)r: AH,

. . th
enthalpy (energy) change for the reaction, Therefore, we can write Equauog
16-5as

AH

K.=Z 10 3% (16:6)

where Z is a constant, the ratio of the two constants A, and Ar- By taking the
logarithm of both sides of this equation, we get

log K, = (— zA.gz) % +logZ (16-7)

Equation 16-7 not only shows the simple way that K. depends on tempera-
ture, it also shows a simple way to determine the enthalpy change for a reac-
tion. By determining the value of K. at seyeral differenttemperatures, and then
plotting log K. versus 1/7, we should get a straight line whose slope is
~-AH/2.3R. If the reaction is exothermic (AH is negative), the slope will be
positive; if the reaction is endothermic (AH is positive), the slope will be
negative (Figure 16-1). Equation 16-7 applies to all chemical equilibria and is
independent of the concentration units used; either Ky or Ke can be used equally
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log K, log K,

FIGURE 16-1
{a) An exothermic reaction. (b) An endothermic reaction.

well. The value of Rnormally will be 1.987 cal/mole K to go along consistently
with AH expressed in calories per mole.

We can also conclude that for exothermic reactions K. always decreases with
increasing temperature, while for endothermic reactions Ke always increases
with increasing temperature. This, in turn, means that an increase in tempera-
ture always shifts the position of equilibrium to the left for an exothermic
reaction. The reverse is true for endothermic reactions.

PROBLEM:
The following values of K, are found for the gas-phase reaction

H, + CO, 2CO + H,0

t (°C) 600 700 800 900 1000
K, 0.39 0.64 0.95 1.30 1.76

Determine the enthalpy of this reaction from these data.

SOLUTION:
We need to transform the data into a form (/T and log K,) that will give a
straight-line plot with Equation 16-7.

ur 0.001145 0.001028 0.000932 0.000853 0.000786
log K, -0.4089 -0.1938 -0.0223 0.1139 0.2455

Plotting these data as in Figure 16-1, and using the method of least squares (see p
72), we obtain a best-fit straight line whose slope is —1809.5 K and whose y
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intercept 1s 1 6637, with a correlation coefficient of 0 9999 Because the slope 1s
equal to —AH/2 30R. we can find AH

car
AH = —(slope)(2 30) (1 987mle K)
al \
= —(~1809 5 K)(2 30) (1 og7 —S_\ _ gyyp 2
mole K/ mole

We see that the reaction 1s endothermic, 1 keeping with the fact that the equilib-
rium constant increases with increasing temperature

There are times when you know the enthalpy of the reaction and the equilib-
rium constant at some temperature, but would like to know the value ofK,, at a
different temperature Equation 16-6 1S easily adapted to this situation Let's

say that the equilibrium constants K, and K, correspond to the Kelvin tempera-
tures Tyand Tz Substituting these values i1t0 Equation 16-7, we obtain log Kq
= —AH/2 30RT, + logZ. and logK: = —AH/2 30RT, _logZ

the second equation from the first we get

If we subtract

log K, — log K, = log

K, =~ 230R

K.
2 AH [ 1 1 ] (16-8)

PROBLEM:-
The reaction PCly; + Cl, _:“—’ PCl; 1s exothermic with AH _ -222 kcal/mczle The
value of K;, 18 0 562 atm™ at 250 0°C Calculate the value of K, at 200 0°C

SOLUTION:-
We know the value of AH and Kp at 250 0°C What we want 1S Kl! at 200 0°C
Equation 16-8 1s ideal for this, as follows

cal
B <_22 200 molg) [ 11 ]
cal 473 K 523 K
@30 (1987 2 )

iy

0562

log

= 098183
Taking the antilog of each side we obtain

Ky
0 562

=959

Kz = 5 39 at 200 0°C

The equilibrium constant 1s larger at the lower temperature as expected for an
exothermic reaction Note also that this reaction which 1s written 1n the reverse
order from that 1n an earlier problem (p 260), has an equilibrium constant (0 562
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atm~!) that is just the reciprocal of the other (1.78 atm). This reciprocity will

always be the case.

CATALYSTS

A catalyst affects only the rate of a chemical reaction; it has no effect on K. or
on the position of equilibrium at a given temperature. You cannot, therefore,
increase the yield of a chemical reaction at a given temperature by adding a
catalyst to the reaction mixture. Catalysts are, however, of great practical
value because they may make an impractically slow reaction reach equi-
librium at a practical rate, or may permit such a reaction to go at a practical rate
at a lower temperature, where a more favorable equilibrium position exists.

SUMMARY

The principle of Le Chdtelier summarizes the conclusions that may be drawn
from the illustrative examples in this chapter: "Whenever a stress is placed on a
system at equilibrium, the equilibrium position shifts in such a way as to relieve
that stress.” If the stress is an increase in the partial pressure (concentration) of
one component, the equilibrium shifts toward the opposite side in order to use
up part of the increase. If the stress is an increase in the total pressure, the
stress may be partially relieved by a shift toward the side with the smaller
number of gaseous moles; if there are the same number of gaseous moles on
each side, no shift will occur, and no stress will be relieved. If the stress is an
increase in temperature, the stress is partly relieved because, for an endother-
mic reaction, the equilibrium constant increases and the equilibrium shifts to
the right; for an exothermic reaction, the equilibrium constant decreases and the
equilibrium shifts to the left. A catalyst places no stress on the system and
causes no shift in the equilibrium position.

PROBLEMS A

1. In the following table, columns A, B, and C refer to these gaseous equilibria:
A: N0, 2 2NO, AH

B: COZ + Hz =4 CO + Hgo AH iS pOSi[iVC

Ci SO, + 30, = S0, is negative
For each reaction, tell the effect on K, and on the equilibrium position of each
change listed in the table. Assume that each change affects the reaction mixture only
after it has already once reached equilibrium. Use the following symbols in complet-

is positive
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ing the table: +, —, 0, R, and L to mean increase, decrease, no effect, shift right, and
shift left, respectively.

A. Effecton B. Effect on C. Effecton

Change position K, position K, position K

v

Decrease in total pressure

Increase in temperature

Decrease in partial
pressure of last-
named gas

A catalyst added

Argon gas added, keeping
total pressure constant

2.

A 0.50 mole sample of SbCls is put into a closed container and heated to
248.0°C at 1 atm. At equilibrium, analysis shows 42.8% by volume of Cl; ip

the mixture. Calculate K, at this temperature for the dissociation reaction
SbCl; = SbCly , Cl,.

Analysis of the equilibrium mixture that results from heating 0.25 mole of CO,
to a temperature of 1100°C at a pressure of 10 atm shows the presence of 1.40
x 1039 0, by volume. Calculate the value of k. for the dissociation reaction

2C0O, 2 2C0 + O g this temperature.

Calculate the value of K, for (a) the dissociation of H,S 4 1130°C and 1200°C,
and (b) the reaction of H, + Cl, 5 1200°C and 800°C, using the Ko yalues
given in Table 16-1. (c) Calculate the values of K, for the dissociation of HC1
at 1200°C and 1800°C.

. Calculate the percentage of H, that dissociates to atoms at a total pressure of

0.1 atm H; and (a) 1000°C and (b) 2000°C.

. Calculate the percentage of H,S that dissociates at a pressure of 100 atm and

1130°C.

Calculate the composition of the equilibrium gas mixture that results when (a)
0.500 mole each of CO, and H. are mixed at 1000°C and a total pressure of
2.00 atm, and (b) 1.00 mole of CO and 5.00 moles of H;O are mixed at 1000°C
and a total pressure of 2.00 atm.

. What percentage of Br, will be converted to COBr if (2) an equimolar mixture

of CO and Br; is heated to 70.0°C at a total pressure of 10.0 atm, and (b)a9: 1
mixture of CO to Br, is heatf:d tg 70.0°C at a total pressure of 10.0 atm? The
value of X, is 0.0250 atm~* LOr the reaction ¢y 5 Bry,, & COBry,,. (c)
What is the value of K. for this reaction?
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9. The equilibrium composition of mixtures of Hy and o is studied at various
temperatures in order to get the following values of K. Use these data,
preferably with the method of least squares, to determine the enthalpy of the
reaction H, + [, 2 7y,

t (°0) 340 360 380 400 420 440 460 480
K, 70.8 66.0 61.9 57.7 53.7 50.5 46.8 43.8

10. Values of K, are obtained at a variety of temperatures for the reaction 280 1
O, & 280;. Uge these data, preferably with the method of least squares, to
determine the enthalpy of this reaction.

t °Q) 627 680 727 789 832 897
K, (atm™) 429 105 3.46 0.922 0.397 0.130

11. Using the values of K, given in Table 16-1. calculate the enthalpy of reaction
for (a) the dissociation of H,S, and (b) the reaction of Hz with Cls.

12. For the reaction Ny + 3H, = 2NHy, §; 5 \nown thatathe_enthalfalotlitte
reaction is —22.1 kcal and that K, = 5§23 x 107> atm™"  450.0°C.
the value of K, gt 550.0°C.

PROBLEMS B

13.

In the following table, columns A, B, and C refer to the following gaseous
equilibria:

A: H, + Ckh = 2HC1
B: 2H,0 22H,; ; O,
C: H, + GH, & C,Hg AH .
Read the instructions given in ProblEfegative

AH i negative
is positive

A Effect on B Effect on C Effect on

Change position K, position K, position K.,

Decrease in temperature

Increase in total pressure

A catalyst added

gas

Decrease in partial
pressure of first-named

Helium gas added, keep-
ing the volume constant
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14. Four moles of COCl; are put into a sealed vessel and heated to 395.0°C at a
pressure of 0.200 atm. At equilibrium, analysis shows 30.0% by volume of CO
in the mixture. Calculate KD for the dissociation reaction COClz T—’CO + C12
at this temperature.

15. An equilibrium mixture results from heating 2.00 moles of NOC1 to a tempera-
ture of 225.0°C at a pressure of 0.200 atm. Analysis shows the presence of
34.0% NO by volume. Calculate the value of K, for the dissociation reaction
2NOC1 2 2NO + Cl; at this temperature.

16. Calculate the values of K, for (@) the reaction of SO, with O, at 900.0°C and
1000.0°C, and (b) the reaction of CO, with H; 5 700.0°C ;4 1000.0°C, using

the K, values given in Table 16-1. (c) Calculate the values of Ko for the
reaction of CO with H,O gt 700.0°C gnd 1000.0°C.

17. Calculate the percentage of Cl; that dissociates to atoms at a total pressure of
1.00 atm and (a) 1000.0°C and (b) 2000.0°C.

18. Calculate the percentage of HyO that dissociates at a pressure of 0.500 atm
and (a) 1000°C and (b) 1700°C.

19. What percentage of H; wil] be converted to HC1 at 1800°C using (a) an equimo-

13{ mixture of Hy and Cl at a total pressure of 0.900 atm, and (b) an 8: 1
mixture of Cly to Hz a1 a total pressure of 0.900 atm.

