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CONNECTIONS: Maria Goeppert Mayer
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Maria Goeppert Mayer (1906-1972) was the second and,
so far, last woman (after Marie Curie) to receive the Nobel
Prize in Physics. She shared half of the 1963 prize with
Hans Jensen for their independent theories of atomic
nuclear shell structure published in 1949.

What does she have to do with this book? The back
cover shows evidence that the body temperature of certain
dinosaurs was similar to that of warm blooded animals. In

1947, she and Jacob Bigeleisen published a paper,

“Calculation of Equilibrium Constants for Isotopic

[Emilio Segre Visual Archives/
Science Source.]

Exchange Reactions.”* This paper was one of the founda-
tional studies for paleothermometry—the use of isotopes
to deduce the temperature at which objects such as dinosaur teeth were formed. From
mathematical physics to analytical chemistry to dinosaurs, there is a thread of connection.

Maria was born to a sixth-generation university professor in Géttingen, Germany.
From early childhood, she knew that she would acquire a university education, but there
were few avenues for girls’ education. She attended a small, private girls’ school, which
closed before her studies were complete. Against all advice, she took and passed the
University of Gottingen entrance examination to be admitted in 1924. Her first exposure to
quantum mechanics by Max Born hooked her. She received a Ph.D. in 1930, with three
Nobel Prize winners on her committee.

Maria married Joe Mayer, a Caltech- and Berkeley-educated physical chemist who was a
postdoctoral boarder in the Goeppert household. They moved to the U.S., where Joe began a
distinguished career at Johns Hopkins University, Columbia University, and the University of
Chicago. In 1940 they coauthored Statistical Mechanics, a textbook used for more than
40 years. Maria was regarded as at least equally gifted, but she was not offered a paid posi-
tion at any university despite teaching courses, advising graduate students, serving on com-
mittees, and writing graduate examinations—all as a volunteer! Her first paid appointment as
a professor at the University of California at San Diego came in 1960, four years after her

election to the National Academy of Sciences.

*J. Bigeleisen and M. G. Mayer, J. Chem. Phys. 1947, 15, 261.
'S. B. McGrayne, Nobel Prize Women in Science (Washington DC: Joseph Henry Press, 1998).



PREFACE

Goals of This Book

My goals are to provide a sound physical understanding of the principles of analytical chem-
istry and to show how these principles are applied in chemistry and related disciplines—
especially in life sciences and environmental science. I have attempted to present the subject
in a rigorous, readable, and interesting manner, lucid enough for nonchemistry majors, but
containing the depth required by advanced undergraduates. This book grew out of an intro-
ductory analytical chemistry course that I taught mainly for nonmajors at the University of
California at Davis and from a course for third-year chemistry students at Franklin and
Marshall College in Lancaster, Pennsylvania.

What's New?

Beginning with dinosaur body temperature on the back cover of this book, analytical chemis-
try addresses interesting questions in the wider world. The facing page draws a connection
between the back cover and underlying human achievement in physics that enables us to
deduce body temperature from the isotopic composition of teeth. The story of Maria Goeppert
Mayer is a lesson for us all in how women in science were so poorly treated not so long ago.

In this edition, the introduction to titrations has been consolidated in Chapter 7. Acid-
base, EDTA, redox, and spectrophotometric titrations are still treated in other chapters. The
power of the spreadsheet is unleashed in Chapter 8 to reach numerical solutions to equilib-
rium problems and in Chapter 19 to compute equilibrium constants from spectrophotometric
data. Atomic spectroscopy Chapter 21 has a new section on X-ray fluorescence as a routine
analytical tool. Mass spectrometry Chapter 22 has been expanded to increase the level of
detail and to help keep up with new developments. Chapter 27 has an extraordinary sequence
of micrographs showing the onset of crystallization of a precipitate. Three new methods in
sample preparation were added to Chapter 28. Appendix B takes a deeper look at propagation
of uncertainty and Appendix C treats analysis of variance.
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BOX 15-3 Measuring sulfate on Mars by FIGURE FROM PROBLEM 7-21 Barium sulfate
titration with barium [Mars Lander: NASA/JPL-Caltech/  precipitation titration from Phoenix Mars Lander [Data
University of Arizona/Max Planck Institute.] courtesy S. Kounaves, Tufts University.]

For the first time since I began work on this book in 1978, I have taken on a contributing
author for part of this revision. Professor Chuck Lucy of the University of Alberta shares his
expertise and teaching experience with us in Chapters 23-26 on chromatography and capil-
lary electrophoresis. He improved the discussion of the efficiency of separation and mecha-
nisms of band spreading. Emphasis is placed on types of interactions between solutes and the
stationary phase. Types of solvent polarity are distinguished in liquid chromatography.
Examples are given for the selection of stationary phase and pH for liquid chromatography
separations. Electrophoresis has more emphasis on the effects of ion size and pH on mobility.
Chuck contributes the views of a specialist in separation science to these chapters.

