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First Aid in Case of An Accident

The occurrence of an accident of any kind in the laboratory should be reported
promptly to your instructor, even if it seems relatively minor.

FIRE

Your first consideration is to remove yourself from any danger, not to extinguish the
fire. If it is possible to do so without submitting yourself to danger, turn off any burners
and remove containers of flammable solvents from the immediate area to prevent the
fire from spreading. For the most effective use of a fire extinguisher, direct its nozzle
toward the base of the flames. Burning oil may be extinguished by dousing liberally
with solid sodium bicarbonate.

If your clothing is on fire, DO NOT RUN; rapid movement will only fan the
flames. Roll on the floor to smother the fire and to help keep the flames away from
your head. Your neighbors can help to extinguish the flames by using fire blankets,
laboratory coats, or other items that are immediately available. Do not hesitate to aid
your neighbor if he or she is involved in such an emergency, since a few seconds delay
may result in serious injury. A laboratory shower, if close by, can be used to extin-
guish burning clothing, as can a carbon dioxide extinguisher if used with care only
until the flames are extinguished and if the flames are not near the head. A carbon
tetrachloride extinguisher should not be employed.

If burns are minor, apply a burn ointment. In the case of serious burns do not
apply any ointment; seek professional medical treatment at once.

CHEMICAL BURNS

Areas of the skin with which corrosive chemicals have come in contact should be
immediately and thoroughly washed with soap and warm water. If the burns are
minor, apply burn ointment; for treatment of more serious burns, see a physician.

Bromine burns can be particularly serious. These burns should first be washed
with soap and warm water and then thoroughly soaked with 0.6 M sodium thiosulfate
solution for 3 hr. Apply cod liver oil ointment and a dressing; see a physician.

If chemicals, particularly corrosive or hot reagents, come in contact with the
eyes, immediately flood the eyes with water from the nearest outlet. A specially
designed eyewash fountain is useful if available in the laboratory. Do not touch the
eye. The eyelid as well as the eyeball should be washed with water for several
minutes. In all instances where sensitive eye tissue is involved in such an accident,
consult an ophthalmologist as soon as possible.

CUTS

Minor cuts may be treated by ordinary first-aid procedures; seek professional medical
attention for serious cuts. If severe bleeding indicates that an artery has been severed,
attempt to stop the bleeding with compresses and pressure; a tourniquet should be
applied only by those who have received first-aid training. Arrange for emergency
room treatment at once.

A person who is injured severely enough to require a physician’s treatment should be
accompanied to the doctor’s office or infirmary, even if he or she claims to be all right.
Persons in shock, particularly after suffering burns, are often more seriously injured
than they appear to be.
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preface

In the fourth edition of this book, we continue to have the same goal as in the previous editions: to
provide students of organic chemistry an essentially self-contained laboratory textbook that requires
little or no supplementation, in the form of reference to lecture textbooks, for a complete understanding
of the experiments. The experiments have been selected to illustrate many of the highlights of the
subjects covered in contemporary organic lecture courses. Each of the experiments is preceded by a
thorough discussion of the theoretical as well as the practical aspects of the experiment.

Every experiment and every section of the third edition of the book have been subjected to critical
examination by the authors, with consideration of our experience with our own students and of the
information provided to us by many of the instructors in the more than 200 other universities and
colleges in which the previous editions have been used. As a result, this fourth edition may be briefly
characterized as follows: (I) all experiments that have proved satisfactory and valuable to thousands
of students using the previous editions have been retained; (2) experiments that have been found not
to have wide use have been removed; (3) all discussions and experiments in the text have been updated;
(4) new discussions and experiments have been added; (5) safety in the laboratory has continued to
receive strong emphasis, both in the form of expanded cautions of the ‘Do It Safely’” type and by
exclusion of dangerous chemicals from the experiments; and (6) the book has been reorganized exten-
sively to make it more convenient for both instructors and students to use. Highlights of the major
changes are given in the following paragraphs.

Introduction: Laboratory Safety and Laboratory Notebook The first chapter contains
an introduction to experimental organic chemistry and an expanded discussion of laboratory safety
measures. A detailed description of how to prepare a laboratory notebook is also given, including new
examples demonstrating calculations of limiting reagents and theoretical and actual percent yields.

Techniques and Apparatus The second chapter is completely new. It describes all the common
experimental techniques that will be encountered in later chapters, including the material on drying
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agents and heating and stirring techniques that was contained in appendices in the third edition. We
believe that the integrated treatment of the fundamental techniques early in the book will be advanta-
geous to the students. The other sections of the Appendix in the third edition have similarly been
incorporated into the body of the fourth edition at appropriate places.

Solids and Liquids Chapters 3 and 4 deal with the properties of organic compounds in the two
most commonly encountered physical states and the important techniques of melting-point and boiling-
point determinations and purification by recrystallization and distillation. The material of Chapter |
of the third edition is thus separated and expanded into two chapters in the new edition.

Natural Products and Other Comp ds of Biological Importance This edition con-
tains an increased number of experiments on natural products and synthetic compounds of biological
importance. For example, the isolation of citral now appears in Chapter 4 as a demonstration of the
use of steam distillation, and the isolation of trimyristin from nutmeg is presented in Chapter 5 as an
example of the technique of extraction. The chapters on amino acids and proteins and on carbohydrates,
which are valuable for students in the life sciences, have been retained, including a section on classifi-
cation tests for carbohydrates that was omitted in early printings of the third edition. A new addition
is a multistep synthesis of the important local anesthetic fidocaine in Chapter 23, which also contains
the popular synthesis of sulfanilamide and a synthesis of a 4-aminoquinoline, which is related to
antimalarial drugs.

Stereoisomers and Stereochemistry A revised chapter on stereochemistry now appears
much earlier in the book, in Chapter 7, in line with the earlier treatment in most contemporary lecture
texts. In addition to the experiments retained from the third edition, new experiments have been added
to demonstrate the difference in properties (TLC retention times) of simple diastereoisomers such as
cis- and trans-1,2-cyclohexanediol and the difference in the properties of enantiomers in chiral environ-
ments, demonstrated dramatically by the odors of (+)- and (—)-carvone, natural products that are
isolated by vacuum distillation of the essential oils in which they occur.

Spectroscopy The coverage of spectroscopy has been greatly increased in this edition, the single
chapter of the previous editions having now been expanded into four chapters. Chapter 8 deals with
Infrared Spectroscopy and Chapter 9 with Nuclear Magnetic Resonance, including a new section on
carbon-13 magnetic resonance (CMR}) as well as proton magnetic resonance (PMR). These chapters
contain a collection of IR and PMR spectra of compounds containing most of the common functional
groups. Many of these compounds are those encountered in the experiments of this text. The expanded
discussion of IR and PMR spectra in Chapters 8 and 9 includes more solved examples of spectra
interpretation, and Chapter 10 presents a discussion of how IR and PMR information may be used in
combination as powerful tools for organic structure determination. These chapters should be especially
useful to students expected to utilize spectroscopy in conjunction with classical qualitative organic
analysis. Chapter 11 describes Ultraviolet/Visible Spectroscopy and Mass Spectroscopy, the latter
subject being a new addition in this edition.

Qualitative Organic Analysis In accordance with the encouragement we have received from
many colleagues, Chapter 27 has been considerably expanded, with the inclusion of fuller discussion
of the systematic approach to compound identification. A/l the qualitative functional group tests, some
of which were distributed throughout various chapters in the previous editions, have now been placed
in Chapter 27. The integration of spectroscopic analysis with classical (‘‘wet’”) qualitative analysis
methods has been given more attention. The tables of compounds that are possible ‘‘unknowns’” have
been greatly expanded, and a number of new tables have been added, so now it should seldom be
necessary for students (o require supplementary texts for the identification of their ‘‘unknowns.”
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The Literature of Organic Chemistry This chapter has been thoroughly updated to include
the latest editions of the books and journals described, including a new example demonstrating how
to use the newest volumes of Beilstein to locate organic compounds. The latest information on access-
ing Chemical Abstracts by means of computers is given.