20. Calculate the composition of the equilibrium gas mixture that results when (a)
2.00 moles of NO and 1.00 mole of O, are mixed at 210.0°C zand a total
pressure of 0.800 atm, and (b) 10.0 moles of NO and 1.00 mole of O, are mixed
a1 210.0°C and a total pressure of 5.00 atm. The value of K|, is 3.36 x 10%atm™!
for the reaction 2NOy, + Oyg & 2ZNOyy,.

r : (c) Calculate the value of Ke for
this reaction.

21. The equilibrium that results from mixing SO; and NO; is studied at a variety
of temperatures, and the accompanying values of K, are obtained. Use
these data, preferably with the method of least squares, to determine the
enthalpy of the reaction SO, + NO, = SO, + NO.

t (°C) 477 527 577 627 677
K, 282 198 145 110 86.0

22. The dissociation of NO; is studied at several different temperatures and the

accompanying values of K, corresponding to the reaction ZNO: 2 2NO + O2
are obtained. Use these data, preferably with the method of least squares, to
determine the enthalpy of this reaction.

1 (°C) 136 150 184 210 226 239
K, (atm 152 % 10 « 547 x 107® €82 x |07 298 x 1074 735 x 107* 147 x 10

23. Using the values of K, given in Table 16-1, calculate the enthalpy of reaction
for (a) the reaction of SO, with Oz, apnd (b) the reaction of CO, with H,.
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24. For the reaction N,O, 2 2NO,,
+ 14.53 kcal, and that K, 3¢ 25.0°
0.0°C.

25. Derive a general mathematical equation that relates K,,, equilibrium pressure
(P), and fraction (a) of A dissociated in the gaseous equilibrium A= B + C.
Assume that B and C come only from the dissociation of A, and that the
temperature remains constant.

E is known that the enthalpy of reaction 1s
1s 0.143 atm. Calculate thé value of Ky at
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Electrochemistry I:
Batteries and Free Energy

Many of the simplest chemical reactions involve only an interchange of atoms
or ions between reactants, or perhaps only the dissociation of one reactant into
two parts. In such reactions, there is no change in the electrical charge of any of
the atoms involved. This chapter deals with another type of reaction, in which
one or more electrons are transferred between atoms, with the result that some
of the atoms involved do have their electrical charges changed. These reactions
are known as electron-transfer reactions. You can appreciate their importance
when you realize that every battery used in electronic devices and machines,
every impulse involved in nerve transmission, every metabolic reaction that
produces energy in biological systems, photosynthesis, and combustion pro-
cesses (to mention but a few examples) requires electron-transfer reactions.

ELECTRON-TRANSFER POTENTIAL

Oxidation and Reduction

In the transfer of electrons between atoms, an electron donor is called a reduc-
ing agent; an electron acceptor is called an oxidizing agent. Whenever a reduc-
ing agent donates electrons, we say that it has been oxidized; we say that an
oxidizing agent, on accepting electrons, has been reduced. Oxidation and re-
duction always occur simultaneously; if one atom or ion donates an electron,
another atom or ion must accept it.
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The process of donating and accepting electrons is reversible. For example,
under one set of condi&ions etallic cadndlumﬁ&;iy donate electrons and be-
come Cde+ 10ns, as 1t does when immerse

+

Cd + 2H* — Cd**  Hyt

or, under another set of conditions, the Cd** ion may accept electrons and be
reduced to Cd metal, as it is when it comes in contact with metallic Zn:

+ Cd
cdz+ t Zn — 7Zn2*
Reducing agents differ in their ability t?odona ¢ electr?qﬁCF&rde Igple metalt

lic Zn can donate electrons to Cd?* producc meta
2+ t0 produce metalhc Zn and

metallj unable fo donate electr
Cdz+. ]'f’ms illustrates tltl act that met qﬁc ?n is a stronger reducing agent than

metallic Cd.
A reversible electron-transfer reaction written in the form

ne~ + oxidizing agent & reducing agent

is called a half-reaction, because it cannot occur unless it is coupled with an-
other half-reaction going in the opposite direction. If we use half-reactions in
the manner described in the next few paragraphs, we can assign a number to
each reducing agent to describe its strength, or ability to donate electrons.

Galvanic Cells

An electric current is a flow of electrons through a conductor. Many electron-
transfer reactions can be arranged so that the electrons donated by the reducing
agent are forced to flow through a conducting wire to reach the oxidizing agent.
Such an arrangement is called a battery, or electrochemical (galvanic) cell: a
simple form is shown in Figure 17-1. The electron-transfer reaction that pro-
duces the current is

+ Cu
7Zn + Cu*t — Zn?**

Note that all the components of one half-reaction are placed in one beaker,
and all the components of the second half-reaction are placed in the other
beaker. One must not put the materials of the lefthand side of the equation in
one beaker, and those of the righthand side in the other! If one did, electron
transfer could occur on contact of the two reactants, and there would be no
flow of current from one electrode to the other. The negative electrode always
involves the half-reaction with the greatest r ducm en th; i t)his caseitisa
strip of zinc dipping into a solution of Zn2+ ‘30 sofuble 2c o). Thel051Ve
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Electrons -«

- 1ons >

~- —10ns ‘\\
\

1
Salt bridge

FIGURE 17-1
Simple galvanic cell.

electrode, the one to which the electrons floev in th coqnnectin ej 1%}% stri
of copper dipping into a solution of Cu** any soluble copp ¢ two
solutions are connected by an inverted U-tube filled with a salt solution (held in
place by a gel such as agar-agar), to permit ions to pass from one beaker to the
other. Each beaker with its contents is called a half-cell. Traditionally, the
negative electrode is shown at the left.

Now, let us trace the reaction that occurs when one atom of Zn donates its
electrons according to the half-reaction

In - Zn* Jeo

The Zn?* ion goes into solution, while the electrons pass through the wire to the

Cu electrode. Here, the electrons combine with a Cu? ion from solution,

according to the half-reaction
Cu*r + 2e- — Cu

and the atom of Cu is deposited at the metal surface where the electron transfer
occurs. The net result of this pair of half-reactions is to put a zinc ion into
solution in the lefthand beaker and to remove a copper ion from the righthand
beaker. This intolerable situation would quickly lead to the accumulation of an
excess of positive ions in one beaker and an excess of negative ions in the
other. The reaction would stop immediately ifit were not for the "salt bridge,”
which permits negative ions to migrate into the lefthand beaker and positive
ions to migrate into the righthand beaker, in order to maintain electroneutrality
in each beaker at all times. The completed circuit thus involves the wunidirec-
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Electrons — T T

Pt coated with
tinely divided Pt

FIGURE 17-2

Galvanic cell that gragtbgehydrogen electrode
and the Fe*'.Fe’

tional flow of electrons through the copper wire, but the hidirectional flow of
ions in solution.

If, in the construction of a galvanic cell, a combination of half-reactions is
used that does not involve metals that can be used for electrodes, then a piece
of platinum or other inert conducting substance is used to transfer the electrons
to and from the solution. Figure 17-2 shows a galvanic cell in which one half-
reaction involves a gas (H.) that must make electrical contact with both the H’

ions in solution and the pigtiwmamicatiRdmaliedHRRT Widhr 4 bl it AR Nes

only ions (Fe2* 30¢ Fet+)
electrode. The liquid mercury provides a simple electrical connection to the
wires.

A standard shorthand notation is used to describe the construction of gal-
vanic cells and avoid the necessity of drawing pictures. It is based on the
convention that the negative electrode is shown at the left. The notation for the
galvanic cell shown in Figure 17-1 is

Zn/Zn? (M piCu?t(M,)iCu
The galvanic cell of Figure 17-2 is described as

PUH,(P), H*(M)//Fex*(M,), Fed*(M,)/Pt

where Uy, . and Yo are he numerical values of the concentrations of the
ions, and P is the pressure of the H. gas. A single / indicates the interface
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between the solid electrode and the solution, and a double // indicates the salt
bridge or some other junction between the two half-cells.

Standard Electrode Potentials

If, in Figures 17-1 and 17-2, we cut the wire connecting the electrodes and
connect the two ends to a voltmeter that draws essentially no current (such as a
vacuum-tube voltmeter) or to a potentiometer, the observed voltage (Eeen)
reading will be an accurate measure of the difference in the reducing strengths of
the two half-reactions involved. If the voltage were zero, we would know that
they were of equal reducing strength. By definition,

Ecell bhall’—cell accepting electrons Lhalf—cell donating electrons
Y E
— Loxidizing half-reaction Lreducing half—reaction
= Eox - Eres

(17-1)

Note that this definition of cell potential involves the basic assumption that the
reducing strength of a half-reaction can be represented by a potential (a volt-
age), the half-cell potential. In order to use these cell voltages to measure the
strength of each individual reducing agent, we must (a) compare voltages under
conditions that eliminate the effect of temperature and concentration, and (b)
know the value of £ for at least one half-reaction.

To make a fair comparison we choose a set of reference conditions called the
standard state. For a pure substance, this is taken as the physical form stable at
I atm and 25.0°C; under these conditions, it is said to be at unit activity. For
practical purposes we shall also assume that the water in a dilute solution is at
unit activity. The solute in solution is said to be at unit activity when it behaves
as though it were a fictitious ideal one-molar solution in which there are no
electrical interactions between ions or molecules. The actual solution concen-
tration required to produce unit activity varies considerably from solute to
solute: for HC1 itis 1.20 m; for LiClit is 1.26 M. We shall not dwell at this time
on the problems connected with finding the actual concentrations of solutions
associated with unit activity. If we restrict our solution concentrations to 0.1 M
or less, our computational errors generally will be less than 5.0% if we use
molar concentrations instead of activities; the more dilute the solution, the less
the error.

For a variety of reasons, it is impossible to find the absolute value of E for the
strength of any reducing agent, even though the difference between any two of
them can be measured very accurately by Equation 17-1. Instead, we arbitrarily
select a voltage of zero for the half-reaction

when all of the components are at unit activity. This special electrode is called
the "standard hydrogen electrode.” Letting a superscript © indicate the stan-
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dard state of unit activity, our fundamental convention is that, for the standard
hydrogen electrode,

Efi - = 0.00

If we now make a whole series of galvanic cells with solutions at unit ac-
tivity and use the standard hydrogen electrode as one-half of every cell, then
the measured cell voltage (Ecen) for each cell will be given, according to Equa-
tion 17-1, by either

=] — 0 —
Ecell = on - Ef{,—H‘ - ng

or
o o <
Ecell = EH,—H‘ — E?ed = —Ered

depending on whether the standard hydrogen electrode is a stronger or weaker
reducing agent then the other half-reaction. If we measure the voltage of the
cell shown in Figure 17-2, with all components at unit activity, we find
EZen = 0.77 volts. From our fundamental equation and the assumption for the
standard hydrogen electrode,
ECell = Efer_per — E}?,—H* = Efer_per
Efer_perr = +0.77 vOlts

This direct determination of the E° of every reducing agent by comparison with
another to which an arbitrary value of zero has been assigned is the way, in
principle, in which all the E° values (or standard electrode potentials) in
Table 17-1 were found. Reducing agents that are stronger than H; have a
negative value of E°, and those that are weaker have a positive value. The
more negative the E° value, the stronger the reducing agent. Table 17-1 can
always be used to calculate the voltage of any galvanic cell whose concen-
trations are at unit activity.