New boxed applications include a home pregnancy test (Chapter O opener), observing the
addition of one base to DNA with a quartz crystal microbalance (Chapter 2 opener), medical
implications of false positive results (Box 5-1), a titration on Mars (Chapter 7 opener),

XV
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FIGURE FROM BOX 17-1 Anodic dissolution of gold at atomic steps [R. Wen, A.
Lahiri, M. Azhagurajan, S. Kobayashi, K. Itaya, “A New in situ Optical Microscope with Single Atomic
Layer Resolution for Observation of Electrochemical Dissolution of Au (111),” J Am Chem Soc 2010,
132,13657, Figure 2. Reprinted with permission © 2010, American Chemical Society.]

microequilibrium constants (Box 10-3), acid-base titration of RNA to provide evidence for
the mechanism of RNA catalysis (Chapter 11 opener), the hydrogen-oxygen fuel cell and the
Apollo 13 accident (Box 14-2), the lead-acid battery (Box 14-3), high-throughput DNA
sequencing by counting protons (Chapter 15 opener), how perchlorate was discovered on
Mars (Box 15-3), ion-selective electrode with a conductive polymer for a sandwich immuno-
assay (Box 15-4), metal reaction at atomic steps (Box 17-1), an aptamer biosensor for
clinical use (Box 17-5), Bunsen burner flame photometer (Box 21-2), atomic emission
spectroscopy on Mars (Box 21-3), making elephants fly (mechanism of protein electrospray,
Box 22-5), chromatographic analysis of breast milk (Chapter 23 opener), doping in sports
(Chapter 24 opener), two-dimensional gas chromatography (Box 24-3), million-plate separa-
tion by slip flow chromatography (Box 25-1), forensic DNA profiling (Chapter 26 opener
and Section 26-8), and measuring van der Waals attraction (Box 27-1). New Color Plates
illustrate the effect of ionic strength on ion dissociation (Color Plate 4), the mechanism of
chromatography by partitioning of analyte between phases (Color Plate 30), and separation
of dyes by solid-phase extraction (Color Plate 36).

Column 2 retention time (s)
5

10 15 20 25
Column 1 retention time (min)

CHAPTER 24 OPENING IMAGE Two-dimensional gas chromatography—
combustion isotope ratio mass spectrometry to detect doping in athletes

[H. J. Tobias, Y. Zhang, R. J. Auchus, J. T. Brenna, “Detection of Synthetic Testosterone
Use by Novel Comprehensive Two-Dimensional Gas Chromatography Combustion
Isotope Ratio Mass Spectrometry,” Anal Chem 2011, 83, 7158, Figure 4A. Reprinted
with permission © 2011, American Chemical Society.]

Pedagogical changes in this edition include more discussion of serial dilution to prepare
standards in Chapters 2, 3, and 18, distinction between standard uncertainty and standard
deviation in statistics, more discussion of hypothesis testing in statistics, employing the F
test before the ¢ test for comparison of means, using a graphical treatment for internal stan-
dards, emphasis on electron flow toward the more positive electrode in electrochemical
cells, using nanoscale observations to probe phenomena such as van der Waals forces and

Preface



the amorphous structure of glass in a pH electrode, polynomial
smoothing of noisy data, expanded discussion of the time-of-
flight mass spectrometer and ion mobility separations, enhanced
discussion of intermolecular forces in chromatography, enhanced
discussion of method development in liquid chromatography,
use of a free, online liquid chromatography simulator, introduc-
tion of two literature search questions in chromatography, and
taking more advantage of the power of Excel for numerical anal-
ysis. Box 3-3 explains how I have chosen to handle atomic weight
intervals in the latest periodic table of the elements.

Features

Topics are introduced and illustrated with concrete, interesting
examples. In addition to their pedagogic value, Chapter Open-
ers, Boxes, Demonstrations, and Color Plates are intended to
help lighten the load of a very dense subject. Chapter Openers
show the relevance of analytical chemistry to the real world and
to other disciplines of science. I can’t come to your classroom
to present Chemical Demonstrations, but I can tell you about
some of my favorites and show how they look with the Color
Plates located near the center of the book. Boxes discuss inter-
esting topics related to what you are studying or amplify points
in the text.

Problem Solving

Nobody can do your learning for you. The two most important
ways to master this course are to work problems and to gain expe-
rience in the laboratory. Worked Examples are a principal peda-
gogic tool to teach problem solving and to illustrate how to apply
what you have just read. Each worked example ends with a Test
Yourself question that you are encouraged to answer to apply what

| m A Weak-Acid Problem

Find the pH of 0.050 M trimethylammonium chloride.
= .
H

|
N 2l iy

o
HCY A CH,
*THE

Trimethy lammonium chloride

Solution We assume that ammonium halide salts are completely dissociated to give
(CH;);NH™ and C1™.* We then recognize that trimethylammonium ion is a weak acid,
being the conjugate acid of trimethylamine, (CH;)5N, a weak base. C1™ has no basic or

CHAPTER 9 EXAMPLE PAGE 193

Al B | ©¢C D E F
1 | Thallium azide equilibria
2 1. Estimate values of pC = —log[C] for N3~ and OH" in cells B6 and B7
3 | 2. Use Solver to adjust the values of pC to minimize the sum in cell F8
4
5 | Species | pC C (=107pC) Mass and charge balances by
6 N3~ 2 0.01|C6 = 10~-B6 by=0=[TI"]-[Ng]—[HNg]=| 1.19E-02
7 OH~ 4 0.0001 | C7 = 107-B7 by =0=[TI"] + [H]-[Ns]-[OH]=| 1.18E-02
8 T 0.021877616 | C8 = D12/C6 Sh= 2.80E-04
9 HNg 4.46684E-08 | C9 = D13*C6/C7 F6 = C8-C6-C9
10 H* 1E-10 | C10 = D14/C7 F7 = C8+C10-C6-C7
1 F8 = F6"2+F7/2
12 pKsp=3.66 Ksp=| 0.000218776 =10"-B12
13 pKy={9.35 Ko=| 4.46684E-10 =10"-B13
14 pKw =[14.00 Kw = 1E-14 =10"-B14

FIGURE 8-9 Thallium azide solubility spreadsheet without activity coefficients.