Other Deletions and Additions in This Edition Several other deletions and additions in this
edition may be noted. Some of these changes were the result of a comprehensive user survey made
by our publisher. It was very helpful to learn which experiments had been found to be most useful
and successful and which either caused some difficulties or perhaps were just not seen as appropriate.
The chapter on carbenes and arynes has been deleted, as have the chapters on nonbenzenoid aromatic
compounds and photochemical dimerization of 4-methylbenzophenone. The preparations of many of
the derivatives of carboxylic acids have been eliminated, but the preparation of an aromatic carboxylic
acid by oxidation of an arene has been retained in the chapter on Oxidation Reactions (Chapter 19).
The esterification of benzoic acid now appears in Chapter 22, where the ester is used in reaction with
a Grignard reagent. The multistep synthesis of 1-bromo-3-chloro-5-iodobenzene has been eliminated
and replaced by the synthesis of lidocaine. An additional experiment involving the Diels-Alder reaction
has been added: The reaction of maleic anhydride with a mixture of cis- and trans-1,3-pentadiene
illustrates the selectivity of the Diels-Alder reaction with geometric isomers. The electrophilic addition
of unsymmetrical reagents to unsymmetrical alkenes is a major topic of discussion in organic lecture
courses, yet there have been, up to now, no simple laboratory experiments to demonstrate the operation
of Markovnikov’s Rule. We have corrected this deficiency by presenting the addition of hydrogen
bromide to 1-hexene using a phase-transfer catalyst. Another new experiment in Chapter 21 involves a
conjugate addition to an &, B-unsaturated ketone, followed by an acid-catalyzed cyclic aldol condensa-
tion; this reaction procedure incorporates a simple and clever water trap of the Dean-Stark type. It
also illustrates the scale of the chemicals used in some of the experiments; 86 millimoles of
2-methylpropanal and 67 millimoles of 3-buten-2-one are used in this experiment. As an example of the
thought taken to remove objectionable, if not dangerous, chemicals from the experiments, the time-
honored aldol condensation that produces benzalacetophenone has been modified by the use of other
compounds that give analogous products that are not skin irritants.

Pre-lab and Post-lab Exercises Many of the exercises that were included at the end of each
experiment in the previous editions have been retained, some of them have been modified, and many
new ones have been added. As a new feature of this edition, we have divided the exercises into two
groups: “‘Pre-lab Exercises’” and *‘Post-lab Exercises.”” The latter group, referred to in the text simply
as “‘Exercises,”” will serve the same purpose as in previous editions, to reinforce the concepts illus-
trated by the experiments performed. Some of the more difficult Exercises have been designated with
an asterisk (*). The *“Pre-lab Exercises,’” contained in a paperback ancillary book that accompanies the
text, are designed to serve a new pedagogical purpose. Throughout many years of supervising the
organic laboratory, we authors and, we suspect, many other instructors, have frequently been frustrated
by students who come to lab with no acquaintance with or appreciation of the experiments to be
performed, in spite of a thorough exposition of the theory and the practical considerations presented in
the laboratory text. This is not only unfortunate for the unprepared student, who will learn little from
the experiment, but may actually be dangerous for all in the laboratory if this student is not aware of
the ways to ‘Do It Safely.”” In our considerations of how we might alleviate this situation, we were
helped by a suggestion from John Vondeling, Associate Publisher of Saunders College Publishing, the
result being the creation of these new ‘Pre-lab Exercises,”” which are designed to test the student’s
knowledge of the experiment in advance of the actual performance. At the option of the instructor, the
completion in writing of these *‘Pre-lab Exercises™ may be required in advance of an assigned experi-
ment, and because the sheets on which they are printed are perforated, they may be removed from the
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text and handed in for grading. In general, these exercises are easy to grade and pertain to the knowl-
edge of the experimental operations and the reasons for them, rather than to the results of the experi-
ment, which are more the domain of the post-lab “*Exercises.””

We hope that in this fourth edition of the textbook students will find the experiments challenging
and illuminating, and we hope that instructors will benefit from the fact that discussions are thorough
and allow students to be independent in their laboratory work.

Instructor's Manual An Instructor’s Manual is available at no charge from the publisher to all
instructors who choose to use this textbook. It is similar to those provided with the earlier editions of
the book, containing lists of recommended desk cquipment, shelf reagents, and solvents, lists of
required chemicals by chapter and alphabetically, notes on the Experimental Procedures, including
time requirements, and answers to all exercises, both pre- and post-lab. The answers are sct apart
from the rest of the material in the Manual so that they may be reproduced readily for posting by
instructors, if so desired. It also contains interpretation of the CMR spectral data that have been given
throughout the textbook.

We are pleased to acknowledge again our gratitude to many persons who have helped in the
preparation of this edition. The following colleagues reviewed the third edition and offered valuable
suggestions for its revision: Richard E. Bozak, California State University, Hayward; Thomas J. Cog-
dell, University of Texas, Arlington; J. D. Heinrich, Southwestern College, Chula Vista, California;
Michael M. King, George Washington University; Terry Kruger, Ball State University, Muncie, Indi-
ana; and Robert J. Olsen, Wabash College, Crawfordsville, Indiana. In addition, we also profited from
the answers from many other colleagues who responded to the comprehensive user survey referred to
earlier. Paul M. Puckett, Texas A and M University, made a careful critique of the present edition in
manuscript form that was very useful to us. Brent Blackburn, Ahmed El-Khawaga, Aubrey Skinner,
and Michael Vuper of the University of Texas at Austin, and Linda Sweeting of Towson State Univer-
sity, provided us with valuable critical and technical assistance. We are indebted to hundreds of under-
graduate students and dozens of graduate students at the University of Texas and Towson State Univer-
sity for serving as ‘“‘guinea pigs’’ and teaching assistants during the years in which many of the
experiments were developed and tested.

Finally, we are pleased to thank John Vondeling, our publisher, and Joanne Fraser, our Project
Editor, for their invaluable and capable assistance in bringing this project to completion.

Royston M. Roberts  John C. Gilbert
University of Texas at Austin, Austin, Texas 78712

Lynn B. Rodewald < Alan S. Wingrove
Towson State University, Baltimore, Maryland 21204
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IR, NMR, AND UV SPECTRA

COMPOUND

p-Acetamidobenzenesulfonyl chloride
Acetanilide

Acetophenone

Adduct, maleic anhydride and dienes
Adipic acid (See Hexanedioic acid)
Aniline

trans-Anisalacetophenone
trans-Anisalacetophenone dibromide
Anisaldehyde

Anisole

Benzaldehyde
Benzamide
Benzanilide

Benzoic acid

Benzoic anhydride

Benzonitrile

p-Benzoquinone

Benzoy! chloride

Benzyl alcohol (phenylmethanol)
Benzyl chloride

Bromobenzene

1-Bromohexane

2-Bromohexane

Butanal (n-butyraldehyde)
1-Butanol

2-Butanone (methyl ethyl ketone)
Butanoic acid (butyric acid)
3-Buten-2-one

Butyl acetate (See Butyl ethanoate)
t-Butylbenzene
p-tert-Butylphenol
sec-Butyl-p-xylene

Butyl ethanoate (butyl acetate)
n-Butyraldehyde (See Butanal)

(Fig.
No.)