PROBLEM:
Calculate the voltage of the cell shown in Figure 17-1 if the solutions are at unit

activity.

SOLUTION:
We get the appropriate values for ESnme 204 E2, (o
and substitute them into Equation 17-1:

from Table 17-1

o. 770 0 1o c
Eceﬂ — Lox — Ered — Lcu-Cu* — E/n—yn”

= +0.34 - (-0.76) = +1.10 volts
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TABLE 17-1
Standard Electrode Potentials (£ ) at 25 C.
Eo Eo
Half-reaction (volts) Half-reaction (volts)
e~ + Litel -3.04 2e- + Hg,Cl, 2 2CI- + 2Hg 0.27
e + Kr2K -2.92 2e- + Cut*&Cu 0.34
2e” + Ca** 2Ca -2.87 e” + Cur«2Cu 0.52
e” -+ Na* = Na -2.71 2e” 4+ l, 221 0.54
3e- + La**= La -2.52 2e~ + 2H* T O, 2 H,0, 0.68
3e- + Ce’* 2Ce -2.48 e~ + Fe’* & Fe? 0.77
2e- + Mg 2 Mg -2.36 2e~ + Hgi* = 2Hg 0.79
3e- + Lu =2Lu -2.26 e~ +Ag* 2 Ag 0.80
3e- -+ Al 2 Al -1.66 2e- + 3H* ¥ NO; 2H,0 + HNO,  0.94
2e- + Zn* 2 7n -0.76 3e~ + 4H* * NO; 22H,0 4 NO 0.96
2e- + 2H* * 2C0O, 2H,C,0, -0.49 e~ + H* * HNO, 2H,0 + NO 1.00
2e- +- Fe** 2 Fe -0.44 2e” + Bry,, #2Br- 1,07
2e- + Cd** =2 Cd -0.40 46~ + 4H* + O, 22H,0 1.23
2e- + Co** 2Co -0.28  6Be- + 14H* * Cr,02 2 7H,0 4+ 2Cr3* 1,33
2e- -+ Niz* & Ni -0.25 2e- + Cl,=2C!- 1.38
e~ + Agl 21- + Ag -0.15 3e” + Autt 2 Au 1.50
2e- + Sn** 2Sn 0.14 S5e- + 8H* ¥ MnO; «4H,0 ¢ Mn?* 1,51
2e- + Pb* 2 Pb -0.13 e” + Ce = Ce* 1,61
2e~ f 2H* = H, 0.00 5 4 2n+ *+ 2HCIO Loy 0, Q) 163
e~ + AgBr 2Br- + Ag 0.07 e~ + Aur 2 Au 1.69
2e- + S,0 225,01 0.08 2e- + 2H* + H,0, & 2H,0 178
2e- + 2H* + S22 H,S 0.14 6e- + BH* + XeO, & 3H,0 4+ Xe 1.80
2e- + Sn* = Sn?+ 0.15 26~ + $,0i- 2 280% 2.01
e- + Cu?* = Cu+ 0.15 2e- + 2H* + O, & H,0 4 O, 2.07
e- + AgCl 2 CI- + Ag 0.22 2e~ + F, = 2F- 2.87

Variation of Cell Voltage with Concentration

When concentrations of reactants are not at unit activity, the half-cell potential
may be calculated by the relation

- _RT »
E=E --=lngQ, (17-2)

which is known as the Nernst equation. This equation is derived and dis-
cussed in more advanced courses. Here n is the number of moles of electrons
as shown in the half-reaction equation, and Q, is the "ion product” that has
the same form as the usual equilibrium-constant expression but that uses the
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actual ionic concentrations, not the equilibrium values. It also differs because
half-reactions by themselves are fictitious, and isolated electrons do not exist
in aqueous solution—thus, there is no factor in the @, expression for [¢~]",
the "electron concentration.”’ If we express the gas codgtant R intHamdae
mental units (using the value of 1.013 x 10° dynes/cm? ztnT d
determined on p 158, along with the V(e)lrun} of 2%40(& cm® mole da ;tfr? an
273.2 K), we get R = 8314 x 107 gs/mole eexpressed in different
units, R = 8.314 volt coulombs/mole K. The total electrical charge F on one
mole of electrons is 96,487 coulombs/mole of electrons. If we use these
values of R and F, limit ourselves to 25.0°C for convenient use of Table 17-1.
and convert the logarithm to base 10, then the general expression for the
voltage of a half-cell is

{ « «1p YOIt coulombsY oo s ana
E = E° V mole K / 1 o
[/ mole of electrons\ / coulombs  \ i
\ mole J\ ' mole of electrons/
e 0.0:91 log 0, (17-3)
PROBLEM:

What is the voltage of a cell constructed as in Figure 17-1, but with a 0.1 M

ZnSO, solution in the lefthand beaker and a 10” +M cys0, solution in the
righthand beaker?

SOLUTION:

The voltage of the cell is

Ecen = Eox — Erea = Ecycur — EZn—7n”

Each of the half-cell potentials is given by Equation 17-3, with £° values taken
from Table 17-1:

. - 0.0591 log * [Cu]

Eeu-cu = Etu-ca P [Cu?*]
= +0.34 - "M iog- 1= £0.22 volt
Evnre = Ejnpeee — 2B g 120
\Zn®*]
- 076. "% 0;91 log — = -0.79 volt

Eeen = +0.22 — (-0.79) = +1.01 volt

In case you wonder why [Cu] and [Zn] appear to have magically disappeared,
you must recall that solids such as metallic Cu and Zn have constant invariant
concentrations and are said to be at "unit activity '—that is, their values are
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set equal to 1. The same will always be done for {H,OJ and concentrations of
other liquids that appear in half-reaction equations.

We could have combined the equations for Eox and Erea into one equation
before solving for Ecenr, as follows.

o 0.0591 o 0.0591
Ecen = [on - n log (Qi)ox] - [ red — '25 lOg (Qi)red]
e re . 00591 (D
- [on red] n log (Qi)red
00591 (Qpu
- Ecell n log (Qi)red

Of particular importance here is the fact that the ratio (Qpox/(Qpreq is
identical to the ion product for the overall cell reaction, which we shall simply
call Q. In other words, we can write our expression for the voltage of the
whole cell as

o 0 0591
Ecen = Ecen - " 10g Q (17-4)

or the general form of the Nernst equation for the whole cell as

. 730RT
Ecenn = Eéenn - , 10z0 (17-5)

For the cell reaction

+ Cu
Zn + Cu®* & Zn?*

the corresponding calculation 1is

. 0.059L ,  [Zm**
Eear T35 0781 002 10g 277
_ 00591, 10!
= +1.i0 3 log 10—
= +1.10 — w = +1.01 volts

You should note that Equations 17-4 and 17-5 apply only to chemical equations
that are complete and balanced and that, for a given electron-transfer reaction, n
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is the number of electrons lost by the reducing agent (or gained by the oxidizing
agent) in the balanced chemical equation. Equation 17-3, on the other hand,
applies only to a balanced half-reaction, When Equation 17-3 is applied to two
different half-reactions that are to be combined to make one complete reaction,
it is essential that the half-reactions be balanced to give the same value ofn, the
value that will be used in Equation 17-4and that will refer to the complete reaction.

CAUTION: We must call your attention to acomplication that may result from
the unthinking application of Equation 174 to a reaction such as

Hg + Hg?t 2 Hgi"
where one ion (in this case Hg:*) is common to both half-reactions. Application
of Equation 17-4 to this overall reaction would give the erroneous result

0.0591 , [Hgi"]

Ecell = gell%1 108 [Hg2+]

because it loses track of the fact that there are two different Hgi*+ concentra-

tions, one in each half-cell, that can be varied independently. However, the
method of the last problem can be applied to the separate half-reactions:

(oxidizing) 2e” + 2Hg?" & Hgi*
(reducing) 2e” + Hgi* 5 S{ﬁg

Using this method, we obtain a correct expression for the cell voltage:

0.0591

=] H 3+ 0xX H it re
Ecen  Elen 3 10%"[ g Lo | B2 lreg Jeeg

2
(Hg**p?

ELECTRON-TRANSFER EQUILIBRIUM

If you permit a battery to completely "run down" or become "dead,” its Ecen
becomes zero, and the cell reaction reaches an equilibrium condition. Making a
battery and letting it go dead is not the only way to let an electron-transfer reaction
reach equilibrium; the components could just as well be mixed together in a
single beaker. The important thing to realize is that, no matter how you reach
equilibrium, the ion product @ at equilibrium is now equal to the equilibrium
constant. Thus, for any electron-transfer reaction at equilibrium at 25.0°C, we
could write

0 0591
Eeen = 0 = ECa " log K.
or gell = 00391 log Ke (17_6)
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or, for the general case from Equation 17-5, we could write

2.30RT
Ecoeu = —n_

10g Ke (17-7

The most important thing about Equations 17-6 and 17-7 is that the equilibrium
constant for electron-transfer reactions can be calculated from standard elec-
trode potentials without ever having to make experimental measurements.

PROBLEM:
Calculate the equilibrium constant at 25.0°C for+th[ggreaction

Fert t Ag* 2 Fe?*

SOLUTION:
From Table 17-1. we get

Egell = ECAg—Ag‘ - E%e“—Fe"

= (+0.80) - (+0.77) = +0.030 volt

Only 1 mole of electrons is transferred in the equation as written, so

nEz2an 0 %8930)
logKe ~ 55501 ~ - 02

K. =132

Electrical Energy from Chemical Energy

Up to this point we have emphasized the voltage of a galvanic cell. We are also
in a position to consider the conversion of chemical energy to electrical energy in
a galvanic cell. Electrical energy is calculated as the product of the voltage of a
cell and the total electrical charge (in coulombs) that passes from the battery:

electrical energy = volts x coulombs

joules (the Si-approved unit of energy)

The total charge that passes from a battery will be determined by the number of
moles of electrons (n) that pass through the circuit. By definition,

£ 3 Fy= coulombs
1faraday (F) = 96,437 mole of electrons

and

1 cal = 4.184 joules = 4.184 volt coulombs
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Therefore,

electrical energy

. NS .
= —<coulgmbe . -calories
(volts)(moles of electrons)( mole oklectrons/ \ voltcoulomb)

o 1y 96,487
= (E)n)F) (4.184) =nE < s
= 23,060 x nkE cal (17-8)