Initial estimates pN3 = 2 and pOH™ = 4 appear in cells B6 and B7. From these two

numbers, the spreadsheet computes concentrations in cells C6:C10. Solver then

varies pN3 and pOH™ in cells B6 and B7 until the charge and mass balances in cell

F8 are satisfied.

you learned in the example. There are Exercises and Problems at the end of each chapter. Exer-
cises are the minimum set of problems that apply most major concepts of each chapter. Please
struggle mightily with an Exercise before consulting the solution at the back of the book. Prob-
lems at the end of the chapter cover the entire content of the book. Short Answers are at the
back of the book and complete solutions appear in the Solutions Manual.

Spreadsheets are indispensable for science and engineering and uses far beyond this
course. You can cover this book without using spreadsheets, but you will never regret taking
the time to learn to use them. A few of the powerful features of Microsoft Excel are described
as they are needed, including graphing in Chapters 2 and 4, statistical functions and regression
in Chapter 4, solving equations with Goal Seek, Solver, and circular definitions in Chapters 7,
8, 13, and 19, and some matrix operations in Chapter 19. The text teaches you how to con-
struct spreadsheets to simulate many types of titrations, to solve chemical equilibrium prob-

lems, and to simulate chromatographic separations.

Other Features of This Book

Terms to Understand Essential vocabulary, highlighted in bold in the text, is collected at
the end of the chapter. Other unfamiliar or new terms are italic in the text.

Glossary Bold vocabulary terms and many of the italic terms are defined in the glossary.

Appendixes Tables of solubility products, acid dissociation constants, redox potentials,
and formation constants appear at the back of the book. You will also find discussions of
logarithms and exponents, propagation of error, analysis of variance, balancing redox equa-

tions, normality, analytical standards, and a little bit about DNA.

Notes and References Citations in the chapters appear at the end of the book.

Inside Cover Here is your trusty periodic table, as well as tables of physical constants and

other information.

Preface
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Media and Supplements

The Solutions Manual for Quantitative Chemical Analysis contains complete solutions to
all problems.

New Clicker Questions allow instructors to integrate active learning in the classroom
and to assess students’ understanding of key concepts during lectures. Available in Microsoft
Word and PowerPoint (PPT).

New Lecture PowerPoints have been developed to minimize preparation time for new
users of the book. These files offer suggested lectures including key illustrations and sum-
maries that instructors can adapt to their teaching styles.

New Test Bank offers questions in editable Microsoft Word format.

Premium WebAssign with e-Book www.webassign.com features time-tested, secure,
online environment already used by millions of students worldwide. Featuring algorithmic
problem generation, students receive homework problems containing unique values for com-
putation, encouraging them to work out the problems on their own. Additionally, there is
complete access to the e-Book, from a live table of contents.

Sapling Learning with e-Book www.sapling.com provides highly effective interactive
homework and instruction that improve student learning outcomes for the problem-solving
disciplines. Sapling Learning offers an enjoyable teaching and effective learning experience
that is distinctive in three important ways: (1) ease of use: Sapling Learning’s easy-to-use
interface keeps students engaged in problem-solving, not struggling with the software; (2)
targeted instructional content: Sapling Learning increases student engagement and compre-
hension by delivering immediate feedback and targeted instructional content; (3) unsurpassed
service and support: Sapling Learning makes teaching more enjoyable by providing a dedi-
cated Masters- and Ph.D.-level colleague to service instructors’ unique needs throughout the
course, including content customization.

The student website www.whfreeman.com/qca has directions for experiments which
may be reproduced for your use. You will also find lists of experiments from the Journal of
Chemical Education. Supplementary topics at the website include spreadsheets for precipi-
tation and redox titrations, discussion of microequilibrium constants, a spreadsheet simula-
tion of gradient liquid chromatography, and Fourier transformation of an interferogram into
an infrared spectrum. You will also find 24 selected Excel spreadsheets from the textbook
ready to use at the student website.

The instructors’ website, www.whfreeman.com/qca, has all artwork and tables from
the book in preformatted PowerPoint slides.

The People

My wife Sally works on every aspect of this book and the Solutions Manual. She contributes
mightily to whatever clarity and accuracy we have achieved.

Solutions to problems and exercises were meticulously checked by Heather Audesirk, a
graduate student at Caltech, and by Julia Lee, a senior at Harvey Mudd College.