23.7

23.5
8.23b

15.18

8.32a
21.12
21.15
21.10

8.29b

8.22a
8.26a

8.26b,

10.3a
8.24a
8.28
8.31
15.6
8.27
8.13
21.1
22.2
13.26
13.28

21.34

12.13

10.6a

10.8a
8.25b

EEME R C M
(Fig. (Fig
No.) No.
9.24 23.6

20.10a 20.10b
15.19a 15.19b

23.4a 23.4b

21.13

21.16

21.11a 21.11b
19.4a 19.4b
10.3b
19.5a 19.5b

15.7
19.6a 19.6b

21.2

223
13.27a 13.27b
13.29a 13.29b
9.19
9.9 18.2
9.20 9.25
9.21

21.35a 21.35b
12.14a 12.14b
10.6b
10.8b

uv
(Fig.
No)

21.14
21.17
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IR, NMR, AND UV SPECTRA

COMPOUND IR PMR CMR UV
(Fig. (Fig. (Fig. (Fig.
No.) No.) No.) No.)

Butyric acid (See Butanoic acid)

Carvone 7.15ab, 7.16a, 7.16b
27.3a 27.3b
a-Chloroacetyl chloride 23.18 28519
1-Chlorobutane 12.5 12.6a 12.6b
Chlorocyclohexane 12.8 12.9
a-Chloro-2,6-dimethylacetanilide 23.20 23.21
2-Chloro-2-methylbutane 8.18 13.2a 13.2b
1-Chloro-2-methylpropane 9.7
Cinnamaldehyde 20.5 20.6a 20.6b
Citral 10.12a 10.12b 11.3
p-Cresol 8.21
Cumene (See Isopropylbenzene)
Cyclobutanecarboxylic acid 21.28 21.29
Cyclobutane-1, I-dicarboxylic acid 8.7
Cyclohexane 8.15 12.7
Cyclohexane-cis-1,2-dicarboxylic acid 20.3 20.4
cis-1,2-Cyclohexanediol 7.2 7.1
trans-1,2-Cyclohexanediol 7.3 7.4
Cyclohexanol 8.19 9.15 13.21
Cyclohexanone 8.23a 16.6a 16.6b
Cyclohexene 13.22 13.23a 13.23b
4-Cyclohexene-cis-1,2-dicarboxylic acid 20.1 20.2
4-Cyclohexene-cis-1,2-dicarboxylic 15.10 15.11
anhydride
1,3-Cyclopentadiene 15.2 15.3a 15.3b
1,3-Dibromopropane 21.24 21.25a 21.25b
1,x-Dichlorobutanes, mixture 12.4
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1.1 Introduction

The laboratory part of an introductory course in organic chemistry complements the lecture
part of the course. In the laboratory, you will learn firsthand that the compounds and reac-
tions discussed in lecture are more than abstract notations. Many of the theoretical concepts
discussed in lecture can be investigated experimentally at the introductory level. You will be
able to collect and interpret data that will add reality to the theories of organic chemistry.

One important purpose of the organic chemistry laboratory is to introduce students to the
experimental techniques of the practicing organic chemist. You will learn to handle organic
chemicals and to manipulate apparatus, both of which are highly important to the education
of a chemist. The learning of the scientific approach to laboratory is equally important, as is
the learning of good experimental technique. In this section, we outline the approach to
developing good experimental technique.

Never start any experiment until you understand its overall purpose and the reasons for
carrying out each operation. This requires that you study and not just read the complete
experiment before coming into the laboratory. Your performance in laboratory will be better
if you prepare in advance, and you will benefit much more from the experiments, in knowl-
edge as well as in grades! To encourage this advance preparation for the laboratory work, a
set of Pre-lab exercises is provided on perforated pages in a paperback booklet that accom-
panies this text. Your instructor may require you to turn in answered exercises before you
carry out each of the assigned experiments. Even if not required to complete and hand in
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these exercises, you will find that considering them carefully will be valuable preparation for
the experimental work.

Good technique involves neatness in working in the laboratory and in keeping complete
and neat records of the work that you do. Experimental organic chemistry is potentially
dangerous, since many of the chemicals are highly flammable and/or toxic. Careless han-
dling of chemicals and assembly of the apparatus pose potential danger both to you and to
those around you. For this reason, throughout this text, we emphasize the importance of safe
handling of chemicals and the proper assembly of apparatus.

The steps we provide in all of the Experimental Procedures in this text should be followed
closely. There is a good reason why each operation must be carried out exactly as described,
even though the reason may not be immediately obvious. The Experimental Procedures
given in the early chapters of the book are rather specific. Those given in the later chapters
are a little less specific since the experimental techniques should be more familiar to you by
then, and we want to avoid your feeling that you are always following a ‘‘cookbook.”” As
you gain familiarity and confidence in working in the laboratory, you may want to formulate
alternative procedures for carrying out a reaction or purifying a product. For safety reasons,
always check alternative plans with your instructor before carrying out the work. In ad-
vanced organic laboratory courses and in graduate school, you are expected to use your
chemical intuition more freely. For example, the literature of organic chemistry often pro-
vides exceedingly brief experimental directions and requires that the chemist supply many of
the experimental details and techniques to be used.

After performing various reactions and different techniques in the laboratory, you should
appreciate the problems facing the manufacturers of chemicals and drugs. Nearly all organic
reactions occur with less than 100% conversion of the starting compounds into the desired
product. Organic reactions occur with side reactions that reduce the amount of product
obtained. Much of the loss occurs during purification of the desired compound.

Organic experiments tend to be less precise than quantitative inorganic analysis. An
Experimental Procedure in this text may call for diluting a solution with 10 mL of water.
Unless specifically directed otherwise, precisely 10 mL of water does not have to be used,
but only approximately that amount, say 8—12 mL, could be added without adverse effect.

Stars (%) are inserted periodically in many of the Experimental Procedures in this text to
indicate places where the experiment can be interrupted without affecting its final outcome.
This should help you make the best use of the assigned laboratory time. For example, an
experiment may be started toward the end of the laboratory period, carried through to a
starred point (%), and then discontinued until the next period. Chemicals and equipment
should be safely stored until the next period. However, stars (%) have not been placed at
every possible place, because in some cases it is obvious that the experiment can be halted
without any problem.

Laboratory safety and the preparation of the laboratory notebook are exceedingly
important aspects of any experimental laboratory science. Laboratory safety is important to
you, to other students in the laboratory, to your instructor, and even to the facilities in which
you work. The laboratory notebook is the place where records of all your work are kept, and
it is important to develop good habits in record keeping. After leaving college, you may be
working for a chemical company or in a research environment. Your employer or supervisor
will demand safe laboratory work and accurate record keeping. In the next sections of this
chapter, laboratory safety and the laboratory notebook are discussed.
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Concerns about the possible health-related dangers of chemicals have increased in recent
years. Any chemistry laboratory is potentially dangerous because most laboratories contain
flammable liquids, fragile glassware, and poisonous chemicals. Many also are equipped with
high-pressure gas cylinders, and while some of these gases—for example, nitrogen and
helium—are not dangerous themselves, the fact that they are under high pressure poses
potential danger. Proper precautions must always be taken and safe experimental procedures
must be followed; if this is done, the laboratory is no more dangerous than a kitchen or
bathroom. One must always carefully consider what equipment to use and make sure that the
equipment is safe. Common sense must prevail at all times. The beginning student cannot be
expected to possess extensive knowledge of what constitutes safe laboratory practice. This
must be developed and learned in the same way that the theoretical aspects of organic
chemistry must be mastered.