The cell voltages we have been talking about in this chapter are all maximal
voltages, voltages measured with a potentiometer that just matches the voltage
of the cell without actually draining any current from the cell, or with a
vacuum-tube voltmeter whose resistance is so high that the result is essentially
the same. If a battery is used to do work, the voltage will be less; not all the
energy that is produced can be employed usefully because of partial dissipation
as heat. In fact, all the electrical energy could be wasted if you so wished.
Nevertheless, our potentiometrically-measured (maximal) voltages can be
used for the calculation of the maximal amount of available electrical energy
that can be obtained from a chemical reaction, regardless of whether it actually is
usedfor work. For a given chemical reaction, we can equate maximal available
electrical energy with maximal available work, and write

maximal available electrical energy
23,060 x nE cal (17-9)

maximal available work

THE CONCEPT OF FREE ENERGY

The preceding statements imply that every substance has an amount of energy,
called itsfree energy (G), that could be used for useful work. If, as a result of a
chemical reaction that occurs at constant temperature and pressure, the sum of
the products ("state 2") possesses an amount of free energy G, whereas the
sum of the reactants ("state 1") possesses an amount of free energy G, then
the change in free energy (AG) for the reaction will be

AG = Gz — GI = G})roducts - Greactants (17-10)

If the sign of AG is negative, it means that the products have less free energy
than the reactants. The magnitude of the change is the maximal amount of work
that might have been obtained from the reaction. The maximal obtainable work
is associated with a decrease in free energy (—AG)—that is, the work is ob-
tained at the expense of the chemical system (Figure 17-3). In equation form,
we would write

maximal available work = -AG (17-11)
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Reactants {Zn + Cu?-}

AG® = —50,800 cal

Stapgard
free engrgy, G —*

Products (Zn? + Cuy

FIGURE 17-3

The decrease In standard free energy (AG 9
that occurs when Zn reacts with Cu?*.

and, for maximal available electrical work,

AG = -nFE
= —23,060 X nE cal (17-12)

Free Energies of Reaction

If the reactants and products were in their standard states of unit activity, then
of course the voltage (E°) is the "standard cell potential,” and the change in
free energy is the change in "standard free energy" (AG®):

AG® = -nFE°® (17-13)

For the reaction
Zn + Cu*t 2 Zn** + Cu

the change in standard free energy that accompanies the reaction is

AG®° = -23,060 x nE® cal
= —(23,060)(2)(1.10) = -50,800 cal/mole of Zn or Cu

The change in standard free energy is — 50,800 cal/mole whether metallic Zn is
wastefully put into a beaker of CuSO; or whether the reaction is usefully
employed as a battery as in Figure 17-1. Either way, the products end up being
less capable of doing work than they were before starting the reaction.

The Relationship Between AG ° and K,

There is a very important extension of the concepts associated with AG, which
up to this point has been closely linked with electron-transfer reactions and the

production of electrical energy. Equationsl7-7 and 17-13 can be combined to
give
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AG° = —2.30RT log K. (17-14)
cal
= —(2.30) (1.987 — K) (T K)log K.
= -4.57 T log K. cal/mole (17-15)

where T is the temperature at which the equilibrium constant is known. With this
last expression, you can see that the concept of electron-transfer has been
eliminated (*‘n’’ is no longer involved), and you see that the change in standard
free energy for a reaction is associated with its equilibrium constant. In other
words, for any chemical reaction, regardless of whether it involves electron-
transfer, it is possible to calculate the change in standard free energy at a given
temperature if its equilibrium constant is known for that temperature. In
eliminating "‘n”’ to obtain Equation 17-14, we must not overlook the fact that
the value of AG”® still depends on the amount of material used and the way the
chemical equation is written. For the reaction written as 20 H, + 10 O, 2
20 H,0, the value of the equilibrium constant is (K.)'°, compared with K, for

the same reaction written as 2H, + O, 2 2H,0; o
. ) ' the value o é& for the first
is 10 times that for the second, as expected from}Equatmn fi -F4.

The values of Ke used in Equations 17-6 or 17-7 and 17-14 or 17-15 must
correspond to K. (see p 255), where concentrations are expressed in moles/liter.
Values of Kp with concentrations expressed in atm or torr can be converted to
K. by means of Equation 16-4.

Because no reversible reaction, in principle, ever goes to completion, we
need an expression that indicates our expectation of whether the reaction
"goes" (with the final equilibriunt more to the right), or "doesn’t go” (with the
final equilibrium more to the left). We summarize all this in one word, "spon-
taneous.” We say that a reaction is spontaneous if AG° is negative, correspond-
ing to a value of K. greater than one and an equilibrium position that is more to
the right than to the left. All of this is consistent with Equation 17-14. IfAG° is
positive, we sa¥ that the reaction is not spontaneous. The reaction between Zn
and Cuz+ 1S vely spontaneous.

It is not always easy to harness non-electron-transfer reactions to do useful
work, but the potential to do the work is still present. To see how this wider
concept ties in with other equilibrium reactions studied in this book, consider
the following examples.

1. At 25.0°C for the reaction (p 351)
HNO, 2 H* + NO;

AG®

—(4.57)(298)log K. = —(4.57)(298)log(4.5 x 107%)
+4550 cal/mole
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2. At 25.0°C for the reaction (p 374)
AgCl=2 Ag+t T CI-

AG® = —(4.57)(298)log K. = —(4.57)(298)log(1.6 x 10719
= +13,350 cal/mole

3. At 355.0°C for the reaction (p 257)

Hopy + lay 2 2HI,

AG®

—(4.57)(628)log K. = —(4.57)(628)log(54.4)
-4994 cal per 2 moles of HI
-2497 cal/mole

Standard Free Energies of Formation

Equation 17-13 may be used to calculate standard free energies of reaction from
E°.ay values derived from Table 17-1, and Equation 17-14 may be used if values
of K. are known. There is also a third way by which AG® may be calculated. Just
as for enthalpy (H, see pp 215-219), it is impossible to know the actual free
energy content (G) of any substance; only changes can be measured. Also, as
for enthalpy, it is possible to construct a table of standard free energies of
formation for each substance, based on the arbitrary assumption that the ele-
ments in their standard states (physical forms stable at 25.0°C and 1 atm) have
zero free energy of formation. You recall that these "formation” reactions
correspond to the formation of compounds directly from the elements. Table
17-2 shows a few selected values of AG¢. Once such a table has been con-
structed, it is possible to calculate the AG° orK, for any reaction for which data
are available—even though the reaction might not actually occur because the
activation energy is too high or because other reactions occur instead. Just as
with enthalpy, we can say

AG® = Z(AG;")products - 2(AGt"’)re::mt::mts (17_16)

and apply it in the following typical manner.

PROBLEM:
What is the change in standard free energy, and what is the value ofK., g1 25.0°C
for the gaseous dissociation of PCls into PCly g4pg ClL?

SOLUTION:
Take the needed standard free energies of formation from Table 17-2 and use them
with the balanced chemical equation.
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PCl,,, = PCly, + Clar
kcal kcal kcal
1 mol -77.59 —68.42
(1 mo e) ( mole }) (1 mole)v 68.4 mole}) (1 mole) (O 00 ole)
2(AGproauas = (1X-68.42) + (1)(0.00) = -68.42 kcal
2(AG ) eactams = (1X-77.59) = -77.59 kcal
(AG )eacion = (-68.42 keal) - (-77.59 kcal) = +9 17 keal
-AG*° _ —9170 cal _
logKe = "= = ——-6.73
L. 3UK 1

(2.30) (1 987 — ) (298 K)

K. = 185 x 1077 moles/liter

Because K, is relatively small, you would conclude that PCly is only slightly
dissociated at room temperature. Also note that, if you wanted the value of K,
(with concentrations expressed 1n atm)., you would have to use Equation 164
with An = +1. to give

i
liter atm) (298 K) 185 x 107 m'o es)
mole liter

Kp = (RT)A" 'Kc = (O 08206

Kp = 4.52 x 10-83m

ENTROPIES OF REACTION

We are now in a position to see the relationship between H, G, and . We say
that the energy content or enthalpy (H) of a substance is composed of two
parts; one that can do work and is called free energy (G), and another that
cannot do work and is the product of temperature (T) and entropy (S). The

product of T and § is necessary in order to obtain the units of energy, because §
has the units of cal/K. In equation form we write

H=G + TS (17-17)

In chemical and physical changes, these properties of H, GG, and S change for
each substance, so that for a change (A) we would write

AH = AG + A(TS) (17-18)
and, if the change takes place at constant temperature and pressure,

AH = AG + T(AS) (17-19)
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TABLE 17-2
Standard Free Energies of Formation at 25°C (AG; In kcal/moie)

Sub- Sub-

Substance  State AG? stance  State AG? stance State AG?
Any element standard 000 CO g -3281 N (atom) 9 8147
Ag* aq 1843 CO, o -9426 Na (atom) g 18 67
AgCl s -2622 Cu?* aq 1553 Na* aq -62 59
Br (atom) g 1969 F (atom) g 1420 NH, g -398
Br- aq -2457 F- aq -6608 NH, aq -637
BrCl g -021 FeO s -5840 NH7 aq -1900
C (atom) g 16084 Fe,0, S -177 10 NO 9 2072
C {diamond} s 068 H(atom) g 4858 NO; [e] 1239
Ca?* aqg -13218 H* aq 000 NO7 aq —26 41
Cd?* aq -1858 HBr fe] -1272  N,©O 9 2476
CH;OH / -3973 HCI g —2277 0 (atom}) g 54 99
CH,OH e} -3869 HI g 031 OH- aq -3760
C;HOH / -41 77  H,0 ! -5669 P (atom) o 66 71
C.H;OH g —-4030 H,0 g -54 64 PCl, g —68 42
CiHio g -375 H,S fe] -789 PCl, g -7759
CeHe / 2976 | (atom) 9 1677 S (atom) g 43 57
CqHy o 3099 I- aq -1235 s* aq 2000
Cl (atom) g 2519 ICI fe] -132 SO, 9 -71 79
Cl aq -3135 K+ aq -67 47 SOY” aqg -17734
Cioy aq -257 L~ aq -7022 Zn®** aq -3518

When changes occur with all materials in their standard states, the superscript °©
would be used. For example, for AS° we would have

Ao © AH® -AG®°

e 17-20
T ( )
PROBLEM:
Calculate the change in standard entropy for the dissociation of PCly into PCly and
Cly at 25.0°C.
SOLUTION:

Take the value of AG® = +9170 cal as obtained in the preceding problem, and
the value of AH® = +22,130 cal as obtained on p. 218 in Chapter 14. Substitute
these values 1nto Equation 17-20 and get

(22,130cal) — (9170cal) cal

AS® = 2982 K +43.48 ? = +43.48 e u.
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The positive sign of the 43.48 e.u. indicates that the reaction goes with an increase
in entropy—that the products represent a state of greater molecular disorder than
do the reactants.

Entropies of Transition

When a substance changes from one physical state to another at a temperature
where the two states can coexist (such as at the melting point or the normal
boiling point), the two phases are at equilibrium and AG: = O for the transi-
tion. Under these conditions

_AH} — AGY  AH3

ASt = T =7 (17-21)

It is for this reason (that AGT = 0) that we were able to calculate standard
entropies of transition by simply dividing the enthalpies of transition by the
Kelvin temperature of transition as we did on p 214. Entropies of reaction
cannot be calculated this way; the more general expression must be used.