A book of this size and complexity is the work of many people. Brittany Murphy, Anna
Bristow, and Lauren Schultz provided editorial and market guidance. Jennifer Carey was the
Project Editor responsible for making sure that all pieces of this book fell into the right place.
Marjorie Anderson attended to the challenging details of copyediting. Photo research and
permissions were ably handled by Cecilia Varas and Richard Fox. Matthew McAdams,
Janice Donnola, and Tracey Kuehn coordinated the illustration program. Anna Skiba-Crafts
was the courageous proofreader.

In Closing

This book is dedicated to the students who use it, who occasionally smile when they read
it, who gain new insight, and who feel satisfaction after struggling to solve a problem. I
have been successful if this book helps you develop critical, independent reasoning that
you can apply to new problems in or out of chemistry. I truly relish your comments, criti-
cisms, suggestions, and corrections. Please address correspondence to me at the Chemis-
try Division (Mail Stop 6303), Research Department, Michelson Laboratory, China Lake,
CA 93555.

Dan Harris
March 2015
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The Analytical Process

HOW DOES A HOME PREGNANCY TEST WORK?
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containing

hcG Antibodies
bound to Au

nanoparticles

Antibody Antibody to

Nitrocellulose L !

) membrane (d) Conjugate reagent not attached to hcG binds to antibody at control line
to analyte antibody
YY YY
[ / \ |
L II \‘ ] Au
Sample Conjugate Test line Control line Absorbent nanoparticle Q Analyte
pad pad pad N heG
Antibodies bound C
(a) Apply drop of urine to sample pad to Au nanoparticles

/ Sample pad

Test line

gia

Y

(b) hcG binds to antibody as liquid wicks past conjugate pad

Control line

=

YY |

(e) Home pregnancy test [Rob Byron/Shutterstock.]

L
(c) Another part of hcG binds to antibody

at test line

A common home pregnancy test detects a hormone called hcG in urine. This hormone begins
to be secreted shortly after conception.

An antibody is a protein secreted by white blood cells to bind to a foreign molecule called
an antigen. Antibody-antigen binding is the first step in the immune response that eventually
removes a foreign substance or an invading cell from your body. Antibodies to human proteins
such as hcG can be cultivated in animals.

In the lateral flow home pregnancy immunoassay shown in the diagram, urine is applied to
the sample pad at the left end of a horizontal test strip made of nitrocellulose that serves as a
wick. Liquid flows from left to right by capillary action. Liquid first encounters detection
reagent on the conjugate pad. The reagent is called a conjugate because it consists of hcG anti-
body attached to red-colored gold nanoparticles. The antibody binds to one site on hcG.

As liquid flows to the right, hcG bound to the conjugate is trapped at the test line, which
contains an antibody that binds to another site on hcG. Gold nanoparticles trapped with hcG
at the test line create a visible red line. As liquid continues to the right, it encounters the con-
trol line with antibodies that bind to the conjugate reagent. A second red line forms at the
control line. At the far right is an absorbent pad that soaks up liquid containing anything that
was not retained at the test or control lines.

In a positive pregnancy test, both lines turn red. The test is negative if only the control
line turns red. If the control line fails to turn red, the test is invalid.

)

Bold terms should be learned. Italicized terms
are less important. A glossary of terms is
found at the back of the book.

Quantitative analysis: How much is present?
Qualitative analysis: What is present?

CHAPTER 0 The Analytical Process

uantitative chemical analysis is the measurement of sow much of a chemical substance
is present. The purpose of quantitative analysis is usually to answer a question such as
“Does this mineral contain enough copper to be an economical source of copper?” The home
pregnancy test above is a qualitative chemical analysis, which looks for the presence of a
hormone that is produced during pregnancy. This test answers the even more important
question, “Am I pregnant?” Qualitative analysis tells us what is present and quantitative



Notes and references appear after the last
chapter of the book.

Chocolate is great to eat, but not so easy to
analyze. [Dima Sobko/Shutterstock.]

A diuretic makes you urinate.
A vasodilator enlarges blood vessels.

Chemical Abstracts is the most comprehensive
source for locating articles published in
chemistry journals. SciFinder is software that
accesses Chemical Abstracts.

Homogeneous: same throughout

Heterogeneous: differs from region to region

Pestle

Mortar

FIGURE 0-1 Ceramic mortar and pestle used
to grind solids into fine powders.

2

analysis tells us how much is present. In quantitative analysis, the chemical measurement
is only part of a process that includes asking a meaningful question, collecting a relevant
sample, treating the sample so that the chemical of interest can be measured, making the
measurement, interpreting the results, and providing a report.

QD The Analytical Chemist's Job

My favorite chocolate bar,' jammed with 33% fat and 47% sugar, propels me over mountains
in California’s Sierra Nevada. In addition to its high energy content, chocolate packs an extra
punch with the stimulant caffeine and its biochemical precursor, theobromine.
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Caffeine
A central nervous system stimulant

Theobromine (from Greek “food of the gods™)
A diuretic, smooth muscle relaxant,
cardiac stimulant, and vasodilator

Too much caffeine is harmful for many people, and some unlucky individuals cannot
tolerate even small amounts. How much caffeine is in a chocolate bar? How does that
amount compare with the quantity in coffee or soft drinks? At Bates College in Maine,
Professor Tom Wenzel teaches his students chemical problem solving through questions
such as these.?