‘Do It Safely”’ sections are included in this text and serve to call attention to special
safety features that are needed for most experiments. These sections should be read carefully
before setting up and performing an experiment. They indicate potential safety problems
about the equipment and/or chemicals to be used and represent some of the thinking that an
experienced organic chemist takes for granted when working in the laboratory. We hope you
read and accept these safety discussions with a positive attitude, for they should help you
develop safe laboratory technique with the ultimate goal of instilling ‘‘common sense”’ in
your work. We present some important general safety considerations in the paragraphs that
follow. Read them carefully, and practice them faithfully until they become ‘‘second na-
ture.”

DO IT SAFELY: GENERAL DISCUSSION

When checking into laboratory for the first time, examine all of the glassware
carefully. Look for small cracks, chips, or other imperfections in the glass that
might weaken it. It is especially important to check round-bottomed flasks and
condensers. Organic experiments often require heating a round-bottomed
flask, and, if it contains any cracks or imperfections, it may crack during heat-
ing, thus causing its contents, usually potentially dangerous and/or flammable
chemicals, to be spilled. Cracks in the joints or at the ring seals of condensers
(a ring seal is the point at which the inner tube of the condenser and the water
jacket are joined) may allow water to drain into the flask below, which may
contain reagents that react violently with water. Replace cracked glassware
immediately. Take time to store glassware carefully in your locker or drawer.
Carelessly stored glassware may become cracked as a result of opening and
closing drawers. Develop the habit of ining gl e before
each use.

2 Nearly all organic substances are flammable. Avoid using flames whenever
possible! Sometimes Bunsen burners or open flames must be used, as for
example in the distillation of very high-boiling liquids. The *'Do It Safely" sec-
tions indicate when open flames must be used and suggest special precau-
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tions for their use. When flames must be used, observe the following precau-

tions:

a Use a burner to heat a flammable liquid only when it is contained in a flask
that is protected by a condenser. Never heat a flammable liquid in
an open container with a burner. Use a steam bath, hot plate, or
similar electrical heating device for heating liquids in open containers. Table
3.1 provides information about the flammability of many commonly used
organic solvents. Do not assume that a solvent is nonflammable just be-
cause it is not listed there. Never use a burner in the laboratory without the
permission of your instructor. Further information about heating methods
and Bunsen burners is provided in Section 2.5.

b Do not pour flammable liquids (either hot or cold) from one container to
another when there are open flames within several feet.

¢ Do not pour any organic solvents into any drains or sinks, as they may be
carried to places further down the bench or into other labs where there are
open flames. :

Most chemicals are at feast mildly toxic. Some are very toxic, corrosive, or
caustic. Handle all chemicals with caution. It is good practice to wear
some form of hand protection, such as rubber or plastic gloves, whenever
handling chemicals. Avoid breathing the vapors of all compounds. While we
have endeavored in experiments presented in this text to eliminate the use of
all chemicals that are known to possess appreciable toxicity, it is best to
assume that all chemicals are toxic.

Never taste anything unless specifically told to do so.

Always wear safety glasses or goggles in the laboratory. Even if
you are only washing glassware and are not doing any work yourself, other
students working nearby may have an accident that involves you!l Do not
wear contact lenses in the laboratory, even if wearing safety glasses or
goggles over them, because chemicals may, in the event of an accident, get
behind them. If this should happen, you are unlikely to be able to get the
contacts off before the chemicals have done damage to your eyes. Students
who wear correction glasses should ascertain that they contain shatter-proof
lenses. Unlike many chemical reactions, eye damage is irreversible. The few
hours of discomfort that wearing safety glasses may impart per week is a
small price to pay compared to impaired vision or blindness for the rest of
your life. The constant wearing of eye protection cannot be overemphasized
to all persons who work in a chemistry laboratory.

Avoid inhaling the vapors of all organic compounds. If possible,
use a fume hood when pouring and handling dangerous substances and for
carrying out reactions that release noxious gases. If this is not feasible, attach
appropriate gas traps to the apparatus, as directed in the Experimental Proce-
dures.

Use appropriate equipment and glassware to handle or to transfer chemicals
from one container to another. Avoid allowing chemicals to come in
contact with skin. If chemicals are spilled on your skin, they can usually be
removed by thoroughly washing with soap and water. This should be done
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promptly following spillage. Avoid using organic solvents such as acetone or
ethanol to remove chemicals from your skin. These solvents may actually
hasten absorption of the chemical into your skin.

8 Become familiar with the layout of the laboratory room. Know the
location of fire extinguishers, fire blankets, safety showers, and eye-wash
fountains. Make sure your instructor explains the location, operation, and
purpose of each of these safety devices. Read the “First Aid in Case of
Accident” section on the inside front cover of this book.

9 Learn the location of the nearest exits from your laboratory to
the outside of the building. In case of fire in the building, use the stairs to
exit; never use the elevator. Remain calm and walk, do not run.

10 Never work in the laboratory alone. Your instructor should advise you
about working in lab at times other than the regular laboratory period, if this is
permitted. Someone else should always be in the room when you are work-
ing. The importance of this is indicated by the fact that most chemical compa-
nies require at least two people in a lab at all times; employees who do not
obey this regulation are subject to dismissal.

(a) Disposal of Chemicals and Glassware

The safe disposal of chemicals is of great importance to the preservation of our environment.
Your laboratory should have waste containers for used chemicals. Plastic containers should
not be used for organic chemicals, since many of them will react with or dissolve plastic.
Liquid and solid waste chemicals are best kept in separate glass containers. The use of these
special containers prevents the buildup of solids and flammable liquids in drain traps and
pipes. Care must be taken not to mix together different organic materials, owing to the
possible chemical reactions that may take place between them. To avoid this problem, all
waste containers should be marked with labels describing the contents. Aqueous solutions
usually can be discarded in the sink along with ample running cold water. Do not mix organic
waste and aqueous waste, since acidic, basic, or other types of material possibly present in
the solutions may initiate chemical reactions in the container.

Solid inorganic waste should be discarded in a manner directed by your instructor. Most
of it should nor be thrown in waste cans as this would allow the housekeeping staff to be
exposed unknowingly to possibly dangerous chemicals.

Many laboratories have a special place to discard broken glassware, again to protect the
housekeeping staff. Consult your instructor to determine if this is the case in your laboratory.
Broken thermometers present a special problem since the mercury they contain is extremely
toxic, even in small quantities. They should never be thrown in a waste can, and any spilled
mercury should be cleaned up immediately. Ask your instructor about cleaning up mercury
spills.

REFERENCES

1. Sax, N. 1. Dangerous Properties of Industrial Materials, Reinhold Publishing Corporation,
New York, 1957.
2. Merck Index of Chemicals and Drugs, 10th ed., Merck and Company, Rahway, N.J., 1983.
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3. Handbook of Laboratory Safety, N. V. Steere, ed., The Chemical Rubber Company, Cleveland,
Ohio.

4. Manual of Hazardous Chemical Reactions, 4th ed., National Fire Protection Association, Bos-
ton, 1971.

5. Suspected Carcinogens, 2d ed., National Institute for Occupational Safety and Health, Be-
thesda, Md., 1976.

6. Safety in the Chemical Laboratory, 4 vols., Journal of Chemical Education, Easton, Pa.

1.3 The Laboratory Notebook

One of the most important characteristics of a successful scientist is the habit of keeping good
records of work that has been done. A scientist, including the organic chemist, must be
observant in all stages of experimental work. Did a precipitate form? Was there a color
change when a reagent was added to a solution? Is a reaction exothermic? These observations
may appear insignificant at the time but later may prove vital to the correct interpretation of
an experimental result. Your future employer will require you to keep accurate records, so
get into the habit of doing so now! For example, many chemical patents have been awarded
on the basis of accurate record keeping, especially if one company can demonstrate that they
had done the work before another one.!
Some important features of a good laboratory notebook are provided here:

Record all observations and data in a notebook at the time they are obtained. Scraps of
paper should never be used for keeping records, since they are often lost or mixed up
so that the experimenter does not know which data belong to which experiment. There
is no reason to record data on odd pieces of paper and transcribe the information into a
notebook later. Neatness is desirable but less important than a complete, accurate
notebook. Recopying experimental data takes time, cannot possibly improve it, and
may even worsen it because of errors made in recopying. The information recorded at
the time of performance constitutes the primary record of the work. Do not trust your
memory or think that you can remember several hours later what you have done.