Absolute Entropies

In addition to calculating AS from values of AH and AG, there is another
independent source of information that demonstrates that the arbitrary values
for AH? and AGT are self-consistent. This source is based on the reasonable
assumption (known as the third law of thermodynamics) that, at the absolute
zero of temperature, the entropy of perfect crystals of all pure elements and
compounds is zero. This assumption is reasonable because it embodies the
concepts that these elements and compounds have minimal energy, no "mo-
lecular chaos,” and perfect order. By measuring the amount of energy required
to raise the temperature of a mole of a given substance from absolute zero (that
is, by measuring its molar heat capacity at a series of different temperatures) to
some temperature such as 25.0°C, it is possible to calculate the absolute (or
actual) entropy at 25.0°C. This calculation includes any entropies of transition
(AH</T) that occur in going from 0.0 K to 25.0°C. Some selected values of
absolute entropies (S °) are shown in Table 17-3. Because it is impossible to
know the absolute values of H and G for any substance, it was necessary to
make an arbitrary assignment of zero for the enthalpies and free energies of
formation ofelements in their standard states in Tables 14-1 and 17-2. Note that
this is not true for the entropies of the elements in their standard states in Table
17-3.

These values of §° are measures of the energy that a substance requires at
25.0°C in order to maintain its characteristic variety of internal atomic and
molecular motions (vibrations and rotations), and its random movement in
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TABLE 17-3
Absoiute Entropies at 25 C (S in cal/moie C)
Sub- Sub- Sub-

stance State S° stance  State Se stance  State Se
Ag* aq 17 67 Cu s 7 96 N, o] 4577
AgCl s 2297 Cu?+ aq -2360 Na s 1220
Br (atom) g 41 81 F (atom) g 3792 Na (atom) ¢ 3672
Br- aq 1929 F- aq -230 Na+* aq 14 40
Br, / 36 40 Fa 9 48 60 NH, e 46 01
BrCl 9 57 30 Fe s 6 49 NH, aq 26 30
C (atom) 9 3776 FeO s 1290  NHj} aq 26 97
C (diamond) s 058 Fe,O, s 21 50 NO 9 50 34
C (graphite) s 136 H (atom) 9 27 39 NO, 9 57 47
Ca s 995 H+* aq 000 NO, aq 3500
Ca?+ aqg -1320 H, 9 31 21 N,O 9 5258
Cd s 1230 HBr 9 47 44 O (atom) 9 38 47
Cdz+ aq -1460 HCI 9 4462 [ 9 49 00
CH,OH ] 3030 HI g 4931  OH ag -252
CH,OH 9 5680  H,0 / 1672 P(atom) g 3898
C,H;OH li 38 40 H,O 9 45 11 P,{per P) s 1060
C,H,OH 9 6740 H,S 9 4915  PCl, 9 74 49
CHu g 74 10 | (atom) 9 43 18 PCl, 9 84 30
CsHs / 48 50 | aq 26 14 S (atom) 9 4008
CeHs 9 64 34 ly s 27 90 S? aq 530
Cl (atom) g 39 46 ICI 9 59 12 Ss(perS) s 762
Cl- aqg 1317 K s 1520 SO, g 59 40
Ct, 9 5329 K+ aq 24 50 S0O3- aqg 410
CIO; aqg 43 50 Li s 670 Zn s 995
co 9 4730 L ag 340  Zni* ag  -2545
CO, 9 51 06 N(atom} g 36 61

space if it is a gas. The terms “perfect” and “pure” are required in the basic
definition of zero entropy at absolute zero, because any imperfections would
represent a degree of disorder, as would the presence of any impurities. A solid
solution of Ar and Kr at absolute zero would have a positive value of entropy at
absolute zero, because the separate crystals of Ar and Kr, representing a
greater state of order at absolute zero, have zero entropy.

In using Table 17-3 for calculating changes in entropy accompanying reac-
tions, we can follow our usual custom of saying that the change in entropy
equals the difference between "state 2" (products) and "state 1" (reactants):

A CO _ co _ vV CO
& Jreaction E“—’products 4 Jreactants (17-22)
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PROBLEM:
Calculate the change in standard entropy for the reaction

PC‘S(U) = PClﬂ(a) + C‘z(a)

SOLUTION:
Take the needed information from Table 17-3, and use 1t with the balanced chemi-
cal eguation

PClsw) = PCls(a) + C12(a)
cal \ / cal \ / cal \
)
(1 mole) (84 30 mole C (1 mole) \74 49 mole CJ (1 mole) 1\53 29 mole C.
R cal
3. Shrodues = (1X74 49) + (1)(53 29) = 12778 °C
cal
ZS:eaL(ax\(s = (1)(84 30} = 84 3CLC
ASreaction = (m 78 @) - (84 30 Cal) cal
reactinn “ °C °C = 4348 °C

PROBLEMS A

1 Make a simple sketch to show how you would arrange the materials used in
constructing batteries that utilize the chemical reactions given below For
each battery show also the polanty, the directions of flow of electrons and
tons, and the half-reactiog @A%occurs 1n each cell
(@) Mg + 2Ag* & Mg*, opp
(b) Cu + Hgi* « Cu** +
(c) Sm** * S,04~ = 28Qi~  Sa*

(d) Sn#* * Br, 2 Sn**  2Br-
(e) Fe + 2Fe%* & 3Fe?*

%]

Descnbe each of the cells 1n Problem 1 in simplified shorthand notation

3 Calculate the cell voltage for each of the cells constructed in Problem 1,
assuming () all components at unit activity, or gz)thc negative half-cell ionic

concentrations to be 10~4 molar and the positive half-cell ionic concentrations

to be 10 2 Moiar

4 Calculate the equilibrium constant for each of the reactions listed in Problem
1

5 Calculate the change 1n standard free energy that accompanies each of the
reactions listed in Problem 1

6 The Edison cell 1s a rugged storage battery that may receive hard treatment
and yet give good service for years It may even be left uncharged indefinitely
and still be recharged It gives 1 3 volts TIts electrolyte 1s a 21 0% KOH
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10.

11.

12.

solution to which a small amount of LiOH is added. The chemical reaction
that occurs on discharge is

Fe + 2Ni(OH); 2 Fe(OH), , 2Ni(OH),

Write the half-cell reactions for the electrodes. Which pole must be the nega-
tive pole?

. Equilibrium constants for the following reactions may be found in the tables

cited. Calculate AG* for each of the reactions at 25.0°C.

() HG,H,0p == H™ + C,H;0, (Table 23-1°
(b) NH, 4+ H,0 = NH; + OH- (Table 2313
(c) Ag,CrO, = 2Ag* + CrOf~ (Table 24-1
(d) Ag(NH,); = Ag* + 2NH, (Table 25—1;

() N2Oyg @ 2NOy, (Table 16-1)

. Calculate AG® and K, at 25.0°C for each of the reactions listed. Tell which

ones are spontaneous.
(a) HaS(y + 30y, — 2H,0y,, N 250,,
(b) 2CH3;0H, + 30y — 2COyy + 4H, 0y,
(©) 2NOgy, — 2NOy, 4 Oy,
(d) Iy + ZHBr,, — 2HI, +

Calculate AS® for each of the reactions in Problem 8.

Bryy

Calculate AH° for each of the reactions in Problem 8, but do not use data
given in Table 14-1.

Calculate values of K at 25.0°C for the following equilibria, using data from
Table 17-1 exclusively.

(a) AgBry) 2 Aglug + Briug

(b) 2H2(m + 02(0) < 2H20(l)

(¢) 2H,04, 2 2H,0, + Os o

Use the value of AH® obtained in Problem 28(c), p. 226, for the reaction BaZ},

+ SO = BaSOnmf alotﬁg with [information given in Table 24-1; to calcu-
late the value of Ase [of thrs reaction.

PROBLEMS B

13.

Make a simple sketch to show how you would arrange the materials used in
constructing batteries that utilize the following chemical reactions. For each
battery, also show the polarity, the directions of flow of electrons and ions,
and the half-reaction that agcygyyin each cell.

(a) 2La + 3Cu®* @ 2La}" oy,

(b) Zn + Hgs* < Zn**

(c) Fe + Cl, = Fe** + 2CI-

(d) Sn + Sni* 2 28n?**

() 2Hg + Cl, & Hg,Cl,
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Describe each of the cells 1n Problem 13 1n simplified shorthand notation

Calculate the cell voltage for each of the cells constructed 1n Problem 13,
assuming (1) all components at unit activity, or (a) the negative half-cell ionic
concenlrationls to be 107" molar and the positive half-cell ionic concentrations
to be 10-3 MOMAr

Calculate the equilibrium constant for each of the reactions listed 1n Problem
13

Calculate the change in standard free energy that accompanies each of the
reactions listed 1n Problem 13

One-hundredth mole each of Ag,SO, 5,4 FeSO, are mixed ™ one liter of

water at 25 0°C and permitted to reach equilibrium according to the reaction
Ag +

+ 1 et o 3+

Ag Fem & Fe

The silver that 1s formed 1s filtered off, washed, dried, and weighed, and
found to weigh 0 0645 g From these data, calculate AG® for the reaction

Equilibrium constants for the following reactions may be found 1n the tables
cited Calculate AG® for each of the reactions at<2r5 l())fC,’
(a) HCN = H* ¥ CN- able 23-1)

(b) (CHy;N 4 H,O 2 (CHy);NH* | OH (Table 23-1)
() TS = 2TI* + 8§ (Table 25-1)
(d) Hg(CN); = Hg?* 4CN-

(e) Bray + Clyg 2 2BrCl, (Kp_ s)

Calculate AG® and K. at 25 0°C for each of the following reactions Tell which
ones are spontaneous

(@ Clygy + 2HBr, — ZHCLm Bry,y

(b) 2CeHe + 709y — 12C02(m 6H,0,)

(¢) NHjae T NOgaqy — N2O I-Hzom

(d) Izsy + Clyg — 2ICL,,

Calculate AS® for each of the reactions n Problem 20

9 4

Calculate AH° for each of the reactions in Problem 20, but do not use data
given 1n Table 14-1

Calculate values of K¢ at 25 0°C for the following equilibria, using data from
Table 17-1 exclusively

(a) Hg,Cl, = Hgj* + 2C1

(b) 3HNO, = H* T NO; + 2NO + H,0

(¢) Cl, + H,0 = H* + CI- + HCIO

Use the value of AH® obtained 1n Problem 9(c), p 224, for the reaction Pbj, *

2lGe 2 Pblyy along With information given 11 Table 24-1 to calculate the
value of AS° for this reaction
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Balancing Equations

The basic principles discussed at the beginning of Chapter 17 (in connection
with the construction of simple electrochemical cells) are exactly the ones used
to write and balance chemical equations for electron-transfer reactions. These
principles also enable you to predict whether or not a given electron-transfer
reaction will actually take place.

Let us review these principles.

1. Every electron-transfer reaction may be considered to be composed of
two half-reactions, with each half-reaction written in the form

ne” + oxidizing agent £ reducing agent

2. Electron-transfer half-reactions may be listed in order of decreasing
tendency for the reducing agents to give up electrons, as in Table 17-1.