But, how do you measure the caffeine content of a chocolate bar? Two students, Denby
and Scott, began their quest with a search of Chemical Abstracts for analytical methods.
Looking for the key words “caffeine” and “chocolate,” they uncovered numerous articles in
chemistry journals. Two reports, both entitled “High-Pressure Liquid Chromatographic
Determination of Theobromine and Caffeine in Cocoa and Chocolate Products,”® described a
procedure suitable for the equipment in their laboratory.”*

Sampling

The first step in any chemical analysis is procuring a representative sample to measure—
a process called sampling. Is all chocolate the same? Of course not. Denby and Scott bought
one chocolate bar and analyzed pieces of it. If you wanted to make broad statements about
“caffeine in chocolate,” you would need to analyze a variety of chocolates. You would also
need to measure multiple samples of each type to determine the range of caffeine in each
kind of chocolate.

A pure chocolate bar is fairly homogeneous, which means that its composition is the
same everywhere. It might be safe to assume that a piece from one end has the same caffeine
content as a piece from the other end. Chocolate with a macadamia nut in the middle is an
example of a heterogeneous material—one whose composition differs from place to place.
The nut is different from the chocolate. To sample a heterogeneous material, you need to use
a strategy different from that used to sample a homogeneous material. You would need to
know the average mass of chocolate and the average mass of nuts in many candies. You
would need to know the average caffeine content of the chocolate and of the macadamia nut
(if it has any caffeine). Only then could you make a statement about the average caffeine
content of macadamia chocolate.

Sample Preparation

The first step in the procedure calls for weighing out some chocolate and extracting fat from
it by dissolving the fat in a hydrocarbon solvent. Fat needs to be removed because it would
interfere with chromatography later in the analysis. Unfortunately, if you just shake a chunk
of chocolate with solvent, extraction is not very effective because the solvent has no access to
the inside of the chocolate. So, our resourceful students sliced the chocolate into small bits
and placed the pieces into a mortar and pestle (Figure 0-1), thinking they would grind the
solid into small particles.
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FIGURE 0-2 Extracting fat from chocolate to
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Shake Decant
well Centrifuge liquid
—_— —_— —_—
A e f -,._-_.-?l A 9
Solvent \ |-y Supernatant —_
(petroleum liquid containing
ether) . = dissolved fat ‘
Finely Suspension ——== Solid residue Defatted
ground of solid in k 5 packed at residue
chocolate solvent i bottom of tube

Imagine trying to grind chocolate! The solid is too soft to grind. So Denby and Scott
froze the mortar and pestle with its load of sliced chocolate. Once the chocolate was cold, it
was brittle enough to grind. Small pieces were placed in a preweighed 15-milliliter (mL)
centrifuge tube, and their mass was noted.

Figure 0-2 shows the next part of the procedure, which is to remove fat that would inter-
fere with subsequent chromatography. A 10-mL portion of the solvent, petroleum ether, was
added to the tube, and the top was capped with a stopper. The tube was shaken vigorously to
dissolve fat from the solid chocolate into the solvent. Caffeine and theobromine are insoluble
in this solvent. The mixture of liquid and fine particles was then spun in a centrifuge to pack
the chocolate at the bottom of the tube. The clear liquid, containing dissolved fat, could
now be decanted (poured off) and discarded. Extraction with fresh portions of solvent
was repeated twice more to remove more fat from the chocolate. Residual solvent in the
chocolate was then removed by heating the centrifuge tube in a beaker of boiling water. The
mass of chocolate residue could be calculated by weighing the tube plus its content of defatted
chocolate residue and subtracting the known mass of the empty tube.

Substances being measured—caffeine and theobromine in this case—are called analytes.
The next step in the sample preparation procedure was to make a quantitative transfer
(a complete transfer) of the fat-free chocolate residue to an Erlenmeyer flask and to dissolve
the analytes in water for the chemical analysis. If any residue were not transferred from the
tube to the flask, then the final analysis would be in error because not all of the analyte would
be present. To perform the quantitative transfer, Denby and Scott added a few milliliters of
pure water to the centrifuge tube and used stirring and heating to dissolve or suspend as much
of the chocolate as possible. Then they poured the slurry (a suspension of solid in a liquid)
into a 50-mL flask. They repeated the procedure several times with fresh portions of water to
ensure that every bit of chocolate was transferred from the centrifuge tube to the flask.

To complete the dissolution of analytes, Denby and Scott added water to bring the volume A solution of anything in water is called an
up to about 30 mL. They heated the flask in a boiling water bath to extract all the caffeine and aqueous solution.
theobromine from the chocolate into the water. To compute the quantity of analyte later, the
total mass of water must be known. Denby and Scott knew the mass of chocolate residue in
the centrifuge tube and they knew the mass of the empty Erlenmeyer flask. So they put the
flask on a balance and added water drop by drop until there were 33.3 g of water in the flask.
Later, they would compare known solutions of pure analyte in water with the unknown solution
containing 33.3 g of water.