The criterion for what should be included in the notebook is that the record should be
so thorough and well organized that anyone who reads your notebook will understand
what has been done and can repeat it in precisely the same way the original work was
done.

A bound notebook is the best permanent laboratory record. The binding makes it less
likely that pages will tear out and be lost. Specially designed laboratory notebooks are
available that contain pairs of identically numbered pages so that carbon paper can be
inserted between the pages, thus permitting a copy of the information to be recorded.
The copy can be torn out and stored in another place, thus avoiding the possible loss of
valuable data in the event of a fire or other disaster. Many professional scientists use
this type of notebook.

Record all entries in ink. Nothing should ever be deleted from a notebook. If a mistake
is made, it should be crossed out and the correct information added. There are many
instances known where information which was considered incorrect was later deter-
mined to have been correct. Many significant scientific discoveries and inventions
have resulted from having all observations and data in a notebook!

N

w

S

: 'An interesting article describing the importance of maintaining good laboratory records is *‘Keep-
ing a Laboratory Notebook™ by Anne Eisenberg in Journal of Chemical Education, 1982, 59, 1045.
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Use the first page of the notebook as a title page, and leave several additional pages for
a Table of Contents. The pages should be numbered; most laboratory notebooks have
already been numbered by the manufacturer.

The overriding requirement of a good laboratory notebook is completeness of observa-
tion and recording. The results should be summarized, and conclusions should be
drawn for each experiment. An explanation should be provided if the results are not
those expected.

(=2

~

When performing an experiment using specific directions, it is usually unnecessary to
copy the complete experimental procedure into the notebook. However, every such
experiment should include a specific reference so that another chemist could perform
the experiment later if desired. The professional chemist seldom copies an entire ex-
perimental procedure in a notebook if it is given in detail in the literature; to do so is
a waste of valuable time. However, any variations from the given procedure should be
noted, along with the reasons for doing so. If this is not done, it will be impossible to
reconstruct later on what was done and why it was done.

The laboratory notebook should therefore be a complete log of all laboratory opera-
tions. Dates, times, and other pertinent information should be entered regularly.
Many patent cases have been won on the basis of the dates and times entered in a
laboratory notebook.

-

Your instructor will probably provide specific directions for the preparation and use of
your laboratory notebook.

(a) Types of Organic Experiments

There are two broad classes of organic chemistry experiments contained in this text: investi-
gative experiments and preparative experiments. Investigative experiments usually in-
volve making observations and learning essential experimental techniques that are common
to most organic chemistry laboratory work. Examples include distillation, recrystallization,
extraction, purification, spectroscopy, and qualitative organic analysis. On the other hand,
preparative experiments involve the conversion of one compound into another.

These types of experiments usually require a slightly different notebook format, which
we discuss in the next several sections. These are only suggestions, and your instructor may
provide specific instructions regarding notebook format.

Successful laboratory work requires preparing for the experiment in advance. To lean
anything from an experiment, you must understand what you are doing while you do it. Read
the theory and experimental procedure before coming to lab. Failure to do so may mean that
you will not complete the work in the allotted amount of time and, more important, that you
will probably not appreciate the meaning of the experiment. Your instructor may require a
certain amount of advance preparation, including Pre-lab exercises, and completion of cer-
tain parts of the laboratory notebook before you start work.

(1) INVESTIGATIVE-TYPE EXPERIMENTS AND THE LABORATORY
NOTEBOOK

A possible format for investigative-type experiments is discussed here. Each experiment
should start on a fresh page, which should contain a title and reference at the top. Dates
should be entered throughout the notebook. Important information to be included in the
notebook follows:
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1 Introduction. Give a brief introduction to the experiment, and state clearly the pur-
pose(s) of it. This should take up no more than half of the page.

2 Experiments and Results. Provide a brief one- or two-line statement for each part of an

experiment. Leave sufficient room to enter results as they are obtained. In general, do
not recopy the entire experimental procedure from the text, but provide a line to
identify each part of the experiment. This section is best completed before coming to
lab to ensure that you have fully in mind what you have to do. This advance prepara-
tion will help ensure that you do all parts of the experiment and also will help you to
gain more understanding from your work.

3 Conclusions. Upon completion of the experiment, state briefly the conclusions

reached, which are based upon the results obtained. If identifying an unknown, sum-
marize the results of your findings here.

4 Answers to Exercises. If your instructor has assigned some of the exercises from the

text and desires them to be part of your laboratory report or notebook, a logical place to
answer them is at the end of the experiment. Many of the exercises in this text bear
directly on the experiments and thus merit serious and thoughtful consideration.

(2) PREPARATIVE-TYPE EXPERIMENTS AND THE LABORATORY

NOTEBOOK

Preparative-type experiments can be identified easily since they involve converting a
compound into a new one using a sequence of one or more reactions. A suggested general

notel

book format for preparative experiments is provided; however, your instructor may

provide other specific instructions for notebook format. Start each new experiment on a fresh

notel

book page and include the title and reference for the experiment, along with the dates of

performance. Some of the information that may be required in your laboratory notebook is

liste

d below.

1. Introduction. Prepare a brief statement describing the experiment.
2. Main Reaction(s) and Mechanism(s). Write equations for the main reaction(s) for the

C

onversion of the starting compound(s) to the product(s). The equations must be balanced

in order to calculate the theoretical yield of product to be expected. The calculation of
theoretical yield is discussed in part 4 below. When possible, provide the mechanisms of
the reactions that are being performed.

3. Table of Reactants and Products. A convenient method for summarizing the amount of
reactants to be used and of product to be formed involves setting up a Table of Reactants

a

nd Products. This table should contain only the reactants used initially; many other

reagents may be used in the purification process, but they should not be included in the
table. This type of table might contain the following entries:

a.
b
c.
d
e.

f.

The name and/or structure of each starting material and the product(s).

. The molecular weight of each compound.

The weight in grams of each starting material used.

. The moles of each starting material used, which can be calculated from (2) and (3)
above. A brief review of the method of calculating moles is given in Section 1.3c.
The theoretical mole ratio, expressed in whole numbers, for the reactants and prod-
ucts. This ratio comes from the balanced equation for the reaction.

Physical properties of the reactants and products. This entry contains information such
as boiling point, melting point, density, and color.

. Yield Data. The maximum expected amount of product, called the theoretical yield, can

be calculated from the Table of Reactants and Products. From the number of moles of
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each reactant used and the mole ratio of reactants in the balanced equation, the reactant
that is the limiting reagent can be determined. The reaction stops when the limiting
reagent is consumed; that is, one reagent will limit the maximum amount of product
formed, no matter how much of the other reactants remains. The theoretical yield of
product, in moles, can be calculated from the number of moles of product formed, as
determined from the number of moles of limiting reagent and the balanced cquation. The
theoretical yield of product in grams can be calculated by multiplying the theoretical yield
of product (in moles) by the molecular weight of the product.

Another method of expressing the efficiency of a reaction is percent yield. After
completing the reaction and obtaining the product in pure form, the actual yield of
product, in grams, is determined. The percent yield can be calculated from the theoretical
yield and the actual yield, using equation 1.

actual yield (g)

(1) () o)
theoretical yield (g)

Percent yield =

Unless the starting materials and product have been weighed on an analytical balance,
percent yields are rounded off to whole numbers since the data do not warrant any greater
accuracy. One advantage of expressing the yield as a percent is that it does not specify the
weights involved. It gives an indication of how “‘efficient’’ the reaction is. Percent yields
greater than 80% are considered excellent for organic reactions.