3. In any electron-transfer reaction, there must be the same number of
electrons gained by the oxidizing agent as are lost by the reducing
agent.

4. An electron-transfer reaction will occur spontaneously only if the re-
ducing half-reaction lies above the oxidizing half-reaction in a table
such as Table 17-1. This results in a positive Ecen, a negative AG°, and
K. > 1.



292 Electrochemistry [l Balancing Equations

This chapter concerns the application of these four principles to the balanc-
ing of equations for electron-transfer reactions.

BALANCING EQUATIONS, WITHHALF-REACTIONS GIVEN

The simplest situation that exists for balancing electron-transfer equations is
the one in which a table of standard electrode potentials is at hand, and the two
needed half-reactions are included in it. The following problem illustrates this
situation.

PROBLEM:
Write a balanced ionic equation for the reaction between MnO; and H,S in acid
solution.

SOLUTION:
The reaction is spontaneous because, in Table 17-1, the reducing half-reaction

2e + 2H* * S = H,S
lies above the oxidizing half-reaction
S¢- + 8H* T MnO; 2 4H,0 + Mn2*

In order to combine these two half-reactions to give the complete reaction, we
must multiply each one by a factor that will yield the same number of electrons
lost as gained. The factor 5 is needed for the HqS half-reaction, and the factor 2 is
needed for the MnOj half-reaction, in order to provide a loss of 10 electrons by
H,S and a gain of 10 by MnO;:

10e- + 16 H* T 2MnO; == 8H,0 + 2Mn2*
10e- + 10 H* ¥ = 5H,S

Now if we subtract the second (reducing) half-reaction from the first (oxidizing)

half-reaction, the 10 electrons cancel to give
+

SH,S 4+ 2MnO; | 16 H* — 58 + 2Mn** * 10H*  8H,0

This equation can be simplified by subtracting 10 H* from each side to give

SH,S + 2MnO; , 6H* — 5g , 2Mn** + 8H,0

We can make the following general statement. To balance any electron-
transfer equation, you must subtract the reducing half-reaction equation from the
oxidizing half-reaction equation after the two equations have first been written to
show the same number of electrons. Simplify the final equation, if needed.
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DETERMINATION OF OXIDATION STATE

The general method of balancing electron-transfer equations requires that half-
reaction equations be available. Short lists of common half-reactions, similar to
Table 17-1, are given in most textbooks, and chemistry handbooks have exten-
sive lists. However, no list can provide all possible half-reactions, and it is not
practical to carry lists in your pocket for instant reference. The practical alter-
native is to learn to make your own half-reaction equations. There is only one
prerequisite for this approach: you must know the oxidation states of the
oxidized and reduced forms of the substances involved in the electron-transfer
reaction. In Chapter 8 you learned the charges on the ions of the most common
elements; now we review the method of determining the charge (the oxidation
state) of an element when it is combined in a radical.

PROBLEM:
What is the charge of Cr in the Cr,0% ion?

SOLUTION:
It will be convenient to remember that, whenever oxygen is combined with other
elements, it always has a charge of -2 unless it is in a peroxide (in which case it is
- 1). Similarly, it will be useful to know that, whenever hydrogen is combined with
other elements, it always has a charge of + 1 unless it is a hydride (in which case it
is —1). Peroxides and hydrides are not common.

The total charge (C) on an ion is the sum of the charges of the atoms that
compose it. If we let z be the charge of a given element in the ion, and n be the
number of atoms of that element in the ion, then

C=mnz 4 nz, e e 2=n,-z,-
If we apply this equation to the Cr;O7~ jon whose charge is -2, we have
—2 = neeZer + npZo
2 = (Dzen) + M=D)
22 =14-2= 12
Zcr = +6 = charge on Cr

WRITING YOUR OWN HALF-REACTIONS

The second simplest situation that exists for balancing electron-transfer equa-
tions is the one in which the principal oxidation and reduction products are
given, and you know (or are told) that the reaction actually takes place. All you
need do is to write your own half-reactions, and then proceed as illustrated in
the first problem.
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Often the oxidized form of an atom 1s combined with oxygen, whereas in the
reduced state it 1s combined with less oxygen, or none Chromium 1s gatgpical
example, in the Cré* SIE g combined as ¢ ;- but 1 the cpos it 1s
uncombined (except for hydration) In working out a suitable half-reaction
equation, you must decide what to do with the oxygen atoms The answer 1s
simple you may use H*, OH-, "¢ H,0 on either g 4 of the equations for
balancing, so long as you comply with the actual state of acidity of the solu-
tions. If a solution 1s acidic, you mug} not use OH~ on either side of an equation
for balancing, you must use H+ andor g o

PROBLEM:

Write a balanced half-reaction for the oxidation of metallic gold to its highest
oxidation state

SOLUTION:

Like all elements 1n the uncombmed state, metallic gold (Au) has a charge of 0
There 1s no simple way 1in which you can reason out the fact that gold s highest
oxidation state 1s +3, presumably you learned this in Chapter 8§ Now, knowing
the two oxidation states involved, you can write your half-reaction as

Au

Je” + Aut 2

As a check we note that the sum of the electrical charges on each side 1s zero

PROBLEM:

Write a balanced half-reaction equation for the oxidation of Mo?®* to MoO# 1n acid
solution

SOLUTION:
You are not expected to know about the chemistry of Mo but, once you are given
the reactant and product, there 1s no difficulty For the MoOj 10n,
C =+l = (D(zwo) + (2)(20)
=Zno + (2(-2)
Zvy = 45
Because the oxidized form contains oxygen and the reduced form does not, and
because the solution s acidic, the most direct approach here 1s to add ssj iciel

to combme wnh f(he Oxyoen atoms to form wafgr, i do0siavalve g éne
with 2 O’_ H,0 Note that the H+ 02~ n

charge We write
+
- + 4H* T MoOf = 2H,0 ~ Mo®*

As a check, we note that the sum of the electncal charges on each side 1s +3
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BALANCING EQUATIONS WITHOUT USING HALF-REACTIONS

A simple alternative to writing half-reactions and taking the difference between
them is the following stepwise procedure.

1. Write down only the oxidizing and reducing agents on the left side of
the equation, and their reduced and oxidized forms on the right. If the
oxidized and reduced forms of a given agent differ in the number of
atoms of the element responsible for electron exchange, make these
numbers equal by using a preliminary integer as a coefficient for the
form with the smaller number of atoms.

2. Determine, for the elements responsible for electron exchange, the
number of e~ gained by the oxidizing agent and the number of €~ lost
by the reducing agent, as they go to their respective products.

3. Multiply each of these numbers by integers that will give the same (and
smallest possible) number of €~ lost as gained. Use these integers as
coefficients for the oxidizing agent (and its corresponding product) and
the reducing agent (and its corresponding product) as written down in
step 1. These integers must be multiplied by any preliminary coeffi-
cients used in step 1.

4. Determine the sum of the ionic charges on each side oftl&_i:quation If
they are not equal, calculate the number of H+ 101§ OF L~ 1008 that
must be added to one side or the other in order to make the. fs%ms_ equal.
If the reaction conditions are acidi¢ yoiu must use H+; M Dasic, use
OH". You cannot have H* ©0 ©0ne side’of the equation and OH- " the

other; both sides are in the same container with the same acidity.

5. Ifnecessary, balance the H's or the O's by adding the proper number of

H,O molecules to whichever side of the equation needs them. The
equation will now be balanced.

PROBLEM:

Balance the equation for the reaction between Cr,03™ (from Na,Cr,0;) Br-
. . . and
(from NaBr) in acid solution.

SOLUTION:
We follow the steps just outlined.
(1) Write down the oxidizing and reducing agents, and their corresponding

reduced and oxidized forms as products:

Cr,0% + 2Br~ — 2¢r** T B,
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Preliminary coefficients of 2 are used in front of Br~ and Cr?* because,
no matter what the final coefficients, there will always be 2Br~ for every
Br, and 2Cr+ forevery cr,0:- Crand Br are the elements involved 1n

electron transfer

(2) Determine the loss and gain of e~ as Cr goes from +6 to +3, and Br goes
from -1 to 0

gam = (2)(3e7) = 6e~

l
Cr, 04" + 2Br- - 2Cr3+ + Br,

loss = (2)(le™) = 2e~

(3) The least common multiple for 6 and 2 1s 6 Provide an equal loss and
gamn of e~ by multiplying Cr,0#~ and 2Cré+ by |, and 2pr- and Br,
by 3, to give

gam = (2)(3e7) = 6e”

Cr,0% + 6Br- — 2Cp3+ + 3Br,

loss = (3)(2)(le7) = 6e” J

(4) The sum of the ionic charges on the left side 1s -8, the sum on the
nght 1s +6 Addition of 14 H+ t© the left or 14 oy fo the nght
would balance the ionic charges, but we must use 14 H* because the
solution 1s acidic This gives

+
Cr,0¢~ + 6Br- + 14 g+  2Cr3+  3Br,

(5) There are 7 O atoms on the left, and none on the nght, so we must add

TH:O to the right to 81ve the balanced equation
+

Cr,04 * 6Br- + 14 H* - 2C*  3Br, 7H,0

PROBLEM-
Balance the equation for the reaction between MnO; (from KMnO,) and AsO3~
(from Na3;AsOy) 1n pagic solution

SOLUTION:
We follow the stepwise procedure as before
(1) Write down the oxidizing and reducing agents, and their corresponding
reduced and oxidized forms

MnO; + AsO§~ — MnO, + AsOj§”

No preliminary coefficients are needed
(2) Determine the loss and gam of e~ as Mn goes from +7 to +4, and
As goes from +3 to +5
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gain = 3e~

l |

MnOy; + AsO3~ - MnO, + AsO3-

loss = 2e~

(3) The least common multiple for 2 and 3 is 6. Provide an equal loss
and gain of e~ by multiplying MnOy and MnO, by 2, and AsOj~ and
AsOl~ by 3, to give

gain = (2)(3e7) = 6e~

2MnO; + 3AsO3Z~ — 2MnO, + 3As03-

loss = (3)(2e7) = 6e~

(4) The sum of the ionic charges on the left is —11; the sum on the right
is -9. Balance the ionic charges by adding 2 OH~ to the right (the
solution is basic) to give

2MnO; + 3As0§~ — 2MnO, + 3As0i~ + 2 oH-

(5) There are 2 Hs on the right and none on the left, so we must add
1 Hy,O to the left to give the balanced equation

2MnO; + 3AsO§™ + H,0 — 2MnO, | 3AsO§™ | 5 oy~

BALANCING EQUATIONS CONTAINING
ORGANIC COMPOLINDS

Balancing equations involving the oxidation and reduction of organic com-
pounds appears to be much more difficult than balancing those for inorganic
compounds, because you seem to have no idea at all about the valence charge
on each of the atoms in the organic molecule. As a matter of fact it is not correct
to think of the atoms as having charges, because they usually are involved in
covalent bonds, not ionic bonds. However, for purposes of balancing equations,
it makes no difference what charges are assigned to the atomns, so long as the
net charge on the whole molecule remains unchanged. Here are some simplify-
ing steps to take; the result is to assign all electron-transfer properties exclu-

sively to the carbon atom.
1. Assign charges of +1 to H and —2 to O in all organic compounds.