Before Denby and Scott could inject the unknown solution into a chromatograph for the
chemical analysis, they had to clean up the unknown even further (Figure 0-3). The chocolate
residue in water contained tiny solid particles that would surely clog their expensive chroma-
tography column and ruin it. So they transferred a portion of the slurry to a centrifuge tube
and centrifuged the mixture to pack as much of the solid as possible at the bottom of the tube.
The cloudy, tan, supernatant liquid (liquid above the packed solid) was then filtered in a
further attempt to remove tiny particles of solid from the liquid.

It is critical to avoid injecting solids into a chromatography column, but the tan liquid
still looked cloudy. So Denby and Scott took turns between classes to repeat the centrifuga-
tion and filtration five times. After each cycle in which the supernatant liquid was filtered and
centrifuged, it became a little cleaner. But the liquid was never completely clear. Given Real-life samples rarely cooperate with you!
enough time, more solid always seemed to precipitate from the filtered solution.
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FIGURE 0-3 Centrifugation and filtration are
used to separate undesired solid residue from
the aqueous solution of analytes.
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The tedious procedure described so far is called sample preparation—transforming a
sample into a state that is suitable for analysis. In this case, fat had to be removed from the
chocolate, analytes had to be extracted into water, and residual solid had to be separated from
the water.

Chemical Analysis (At Last!)

Denby and Scott finally decided that the solution of analytes was as clean as they could
make it in the time available. The next step was to inject solution into a chromatography
column, which would separate the analytes and measure the quantity of each. The column
in Figure 0-4a is packed with tiny particles of silica (SiO,) to which are attached long
hydrocarbon molecules. Twenty microliters (20.0 X 107° liters) of the chocolate extract
were injected into the column and washed through with a solvent made by mixing 79 mL
of pure water, 20 mL of methanol, and 1 mL of acetic acid. Caffeine has greater affinity
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FIGURE 0-4 Principle of liquid chromatography. (a) Chromatography apparatus with an ultraviolet
absorbance monitor to detect analytes at the column outlet. (b) Separation of caffeine and theobromine
by chromatography. Caffeine has greater affinity than theobromine for the hydrocarbon layer on the
particles in the column. Therefore, caffeine is retained more strongly and moves through the column
more slowly than theobromine.
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than theobromine for the hydrocarbon on the silica surface. Therefore, caffeine “sticks” to
the coated silica particles in the column more strongly than theobromine does. When both
analytes are flushed through the column by solvent, theobromine reaches the outlet before
caffeine (Figure 0-4b).

Analytes are detected at the outlet by their ability to absorb ultraviolet radiation from the
lamp in Figure 0-4a. The graph of detector response versus time in Figure 0-5 is called a
chromatogram. Theobromine and caffeine are the major peaks in the chromatogram. Small
peaks arise from other substances extracted from the chocolate.

The chromatogram alone does not tell us what compounds are present. One way to iden-
tify individual peaks is to measure spectral characteristics of each one as it emerges from the
column. Another way is to add an authentic sample of either caffeine or theobromine to
the unknown and see whether one of the peaks grows in magnitude.

In Figure 0-5, the area under each peak is proportional to the quantity of compound
passing through the detector. The best way to measure area is with a computer attached to the
chromatography detector. Denby and Scott did not have a computer linked to their chromato-
graph, so they measured the height of each peak instead.

Only substances that absorb ultraviolet
radiation at a wavelength of 254 nanometers
are observed in Figure 0-5. The major
components in the aqueous extract are sugars,
but they are not detected in this experiment.

Calibration Curves
In general, analytes with equal concentrations give different detector responses. Therefore,
the response must be measured for known concentrations of each analyte. A graph of detector
response as a function of analyte concentration is called a calibration curve or a standard
curve. To construct such a curve, standard solutions containing known concentrations of
pure theobromine or caffeine were prepared and injected into the column, and the resulting
peak heights were measured. Figure 0-6 is a chromatogram of one of the standard solutions,
and Figure 0-7 shows calibration curves made by injecting solutions containing 10.0, 25.0,
50.0, or 100.0 micrograms of each analyte per gram of solution.

Straight lines drawn through the calibration points could then be used to find the concen-
trations of theobromine and caffeine in an unknown. From the equation of the theobromine
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FIGURE 0-5 Chromatogram of 20.0
microliters of dark chocolate extract. A
150-mm-long X 4.6-mm-diameter column,
packed with 5-micrometer-diameter particles
of Hypersil ODS, was eluted (washed) with
water:methanol:acetic acid (79:20:1 by
volume) at a rate of 1.0 mL per minute.
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FIGURE 0-6 Chromatogram of 20.0
microliters of a standard solution containing
50.0 micrograms of theobromine and 50.0
micrograms of caffeine per gram of solution.



FIGURE 0-7 calibration curves show
observed peak heights for known
concentrations of pure compounds. One part
per million is one microgram of analyte per
gram of solution. Equations of the straight lines
drawn through the experimental data points
were determined by the method of least
squares described in Chapter 4.
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line in Figure 0-7, we can say that, if the observed peak height of theobromine from an
unknown solution is 15.0 cm, then the concentration is 76.9 micrograms per gram of solution.

Interpreting the Results

Knowing how much analyte is in the aqueous extract of the chocolate, Denby and Scott could
calculate how much theobromine and caffeine were in the original chocolate. Results for
dark and white chocolates are shown in Table 0-1. The quantities found in white chocolate
are only about 2% as great as the quantities in dark chocolate.