In this text, we often give the expected yield in preparative experiments. This value is
never used in any calculations but is provided to give an indication of the percent yield
you might anticipate for the preparation. Yields greater than this indicate above-average
technique, and lower yields suggest that the technique needs improvement.

. Observed Properties of the Product. Enter the physical properties of the product that you
obtained from the experiment, for example, melting point or boiling point, color, odor,
crystalline form, and related data. The reported melting point or boiling point of the
product, which can be looked up in various reference books such as the Handbook of
Chemistry and Physics, should be recorded. Compare the reported melting point or boil-
ing point with the one you obtained.

. Side Reactions.? List all the possible side reactions that may occur in the reaction. Con-
sult additional sources, such as lecture notes or lecture textbook, to determine these. It is
important to deduce what side reactions might occur, since the side products must be
removed in the purification process.

. Other Methods of Preparation.” Alternate methods for preparing a desired compound are
often available and may be better in some way than the method being used. Although we
have selected experiments that we consider to be most appropriate for an undergraduate
laboratory course, it is important when working as a professional chemist to consider
alternatives. Thus, it is good practice to look up and consider other methods of prepara-
tion,

. Method of Purification.> A very important phase of preparative organic chemistry is the
purification of the product. The most difficult aspect of preparing a compound is fre-
quently the isolation of the product in pure form, free from side products and unchanged
starting materials. Only after considering the properties of the possible side products and
the starting materials can a purification scheme be devised to permit the removal of these
impurities. A flow diagram is useful to show the various steps taken in the purification
process to remove unchanged starting materials and side products.

2The inclusion of these parts in your lab notebook is optional, although we indicate advantages of

doing so. Your instructor will indicate whether or not you should include them.
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9. Answers to Exercises.> Your instructor may assign some of the exercises from this text,
the answers to which should appear here.

A detailed example of a preparative write-up is given in Figure 1.1 for the chlorination of
cyclohexane (Section 12.1A). Even though you may not do this experiment, follow this
example through to understand how the nine items described above are applied. Various
entries in Figure 1.1 are labeled with bold numbers, for example, @ and are discussed
further here.

O)
®
®

G @ R ©®

Begin on a new notebook page. Include the title of the experiment, the reference to
the lab text where the experiment is found, and the date.

This is a brief description of the preparation.

List the main reaction(s). In this example, there is only one reaction, but many
preparations involve more than one step, and equations for all main reactions should
be given. Be sure to balance the equation(s), as the information so provided will be
used in the Table of Reactants and Products. The mechanism for this reaction has
been intentionally omitted.

This illustrates a useful format for setting up the Table of Reactants and Products.

Give the name of each reactant and of the product; the structures could also be given
here if desired.

Calculate the molecular weight, M.W., of each reactant and product.

Enter the weight, in grams, of each starting reactant.

Calculate the moles of each reactant using the data entered in @ and @
Enter the theoretical, whole-number ratio of moles for the reactants and products.
These numbers come from the balanced equation for the main reaction.

This entry contains pertinent physical properties of reactants and products. This
information must be obtained from a reference book.

The limiting reagent can be determined as follows. From . we see that we started
with 0.2 mole of sulfuryl chloride and 0.4 mole of cyclohexane. From the theoreti-
cal, whole-number ratio of moles in @ (recall that this ratio comes from the bal-
anced equation for the main reaction), we see that one mole of sulfuryl chloride
requires one mole of cyclohexane. From the actual amounts used, we can deduce
that 0.2 mole of sulfuryl chloride would require 0.2 mole of cyclohexane, but we
started with 0.4 mole of cyclohexane. Since we started with nwice as much cyclo-
hexane as we actually needed, sulfuryl chloride is the limiting reagent. We can reach
the same conclusion from another direction. Suppose we started by asking how
much sulfuryl chloride is required for 0.4 mole of cyclohexane, and the main reac-
tion tells us that these are required in a 1:1 ratio. We would need 0.4 mole of sulfuryl
chloride, but we started with only 0.2 mole of it, so we conclude again that sulfuryl
chloride is the limiting reagent.

Here we determine the theoretical yield of chlorocyclohexane, first in moles and
then in grams. Since the limiting reagent is sulfuryl chloride and the balanced main
reaction tells us that one mole of sulfuryl chloride gives one mole of chloro-
cyclohexane, we deduce that the maximum possible amount of chlorocyclo-
hexane that can be produced is 0.2 mole, since we started with 0.2 mole of sulfuryl
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Figure 1.1 Sample notebook format for preparative experiments. Your Name

0
©

® 6

® ®

o

=

5.

Date
CHLORINATION OF CYCLOHEXANE

Reference: Modern Experimental Organic Chemistry, 4th edition, by Roberts, Gilbert, Rodewald
and Wingrove. Section 12.1A page 324.

. INTRODUCTION

Chlorocyclohexane is to prepared from cyclohexane and sulfuryl chloride in the presence of an ini-
tiator.

. MAIN REACTION(S) AND MECHANISM(S)

<:> + SO,Cl, — <:>-C1 + HCl + SO,

(Mechanism intentionally omitted)

. TABLE OF REACTANTS AND PRODUCTS

® 66 0o 6 6o O

Weight Moles Ratio of
Compound M.W. Used (g) Used Moles: Theory Other Data
Cyclohexane 84 336 0.4 1 density = 0.779:
bp 81°C
Sulfuryl chloride 135 27.0 0.2 1 density = 1.667;
bp 69°C
Chlorocyclohexane 118.5 1 density = 1.016;
colorless;
bp 142.5°C
Azobisisobutyronitrile 0.1 (initiator)

Limiting reagent: Sulfurvl chloride

. YIELD DATA

See discussion in text. Moles sulfuryl chloride = moles chlorocyclohexane = 0.2.
Theoretical yield of chlorocyclohexane = moles CgH;Cl X M.W. CH,Cl
= 0.2 moles % 118.5 g/mole

=237¢
Actual yield = 15.0 g
Percent yield = 22 & » 100 = 63%

B

OBSERVED PROPERTIES OF PRODUCT
bp 138-140°C; colorless liquid: insoluble in water

. SIDE REACTIONS

Cl + SO-Cl, — mixture of dichlorinated and polychlorinated
cyclohexyl compounds + SO, + HCI

5

. OTHER METHODS OF PREPARATION

$

+ HCl <, <:>—c1
OH + HCl — QCI + H0
OH + SOCI, — <:>—c1 + 50, + HCl

LY

n
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8. METHOD OF PURIFICATION

Compounds in
Reaction Mixture Aqueous layer
HCI, H,SO; (from SO, +

/ / \ .
<\—/> \ /_C] (1) Pour into H-0), H,80, (from SO,Cl,

water / + H,0)

dichloro and polychloro (2) Separate
cyclohexyl compounds, e

HClI, SO,, SO,Cl, Organic layer

O O

dichloro and polychloro
cyclohexyl compounds,
traces of H,O, H,S0;,
H,S0,. HC1

(1) Wash with aqueous
Na,CO3
(2) Separate layers

Organic Laver Aqueous Layer

a NaCl, Na,SO;,
Na,SO4, Na,COs

Wash with water
and separate
layers

dichloro and polychloro
cyclohexyl compounds,
traces of H,O and Na,CO,

Aqueous Organic Layer

Layer
Na;CO3 ¢ ) “QCI

dichloro and polychloro
cyclohexyl compounds,
trace of water

(1) Dry over anhydrous
CaCl
(2) Filter

Solid Liguid

CaCly xH,0
Cl

dichloro and polychloro
cyclohexyl compounds

Distil (fractionate)

Fraction 1, bp ambient—85°C, cyclohexane + small amount of chlorocyclohexane
Fraction 2, bp 85—145°C, chlorocyclohexane + possibly small amount of cyclohexane
Residue, bp > 145°C, dichloro and polychloro cyclohexyl products

@ 9. ANSWERS TO EXERCISES (if any assigned)
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chloride. The theoretical yield of chlorocyclohexane (in grams) is calculated by
multiplying the maximum number of moles that can be formed, 0.2 mole, by its
molecular weight.