2. Assign to all other atoms (except C) in the organic molecule the same
charges that they have in the products of the reaction.
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3. Assign to C whatever charge is needed (along with the assignmentsin 1
and 2) to give the overall charge on the organic molecule (usually zero).
This charge frequently will be a fraction.

4. Proceed to balance the equation either (a) by making half-reactions and
taking the difference, or (b) by using the stepwise procedure of the
preceding problems.

PROBLEM:

Write a balanced ionic equation for the reaction of Cr,0%™ with C;H;0ClI in acid
solution, given that CO; and Cl: are the two main products from the organic
compound.

SOLUTION:
We use the stepwise procedure.
(1) Write down the oxidizing and reducing agents, and their corresponding
reduced and oxidized forms as products:

Cr,0%~ 4 2C,H,0CI — 2Cr?* + 4CO, + Cl,

Preliminary coefficients are used in front of Cr3* and C,H;0CI bfecause};
no matter what the final coefficients, there will always be 2Cr3* or eac
Cr,077. and 2C:H,0C i) pe needed for every Cl. Also, there will
always be 4CO; produced for every 2C.Hs

(2) Determine the loss and gain of e~ for C and Cr. As before, Cr goes from
+6 to +3. For C, we must first find the charge that we will assign it. In
CHOCL j s assigned +1 and O is assigned -2; Cl s assigned 0, the
same valence as Clin Clg, the product. AJl together, HiOCl pzs 4 charge
of +1, which means that each C has a charge of —} to give a total
charge of zero. Each C goes from —% in C;H,0CI 44 i COq, a loss
of 4de~.

ain = (2)(3e™) = 6¢”
Cr,0%- + 2C,H;0CI — 2Cr3+ + 4C0O, + Cl,

f}

loss = (4)(43e7) = 18e~

(3) The least common multiple for 6 and 18 is 18. Provide an equal loss and
gain of e- by multiplying CrO3~ and 2Cr?+ by 3, and 2C,H,0Cl, 4CO,,
and Cl, by 1, to give

3Cr, 08~ 4+ 2C,H;0Cl — 6Cr3* + 4CO, + Cl,

(4) The sum of the ionic charges on the left is -6; the sum on the right is

+ 18. In an acid solution, we can balance the ionic charge by adding 24
g+ lo the left to give
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3Cr,08 + 2C,H,0C1 | 24H* — 6Cr** ¥ 4C0, * Cl,

(5) There are 30 H atoms on the left, and none on the right, so we must add
15 H;0 to the right to give the balanced equation

3Cr, 0% + 2C,H;0CI + 24HT — 6Cr** * 4C0O, T Cl, + 15H,0

BALANCING MOLECULAREQUATIONS

After we have developed an ionic equation for an electron-transfer reaction, we
frequently need to show the molecules involved in the solutions—that is, the
substances that are initially put into the solution, and those that are obtained
from it after the reaction has occurred. We must have such molecular equations
if stoichiometric calculations are to be made.

We can use the ionic equation to write the molecular equation of the same
reaction, keeping in mind that every ion of the original substances was obtained
from some acid, base, or salt, and that every ion in the products must be shown
as the salt, base, or acid that would be obtained if the solution were evaporated
to dryness.

PROBLEM:
Metallic copper is oxidized by dilute nitric acid. Write ionic and molecular equa-
tions for the reaction.

SOLUTION:

The two half-reactions (from Table 17-1) are
3e- + 4H" T NO; =2 NO + 24,0

2e” + Cu?* ZCu

Balancing electrons and subtracting the second half-reaction from the first, we

obtain
6e- + 8H* T 2NO; = 2NO + 44,0
6c- + 3Cu+ = 3C8
+ 2NO +
3Cu + 2NOj + 8H* = 3Cu** 4H,0

To write the molecular equation, we use 8 HNOj to furnish the required 8 H+. In
the products Cu?+ @PPCAIS a3 ¢y NQ,),. We have

3Cu + 8HNO; 2 3Cu(NOy), | oy 4+ 4H:0
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SOME GENERAL GUIDELINES

It should be evident that with a little practice you can very quickly, efficiently,
and infallibly balance the most complicated electron-transfer equations. It is a
straightforward mechanical process. This statement is true IF you know what
the products of oxidation and reduction are. The most difficult situation that
exists for balancing equations is the one characterized by the following request:
"Write a balanced ionic equation for the reaction, if any, that occurs when you
mix A and B.”” You know the potential reactants because they are given, but
that is all.

If you are faced with such a request, there is one question that must be
answered before any other: "Will it be an electron-transfer reaction?” The
answer depends on two basic requirements for an electron-transfer reaction.

1. The reactants must include both an oxidizing and a reducing agent.

2. In terms of Table 17-1, the reducing agent (on the righthand side of the
half-reaction) must lie above the oxidizing agent (on the lefthand side of
the half-reaction).

If both of these requirements are met, the reaction will be electron-transfer, and
the equation will be balanced by the principles outlined in this chapter. If only
one (or neither) of these requirements is met, the reaction (if any) will be limited
to such reactions as double decomposition, association, or dissociation as de-
scribed in Chapter 27.

Lacking a table of standard electrode potentials, or one that is adequate,
what guidelines can be used to identify oxidizing and reducing agents, and to
estimate their relative strengths? Here are a few.

1. If uncombined elements are among the reactants, an electron-transfer
reaction is the only possibility. Metals can react only as reducing
agents; nonmetallic elements only as oxidizing agents.

2. If areactant is an -ous acid, an -ite ion, or an -ous metal ion, there is
implied the existence of a higher valence form and thus the possibility
that the reactant is a reducing agent.

3. Ifareactantis an -ic metal ion, there is implied the existence of alower
valence form and thus the possibility that the reactant is an oxidizing
agent.

4. If the reactants include substances that are well-known strong oxidiz-
ing and reducing agents, then the reaction will be an electron-transfer
reaction.
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TABLE 18-1
Electron Transfer Table by Chemical Groups
Group
number Chemical group E° (volts)
1 Alkali metals (e~ + M* & M)
L1, Cs, Rb, K, Na -3.04 to -2.71
2 Alkaline earth metals (2e~ + M** & M)
Ba, Sr, Ca, Mg 290 to -2.36
3 Active metals (ne” + Mt &2 M)
Al, Zn, Cr(3+), Fe(2+), Cd -0.76to —0.40 {Alis -1.66)
4 Medium active metals {ne~ + M"* zM)
Co(2+), Ni{2+), Sn(2 +), Pb{2+) -0.40 to -0.13
5 Midrange: 2e” + 2H* &2 H, 0.00
2e~ + 2H* + S&=HS 0.14
8 Second stage oxidation (ne~ + -ic £ -ous)
Sn®*, Fe?* Hgi* 0.15, 0.77, 0.91
H,SO;, H3;AsO; HNO, 0.17, 0.56, 0.94
7 Jewelry metals {(ne~ + M™ = M)
Cu{2+), Ag{1 +), Hg(2+), Pt{2 +), Au{3+) 0.34, 0.80, 0.85, 1.20, 150
8 Halogens {2e- + X, &2X7)
l-, Br~ Cl-, F- 0.54, 1.07, 1.36, 2.87
9 Oxidizing negative 1ons and others
~ NOy=NO 7] 0986
105 =1- . 1.20
0, =H,0 4.23
MnO, = Mn*+ 28
- Cr,0% =2 Cr 133
ne"+H+* “gos =B ‘+ R0 1.44
Clog ==Cl- | 1445
PbO, = Pb2+ 1.4»5
MnOj7 = Mn?+ .51
| HO,=H,0 | 1.78

o e e e THE TLIRESP TN ARER RS SR RBIP L LR o8 MR IR SELRR ¥he
electrical charge of the oxidized form

Most students have some disorganized knowledge that can be usefully or-
ganized for assistance in these guidelines. Table 18-1 helps in this organization
and helps to determine what the expected products of reaction will be.

If you study this table carefully, you will note that the first five groups
correspond to reactivities and general information with which you are familiar;
the association of approximate E° values with each group is verz helpful.
Group 7 contains all the common metals that do not displace H* (as H, gas)
from acids. Again, the range and degree of reactivity is related to common
experience; from a chemist's standpoint it is very helpful to associate an ap-
proximate value of the electrode potential with each.
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Likewise, group 8 contains elements often associated with each other be-
cause of position in the periodic table and similarity in chemical properties. The
emphasis in this group is on the oxidized form of the element (the halogen X,).
The same reduced forms of the halogen occur again in group 9, but associated
in a different way. There is no problem with F, because it is the strongest
oxidizing agent of all chemicals; it lies at the bottom of every list. You need
concern yourself only with the approximate E° values of the first three; the
order is the same as that in the periodic table.

Groups 6 and 9 lie farthest from the previous experience of students and
require more study than the others. Most chemists think of the oxidizing agents
of group 9 as being very strong oxidizing agents and would classify a large
number of them as having E° values of about 1.35 to 1.50. It pays to know that
the E° of HNO; (giving NO) is approximately 1.0, because it is so common.
Note that almost none of the half-reactions in the first eight groups overlap with
group 9. Another help with group 9 is to note that all the halogen-containing
oxidizing agents are reduced to the halide forms. You should probably think of
the first seven groups in terms of the relative strengths of the reducing agents
(those chemicals on the righthand side of the half-reaction), and think of groups
8 and 9 in terms of the relative strengths of the oxidizing agents (those chemicals
on the lefthand side of the half-reaction).

Two major oversimplifications are involved in Table 18-1: (a) only metals are
shown lying above H, and (b) no reactions in basic solution are shown. You
will probably spend far less time memorizing this table, or something similar to
it, than you would spend trying to get comparable information in some other
intuitive, haphazard manner, and your work in memorizing it will be rewarded
by superior predictions. This table is not practical for making predictions about
reactions composed of half-reactions whose E° values lie very close together.

EFFECT OF ACID CONCENTRATION

The E° values of all the half-reactions involving H+ depend on having g,

concentration of unit activity; for all other half-reactions, the F° waliastaegd
independent of the H* concerratlon. 190r tflose that do involve H+.

half-reaction potentials (and therefore the strertlétths asBoxidiZing pr.re cin
agents) can be greatly aftectedby the H* concentration. By means-o t_e erﬁ%
equation (p 275) we can calculate that, in pure water, where [H*] = 1077

Ey 4 = —0.41 volts
Immediately we see that none of the medium active metals (group 4) are

able to react with water to displace H,, and most of those in the active metal
group (group 3) would react with little energy change.
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PROBLEM: o
Calculate the electrode potential for the Cr*-Cr,0%" half‘crgg‘éggtr}adgnthiz
Cr,0% and Cre+ lons are Kept at unit activity, and the p«+

(a) raised to an activity of 5 M or (b) lowered to 1077 M as it is in distilled water.
SOLUTION:

Our fundamental equation for the electrode potential (p 275) gives

0.0591 [Cro+]?