The table also reports the standard deviation of three replicate measurements for each
sample. Standard deviation, discussed in Chapter 4, is a measure of the reproducibility of
the results. If three samples were to give identical results, the standard deviation would be 0.
If results are not very reproducible, then the standard deviation is large. For theobromine
in dark chocolate, the standard deviation (0.002) is less than 1% of the average (0.392), so
we say the measurement is reproducible. For theobromine in white chocolate, the stan-
dard deviation (0.007) is nearly as great as the average (0.010), so the measurement is
poorly reproducible.

( Analyses of dark and white chocolate R
Grams of analyte per 100 grams of chocolate
Analyte Dark chocolate White chocolate
Theobromine 0.392 = 0.002 0.010 = 0.007
kCaffeine 0.050 = 0.003 0.000 9 = 0.001 4)

Average * standard deviation of three replicate injections of each extract.

The purpose of an analysis is to reach a conclusion. The questions posed earlier were
“How much caffeine is in a chocolate bar?” and “How does it compare with the quantity in
coffee or soft drinks?” After all this work, Denby and Scott discovered how much caffeine
was in one particular chocolate bar that they analyzed. It would take a great deal more work
to sample many chocolate bars of the same type and many different types of chocolate to
gain a broad view. Table 0-2 compares results from analyses of different sources of caffeine.
A can of soft drink or a cup of tea contains less than one-half of the caffeine in a small cup
of coffee. Chocolate contains even less caffeine, but a hungry backpacker eating enough
baking chocolate can get a pretty good jolt!
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( Caffeine content of beverages and foods R
Caffeine Serving size”

Source (milligrams per serving) (ounces)
Regular coffee 106-164 5
Decaffeinated coffee 2-5 5
Tea 21-50 5
Cocoa beverage 2-8 6
Baking chocolate 35 1
Sweet chocolate 20 1
Milk chocolate 6 1
Caffeinated soft drinks 36-57 12
Red Bull 80 8.2

- J

a. 1 ounce = 28.35 grams
DATA SOURCES: hitp://www.holymtn.com/tea/caffeine_content.htm. Red Bull from http://wilstar.com/caffeine.htm.

Simplifying Sample Preparation with Solid-Phase Extraction
The procedure followed by Denby and Scott in the mid-1990s was developed before
solid-phase extraction (page 785) came into use. Today, solid-phase extraction simplifies
sample preparation by separating some major interfering components of the mixture from
the desired analytes.’ The procedure shown in Figure 0-8 features a short, disposable
column containing a chromatography solid phase that can clean the sample enough prior
to performing chromatography on an expensive analytical column.

Denby and Scott extracted fat with organic solvent. Then they extracted caffeine and
theobromine with hot water and laboriously removed fine particles by repeated centrifu-
gation and filtration. Solid-phase extraction in Figure 0-8 removes sugars, fats, and fine
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particles from the aqueous sample, replacing the extraction with organic solvent,
centrifugation, and filtration. Crushed whole chocolate (0.5 gram) is suspended in 20 mL
of water at 80°C for 15 minutes to extract caffeine, theobromine, and other water-soluble
components. A solid-phase extraction column containing 0.5 gram of silica particles with
covalently attached hydrocarbons (like the particles on the column in Figure 0-4) is
cleaned with 1 mL of methanol followed by 1 mL of water. When 0.5 mL of aqueous
extract is applied to the column, theobromine and caffeine adhere to the hydrocarbon on
the silica particles in the column. Many water-soluble components such as sugars are
washed through with 1 mL of water. Caffeine and theobromine are then washed from the
column with 2.5 mL of methanol. Fats remain on the column. After evaporating
the methanol to dryness, the residue is dissolved in 1 mL of water and is ready for
chromatography. See Color Plate 36 near the center of this book for an example of solid-
phase extraction.

0-2 General Steps in a Chemical Analysis

FIGURE 0-8 Solid-phase extraction separates
caffeine and theobromine from sugars and fats
found in chocolate. Sugars wash right through
the column because they are not attracted to
the hydrocarbon that is covalently attached to
the particles on the column. Fats are so soluble
in the hydrocarbon that they are not washed off
the column by methanol. Caffeine and
theobromine are soluble in the hydrocarbon
but are washed off the column with methanol.
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Chemists use the term species to refer to any
chemical of interest. Species is both singular
and plural.

Interference occurs when a species other
than analyte increases or decreases the
response of the analytical method and
makes it appear that there is more or less
analyte than is actually present.

Masking is the transformation of an
interfering species into a form that is not
detected. For example, Ca>" in lake water
can be measured with a reagent called EDTA.
AP* interferes with this analysis because it
also reacts with EDTA. A** can be masked
with excess F~ to form AIF:~, which does not
react with EDTA.

Q) General Steps in a Chemical Analysis

The analytical process often begins with a question that is not phrased in terms of a chemical
analysis. The question could be “Is this water safe to drink?” or “Does emission testing of
automobiles reduce air pollution?” A scientist translates such questions into the need for
particular measurements. An analytical chemist then chooses or invents a procedure to carry
out those measurements.