If we obtained 15.0 g of pure chlorocyclohexane in an actual experiment, the
percent yield is calculated by dividing the actual yield by the theoretical yield, both
expressed in grams, and multiplying the result by 100. The percent yield could also
be calculated by dividing the actual yield, in moles, by the theoretical yield, in
moles, and multiplying the result by 100. This involves one additional calculation
since the weight of chlorocyclohexane obtained must first be converted into moles.

@ These are the properties actually observed when doing the experiment. The reported
boiling point of chlorocyclohexane could also be entered here for comparison pur-
poses.

Several of the possible side products are given here.

@ Other possible methods for preparing chlorocyclohexane are looked up in a textbook
and written here.

This entry starts with the possible components of the reaction mixture that might be
present after the main reaction has been carried out. The flow diagram iliustrates
where and how each of the inorganic and organic side products and the unchanged
starting materials are removed by the various experimental steps of the purification
process. At the end of the flow chart, chlorocyclohexane remains as a pure product.

@ Answer any Exercises that may have been assigned from the lab text.

(b) Examples of Table of Reactants and Products; Theoretical and Percent
Yields

Several examples showing how to set up a Table of Reactants and Products and how to
calculate the theoretical and percent yields are given here.

Example 1
Problem Suppose we start with 25.0 g of CH;CH,CH,OH and 10.0 g of HBr, which react
according to the equation

CH3;CH,CH,OH + HBr — CH;CH,CH,Br + H,O

1-Propanol 1-Bromopropane

From this reaction, we obtain 11.0 g of CH;CH,CH,Br. Set up the table and calculate the
theoretical and percent yields.

Solution Start by noting that the equation given above is already balanced and that each
compound has the molar coefficient of *1.”” From this information, the Table of Reactants
and Products given in Table 1.1 can be constructed.

13
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TABLE 1.1 Table of Reacta;ltisrand ;rodut;s for the Reaction
CH3;CH,CH,0OH + HBr — CH3;CH,CH.Br + H,O

Weight Moles Ratio ;:f Nﬂales:
Compound MW Used (g Used Theory
CH3CH2CH20H 60 25.0 0.42 1
HBr 80 10.0 0.10 1
CH3;CH,CH,Br 123 i * 1

*Intentionally left blank, as this is the product. Theoretlcal yield of product is determmed by the procedure
given in the discussion.

Now determine the limiting reagent. We started with 0. 12 mole of HBr and 0.42 mole of
CH;CH,CH,0H. The 0.12 mole of HBr would require 0.12 mole of CH;CH,CH,OH, but
we started with 0.42 mole of it. Therefore, HBr is the limiting reagent.

To determine the theoretical yield of CH;CH>CH,Br, start by noting that the balanced
equation indicates that 1 mole of HBr produces 1 mole of CH;CH,CH,Br. We started with
just 0.12 mole of HBr, so we expect the maximum number of moles of CH;CH,CH,Br to be
0.12. To calculate the theoretical yield of CH;CH,CH,Br in grams, multiply 0.12 by the
molecular weight of CH;CH,CH,Br: 0.12 mole X 123 g/mole = 14.7 g. To determine the
percent yield of CH;CH,CH,Br, divide the actual yield (11 g) by the theoretical yield and
multiply by 100, to give

. 11.0 g
Percent yield = X 100 = 75%
147 ¢

Example 2

Problem In the following reaction, sulfuric acid serves only as a catalyst, so although it
must be present for the reaction to occur it is not consumed. This example shows how a
catalyst is treated in yield calculations.

H,S0q,
Oronte (O vve

1 2
Cyclohexanol Cyclohexene

Suppose we start with 10.0 g of cyclohexanol (1, molecular formula C¢H,,0) and 10.0 g
of sulfuric acid and that we isolate 5.0 g of cyclohexene (2, molecular formula CH ). Set
up the Table of Reactants and Products and compute the theoretical and percent yields.

Solution The equation is already balanced, with each reactant and product having a molar
coefficient of ““1.”” We can now set up the Table of Reactants and Products given in Table
o2,
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TABLE 1.2 Table of Reactants and Products for the Reacti

Oronse Cyens

1 2
" ] Weight  Moles Ratio of Moles:
Compound M.W. ~ Used (@ Used ~ Theory
CgHi20 (1) 102 10.0 0.098 1
CgHio (2) 82 * * 1

*Intentionally left blank, as this is the product. Theoretical yield of product is determined by the procedure
given in the discussion.

To determine the limiting reagent, recall that sulfuric acid is a catalyst (it is not consumed
in the reaction), so it does not enter into calculation of the limiting reagent. Hence, the
limiting reagent is 1. From the balanced equation, note that 1 mole of 1 gives 1 mole of 2.
Since we started with 0.098 mole of 1, the theoretical yield of 2 is 0.098 mole.

Calculate the theoretical yield in grams by multiplying the number of moles of 2 by its
molecular weight: 0.098 mole X 82 g/mole = 8.0 g. The percent yield is calculated by di-
viding the actual yield (5.0 g) by the theoretical yield (8.0 g) and multiplying the result by
100:

50¢g
P t yield =
ercent yie. 3.0

X 100 = 63%

Example 3

Problem Suppose we start with 20.0 g of CH;CH,CH,OH and 20.0 g of PBrs, which react
according to the unbalanced equation

CH;CH,CH-OH + PBr; — CH;CH,CH,Br + P(OH);

1-Propanol 1-Bromopropane

We obtain 5.0 g of pure CH3;CH,CH,Br from this experiment. Set up the Table of Reactants
and Products and determine the theoretical and percent yields.

Solution Start by balancing the equation to give
3 CH;CH,CH,0H + 1 PBr; — 3 CH;CH,CH,Br + 1 P(OH);

We now construct the Table of Reactants and Products given in Table 1.3. This table
indicates that we started with 0.074 mole of PBr3 and 0.33 mole of CH;CH,CH,OH, and the
balanced equation reveals that they react in the ratio of 1 mole PBr; to 3 moles
CH;CH,CH,0H. Thus, 0.074 mole of PBr; would require three times as many moles of
CH;CH,CH,OH or 3 X 0.074 mole or 0.222 mole. Since we actually started with 0.33 mole
of CH3CH,CH,OH, we have more of it than needed, and PBr; is the limiting reagent.

15
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TABLE 1.3 Tal.;le of Reactants and Produigsrifor the Reaction
~ 3 CH3CH2CH,0H + PBr; — 3 CH3;CH,CH;Br + P(OH);

Weight Moles Ratio of Mole;
Compound MW, Used(@ Used Theory
CH3CH,CH,OH 60 20.0 0.33 3
PBrs 271 200 0.074 1
CH3CH,CH,Br 123 * * 3

*Intentionally left blank, as this is the product. Theoretical yield of product is determined by the procedure
given in the discussion.