‘__ o
bCﬁ*—Cr,O%’ ECr"“—CI‘zO? v log [Cr«;O?‘][HﬂH

With unit activity for Crd* and Cr,02- and an E° value of 1.36 volts from
Table 17-1, we get

. (0.0591)(14)

Ecioe_cr0i- = 1.36 log[H*]

(a) If [H*] = 5 M, then Ececror = +1.46 volts. Only a modest increase in

oxidizing powenesgHgsy, from a fivefold(rBgeasttsn This aetiitsiefwhatid! one
(b) If (H*] © 1077 Eco cror =

of the potentially strongest oxidizing agents, Crs0%", ig reatl?) r%ducgd i

potency when it is merely dissolved in water (with the H* clivity ccrease

10 million-fold); it is about as strong an oxidizing agent as Cu?* at unit

activity.

PROBLEM:

Calculate the electrode potential for the NO-NOj half-reaction for an aqueous
solution of KNO:Nin (wikidledheN&P). is at unit activity, the NO pressure is 1 atm,
and [H*] ~ 1077

SOLUTION:

R 0.0591 [NO]
Eno-no; T FNoono; 3 08 [HJ'[NO; |

(0.0591)(4)

= +0.96 + log(10~7)

= +0.41 volts

This result shows that, in a neutral agueous solution, the NOj ion is a rela-
tively weak oxidizing agent. It is a common error to attempt t0 make an
electron-transfer reaction using the NOjy ion in a neutral aqueous solution; you
should not confuse the weak oxidizing power of the NOj ion under these
conditions with its strong oxidizing power in strong acid solution. Nitrate salts
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are commonly used in the laboratory because they are so soluble and readily
available, and because they are not appreciably oxidizing in neutral aqueous
solution.

We have already seen that strongly acid solutions will make the oxygen-
containing negative ions even stronger oxidizing agents; the nitrate ion in an
acid solution is no exception. When concentrated HNO, is used, the half-cell
potential is comparable to that of MnOj, but the gaseous product is no longer

NO; it is NO2. For concentrated HNOy, (he half-reaction that must be used is
e- + 2H* + NO; 2 H,0 + NO,

It is a common error to think that a metal, if it reacts with an acid, will produce

H; gas. This is not true if the acid is HNOs; the gaseous products will be NO or

NO;, depending on the concentration. Under certain circumstances (usually
involving dilute solution and a strong reducing agent such as Zn). the reduction

products of HNO; may actually be N2 o NHs.

Likewise, it is a common error to think that a sulfide, if it reacts with an acid,
will always produce H;S. This is not true if the acid is HNOs; (he gaseous
products will be NO or NO; (depending on the concentration), and sulfur will
be formed. The NOj3 half-reaction is below the H,S (or S%7) half-reaction.
Concentrated HNO is so powerful an oxidizing agent that almost all the really
difficult soluble sulfides can be dissolved through oxidation, even though the
same sulfides remain untouched by those strong acids that would lead to the
formation of H,S.

It is worth noting that a large number of reducing agents (most of those in the
first eight groups of the abbreviated electron-transfer table!) are unstable in
solution if not protected from the air. Even in neutral water solution, the effect
of air oxidation may be very marked, because O; is a strong oxidizing agent. In
some cases the effects may be complicated because of low O, pressure or
unusual hydration effects.

By now it may have become a matter of some concern to you that aqueous
solutions of such strong oxidizing agents as KMnO, and Na,Cr,0,
indefinite periods of time. In fact, it would appear that no ox1d1z1ng agen% tlg
lies below the half-reaction

4e= + 4H* ¥ 0, = 2H,0 E° = 1.23 volts

could exist in water without decomposing the water to liberate O gas. Because
water is not decomposed by these substances, it is evident that, although the
equilibrium position of such reactions does lie far in the direction favoring the
evolution of Oq, the activation energy must be extremely high and the rate must
be vanishingly small. The detailed reasons why this should be so are still
unknown, despite enormous research effort.
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PROBLEMs A

(8]

5.

. Find the electrical charge on each atom in the following molecules and ions.

(a) CO, (c) BaO, (e Ca,P,0, C,04%" n B,O%
(b) AgNO,  (d) Fex(SO,); () LiH B pcir ) voy

. Write balanced ionic half-reaction equations for the oxidation of each of the

following reducing agents in acid solution.
(a) HNO, (c) Al (e) Hes* ® 1-
(b) HzAsO, (d) Ni (6 H;0,

. Write balanced ionic half-reaction equations for the reduction of each of the

following oxidizing agents in acid solution.

(a) PbO, (c) Co®* (©) BroO- ® F,

(b) NOz (d) ClOz (n Ag’ (h) Snz*
. Write balanced ionic equations for the following reactions.

(a) Zn + Cu?** — (i) PbO, + Sn** + H* —

(b) Zn + H* — () MnO7 + H,C,0, | H*—

(c) Cry0¢~ + I- + H* & (k) H,0; , HNO, —

(d) MnO; 4+ CI- 4 HY — () Fe + Cu** —

() ClO5 4+ Br- + H* (m) Fe* ¥1 —

() MnO; + H,0, + H* — (n) ClIO; + H;As0; —

(g) MnO, + H* + CI- » (o) H,S + ClO~—

(h) Ag + H* + NO; (dilute) _,

Write balanced molecular equations for the reactions in Problem 4. Use
potassium salts of the negative ions and sulfate salts of the positive ions for
the reactants given.

. Complete and balance the following ionic equations for reactions that occur in

aqueous solution. The nature of the solution (acidic or basic) is indicated for
each reaction.

(a) CH,0 + Ag,0 — 4, 4 HCOz (basic)
(b) C;H, f MnO; — CO, , . .

() GH,0C! , Cr08 — Oy,
(d) Ag* T AsH; — A8 + H,AsO, (acklffi€)
(¢) CN- + Fe(CN)i- — CNO- + Fe(CNyg- (0351¢)

 C;H,O | NO;y — C.H,0
s ? NO + =27 2(acidic)

. Write balanced equations for the reactions that occur in each of the following

situations.

(a) Metallic zinc and dilute nitric acid produce ammonium nitrate as one of
the products.

(b) Sodium thiosulfate, Na,S,0;. is used to titrate iodine in quantitative anal-
ysis; one of the products is sodium tetrathionate, Na;S,0Os.

(c) A sample of potassium iodide contains some potassium iodate as impur-
ity. When sulfuric acid is added to a solution of this sample, iodine is
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produced, as shown by a blue color that appears when a little starch
solution 1s added Give the equation for the formation of the iodine

(d) When copper 1s heated 1n concentrated sulfunc acid. an odor of sulfur

dioxide 1s noted

A classical operation 1n quantitative analysis 1s the use of a Jones reduc-

tor, a column of granulated zinc A solution of ferric salts 1s passed

through this column prior to titration with potassium permanganate Give

the equation for the reaction 1n the column

(f) Pure hydnodic acid cannot be prepared by adding concentrated sulfunc
acid to sodium iodide and distilling off the hydnodic acid, because of side
reactions One side reaction yields hydrogen sulfide, as noted by the odor
Give the equation for this side reaction

(g) A solution of sodium hypochlonte 1s heated One of the products 1s
sodium chlorate

(e

~

8 Balance the equations given mn Problem 3, p 423

PROBLEMS B

9

10

11

13

14

Find the oxidation number of each atom 1n the following molecules and 1ons
(a) SO;4 (c) Zn(10y), (e) (NH,PO, @ V,04~ M S.03”
2- +
(b) H2503 (d) Nazoz (f) NaH (E) 5103 O) BiO
Write balanced ionic half-reactions for the oxidation of each of the following
reducing agents 1n acid solution
(a) Sn ) H,C,0, Br~
(b) Snz* 583 H,S (%) Ba

Write balanced ionic half-reaction equations for the reduction of each of the
following oxidizing agents 1n agqueous acid solution

(@) MnO; (solid c) ClOg H,O, . Fe#
) Crzo%‘( : & 10; ¥ B, &) ca
Write balanced ionic equations for the following reactions

(a) Fe + Ag* — 83 H,0, + CIO; —

(b) Cd + H* — ) H;AsQ; + Cel+ -

(©) Cd + H* ¥ Noj (dilute) _, (k) sn>+ " ClO; T H* —

(d) Cl; + HNO, — (1) Sn** + Mg -

() MnO7 + H,S | H* — %1) PbO, +HNO, + H* -

(f) ClO5 4 Sn** * H* — Cr,04~ H,C,0, H*->
(g) Br, + Fet* > © cL+ 1 —

(h) H,0, + H,S0; —

Write balanced molecular equations for the reactions in Problem 12 Use

potassium salts of the negative 1ons and sulfate salts of the positive 1ons for
the reactants given

Complete and balance the following ionic equations for reactions that occurin
aqueous solution The nature of the solution (acidic or basic) 1s indicated for
each reaction
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®)
©
(d)
©
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C,HyO , MnO; — CO, , ...

CN- + MnO;7 — CNO~ CHHR0, (pasicy
CHgO + Ag(NHJ){ had Ag + HCOZ— (basic)
CHCl; 4 MnO7 — Cly ;. CO; iy
MnO; 1+ CH,0CI — CO, L

2 L.
(f) C;HgO  Cr05™ — chﬂgdz (acidic)

(acidic)

Write balanced equations for the reactions that occur in each of the following
situations.

(2)
(b)

©

G

()

)
®

Chlorine gas is bubbled through a solution of ferrous bromide.

In the final step of producing bromine from sea water, a mixture of sodium
bromide and sodium bromate is treated with sulfuric acid.

A microchemical procedure uses a cadmium amalgam (cadmium dis-
solved in metallic mercury) to reduce iron salts to their lowest valence
state prior to titration with standard eerie sulfate. Give the equation for
the reaction involving the cadmium.

When zinc is heated with concentrated sulfuric acid, hydrogen sulfide is
evolved.

Pure hydrobromic acid cannot be prepared by treating sodium bromide
with concentrated sulfuric acid and distilling off the hydrobromic acid,
because some sulfur dioxide is produced at the same time, as noted by the
odor. Give the equation for the production of sulfur dioxide.

Sodium perchlorate is prepared by carefully heating solid sodium chlo-
rate.

The Marsh test for the detection of arsenic depends on the reaction of an

arsenic compound, such as HyAsO,, with metallic zinc in acid solution to
give arsine, AsHj,.

16. Balance the equations given in Problem 9, page 425.
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Chapter 17 emphasizes the principles associated with obtaining electrical
energy from electron-transfer reactions in solution. This chapter emphasizes
what happens when electrical energy is applied to solutions in the operation of
electrolytic cells. The oxidation and reduction processes that take place in an
electrolytic cell are called electrolysis. We focus on determining what products
are obtained and how much energy is required.

Unlike a galvanic cell, an electrolytic cell needs only a single beaker; both
electrodes are immersed in it. The electrode 0 which the electrons are fur-
nished by the power supply is the negative electrode; the other electrode is
positive. In solution, the positive ions are attracted to the negative 