When the analysis is complete, the analyst must translate the results into terms that can
be understood by others—preferably by the general public. A critical feature of any result is
its reliability. What is the statistical uncertainty in reported results? If you took samples in a
different manner, would you obtain the same results? Is a tiny amount (a trace) of analyte
found in a sample really there or is it contamination from the analytical procedure? Only
after we understand the results and their limitations can we draw conclusions.

Here are the general steps in the analytical process:

Formulating the
question

Translate general questions into specific questions to be answered
through chemical measurements.

Selecting analytical
procedures

Search the chemical literature to find appropriate procedures
or, if necessary, devise new procedures to make the required
measurements.

Sampling Sampling is the process of selecting representative material to
analyze. Box 0-1 provides some ideas on how to do so. If you
begin with a poorly chosen sample or if the sample changes
between the time it is collected and the time it is analyzed, results

are meaningless. “Garbage in—garbage out!”

Sample preparation Converting a representative sample into a form suitable for analysis
is called sample preparation, which usually means dissolving the
sample. Samples with a low concentration of analyte may need to
be concentrated prior to analysis. It may be necessary to remove
or mask species that interfere with the chemical analysis. For a
chocolate bar, sample preparation consisted of removing fat and
dissolving the desired analytes. Fat was removed because it would

interfere with chromatography.

Analysis Measure the concentration of analyte in several identical aliquots
(portions). The purpose of replicate measurements (repeated
measurements) is to assess the variability (uncertainty) in the analysis
and to guard against a gross error in the analysis of a single aliquot.
The uncertainty of a measurement is as important as the measurement
itself because it tells us how reliable the measurement is. If necessary,
use different analytical methods on similar samples to show that the
choice of analytical method is not biasing the result. You may also
wish to construct several different samples to see what variations
arise from your sampling and sample preparation procedure.

Reporting and
interpretation

Deliver a clearly written, complete report of your results,
highlighting any limitations that you attach to them. Your report
might be written to be read only by a specialist (such as your
instructor), or it might be written for a general audience (such as a
legislator or newspaper reporter). Be sure the report is appropriate
for its intended audience.

Drawing
conclusions

Once a report is written, the analyst might not be involved in what
is done with the information, such as modifying the raw material
supply for a factory or creating new laws to regulate food additives.
The more clearly a report is written, the less likely it is to be
misinterpreted by those who use it.

Most of this book deals with measuring chemical concentrations in homogeneous
aliquots of an unknown. Analysis is meaningless unless you have collected the sample prop-
erly, you have taken measures to ensure the reliability of the analytical method, and you
communicate your results clearly and completely. The chemical analysis is only the middle
portion of a process that begins with a question and ends with a conclusion.
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Constructing a Representative Sample

In a random heterogeneous material, differences in composition
occur randomly and on a fine scale. When you collect a portion of the
material for analysis, you obtain some of each of the different compo-
sitions. To construct a representative sample from a heterogeneous
material, you can first visually divide the material into segments. A
random sample is collected by taking portions from the desired num-
ber of segments chosen at random. If you wanted to measure the magne-
sium content of the grass in the 10-meter X 20-meter field in panel a,
you could divide the field into 20 000 small patches that are 10 centi-
meters on a side. After assigning a number to each small patch, you
could use a computer program to pick 100 numbers at random from
1 to 20 000. Then harvest and combine the grass from each of these
100 patches to construct a representative bulk sample for analysis.
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For a segregated heterogeneous material (in which large
regions have obviously different compositions), a representative
composite sample must be constructed. For example, the field in
panel b has three different types of grass segregated into regions A,
B, and C. You could draw a map of the field on graph paper and
measure the area in each region. In this case, 66% of the area lies in
region A, 14% lies in region B, and 20% lies in region C. To con-
struct a representative bulk sample from this segregated material,
take 66 of the small patches from region A, 14 from region B, and
20 from region C. You could do so by drawing random numbers
from 1 to 20 000 to select patches until you have the desired num-
ber from each region.
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Terms to Understand

Terms are introduced in bold type in the chapter and are also defined in the Glossary.

aliquot heterogeneous quantitative transfer segregated heterogeneous
analyte homogeneous random heterogeneous material

aqueous interference material slurry

calibration curve masking random sample species

composite sample qualitative chemical analysis sample preparation standard solution

decant quantitative chemical analysis sampling supernatant liquid
Problems

Complete solutions to Problems can be found in the Solutions
Manual. Short answers to numerical problems are at the back of
the book.

0-1. What is the difference between qualitative and quantitative
analysis?

0-2. List the steps in a chemical analysis.
0-3. What does it mean to mask an interfering species?
0-4. What is the purpose of a calibration curve?

0-5. (a) What is the difference between a homogeneous material
and a heterogeneous material?

Problems

(b) After reading Box 0-1, state the difference between a segregated
heterogeneous material and a random heterogeneous material.

(¢) How would you construct a representative sample from each
type of material?

0-6. The iodide (I") content of a commercial mineral water was
measured by two methods that produced wildly different results.®
Method A found 0.23 milligrams of I per liter (mg/L) and method
B found 0.009 mg/L. When Mn?" was added to the water, the I con-
tent found by method A increased each time that more Mn*" was
added, but results from method B were unchanged. Which of the
Terms to Understand describes what is occurring in these measure-
ments? Explain your answer. Which result is more reliable?