Now calculate the theoretical yield of CH;CH,CH,Br in moles and grams. From the
equation, we see that 1 mole of PBr; yields 3 moles of CH;CH,CH,Br, but we started with
0.074 mole of PBr3 and not | mole. Thus, the theoretical yield of CH;CH,CH,Br is 3 X
0.074 mole, or 0.222 mole. The theoretical yield of CH;CH,CH,Br in grams is determined
by multiplying the theoretical yield in moles by its molecular weight: 0.222 mole X
123 g/mole = 27.3 g. To determine the percent yield, divide the actual yield (5.0 g) by the
theoretical yield (27.3 g) and multiply the result by 100 to get

Percent yield = —0&_ % 100 = 18%
’ 273 ¢g

(c) Review of Chemical Calculations: Moles

The calculation of yield data makes extensive use of the mole concept, which is reviewed
briefly here for solids, liquids, and aqueous solutions.

1. Moles from Weights Given a weight of a pure solid or liquid, the number of moles can
be determined by the formula

Moles = —S4ms
molecular weight

Given any two of the three—moles, grams, or molecular weight—the other quantity can be
calculated. This type of calculation was used earlier to prepare a Table of Reactants and
Products.

2. Moles from Vol Pure Liquids Given a volume of a pure liquid and its density,
both the weight of the liquid and the number of moles it represents can be calculated. Density
is defined as mass per unit volume and is commonly reported in handbooks as g/mL. Given a
volume of solution in mL and its density in g/mL, the weight can be computed by multiply-
ing the density by the volume. Volume must be expressed in mL. For example, the weight of
25 mL of a liquid whose density is 1.2 g/mL is 25 mL X 1.2 g/mL, or 30 g. The number of
moles can be computed as in part 1 above once the weight is known.
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3. Moles from Volume and Molarity: Aqueous Solutions The molarity, M, of a
solution is defined as the number of moles of solute per liter of solution. If the molarity and
the volume are known, the number of moles in the sample can be computed by multiplying
the molarity by the volume, expressed in liters, L. For example, the number of moles of HCI
in 50 mL of a 0.5 M solution of HCl is 0.5 mole/liter X 0.05 L, or 0.025 mole. The weight
of HCI can be determined from the number of moles, as described above in 1.

4. Moles from Weight and Weight Percent: Aqueous Solutions Given the weight
of a solution and the percentage by weight of a certain compound in that solution, the number
of moles can be calculated. This is illustrated by the following example.

Given 30 g of a sulfuric acid solution that contains 80% by weight of H,SOy, calculate
the weight and moles of sulfuric acid present in the solution. Of the 30 g of solution, 80% of
it (by weight) is sulfuric acid, so it contains 30 g X 0.80, or 24 g of sulfuric acid. The
number of moles of H,SO, present is 24 g divided by 98 g/mole (its molecular weight), or
0.245 mole.

(d) Writing Laboratory Reports

The following comments provide a general approach for correctly writing any type of formal
laboratory report.

I. Reports should be written in ink or typed, using one side of the paper only.

2. References to “‘standard’’ procedures should be included as footnotes, either placed on
the page where the footnote number appears or collected together at the end of the report
as ‘‘References.”

3. Reports should be written in the impersonal form; the words “‘I’> and ‘*we’’ should NOT
appear in a formal scientific report. The following examples show a few incorrect phrases
commonly found in laboratory reports and some suggestions for rewriting them to avoid
the use of the personal form.

a. INCORRECT: [ added 12 g of water to . . .
CORRECT: Twelve grams of water were added to . . .
b. INCORRECT: I shook the separatory funnel . . .
CORRECT: The separatory funnel was shaken . . .
¢. INCORRECT: [ boiled the mixture . . .
CORRECT: The mixture was boiled . . .
d. INCORRECT: You told me that . . .
CORRECT: The instructor indicated that . . .
€. INCORRECT: We set up a distillation . . .
CORRECT: A distillation was set up . . .
f. INCORRECT: I determined that . . .
CORRECT: It was determined that . . .

In general, avoid using personal pronouns, and rewrite the sentences so that the meaning
is retained. With a little thought and practice, the student will soon become familiar with the
proper form used in writing reports. Examination of scientific literature reveals that this
writing style is used exclusively in articles and papers.
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This chapter presents and discusses briefly some of the many techniques commonly used in
the organic chemistry laboratory, and the apparatus associated with these techniques is
shown and described. The theory of some of the techniques is discussed in later chapters.

In many of the experiments presented in this text, reference is made to the appropriate
technique and/or apparatus as described in this chapter. Thus, you will have cause to refer to
this chapter often as you perform the assigned experiments.

2.1 Glassware: Precautions and Cleaning

Many experiments involve the use of glassware, and the following safety precautions regard-
ing the proper and safe use of glassware should be read carefully.

The cardinal rule in handling and using laboratory glassware is never apply undue pres-
sure or strain to any piece of glassware. This rule applies to insertion of thermometers or
glass tubes into rubber or cork stoppers or rubber tubing. If you have to force it, don’t do
it! Either make the hole larger or use a smaller piece of glass. Another convenient method of
inserting glass into corks or tubing is to lubricate the glass with a little water or water
containing soap or glycerol. Always grasp the glass piece very close to the rubber or cork
part when trying to insert glass into it. It is wise to wrap a towel around the glass and cork
before trying to insert one into the other. This usually prevents a serious cut in the event the
glass happens to break.
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These admonitions become less necessary if ground-jointed glassware, called standard-
taper glassware, is used in your laboratory course. Other considerations then come into play,
for you must avoid applying undue pressure or strain to this type of glassware as well. Be
careful to ensure that strain does not develop because of carelessly positioned glassware
components. Strained glassware may break when heated or even upon standing.

It is best to clean glassware immediately after use. It is good practice to wipe off the
lubricant from ground-glass joints with a towel or tissue moistened with a solvent such as
acetone or hexane before washing the equipment. If this is not done, the lubricant will stick
to the brush used to wash the glassware and thus will be carried onto all surfaces the brush
touches. Most chemical residues can be removed by washing the glassware with soap and
water, and special laboratory soap or detergent is available in most laboratories for cleaning
equipment. Common organic solvents, such as petroleum ether, pentane, toluene, and ace-
tone, can also be used to clean glassware. However, acetone should not be used to clean
equipment that contains residual amounts of bromine, since a powerful lachrymator,
bromoacetone, may form. A lachrymator is a chemical that adversely affects the eyes and
causes crying. It also can affect one’s lungs. The villains in industrial or photochemical smog
include chemicals that are lachrymators.

Stubborn residues may require the application of more powerful cleaning solutions.
Chromic acid (made from concentrated sulfuric acid and chromic anhydride or potassium
dichromate) is sometimes effective, but it must be used with great care. When using chromic
acid, wear rubber gloves and pour it carefully into the equipment. When through, pour the
chromic acid solution into a specially designated bottle and rot into the sink. Another power-
ful cleaning solution can be made by putting some ethanol into the equipment, adding a few
pellets of solid potassium hydroxide, and warming the solution gently while swirling the
solution around inside the glassware. Before using any cleaning solutions other than soap
and water, consult your instructor for permission and directions concerning their safe han-
dling.

Some organic reactions result in the formation of a layer of carbon in the glassware, and
this can be removed by carefully scraping the glassware with a bent spatula in the presence of
soap and water. If this fails to remove the carbon, try acetone. If acetone fails to do the job,
ethanol containing potassium hydroxide (see preceding paragraph) can be used.

If you have used manganese-containing compounds in a reaction, brown stains of manga-
nese dioxide are sometimes left in the glassware. These can generally be removed by rinsing
the apparatus with a 30% (4 M) aqueous solution of sodium bisulfite, NaHSOs. If this fails to
work, wash the equipment with water and then add a small amount of 6 M HCI. This must be
done in a good fume hood since chlorine gas is evolved; try this only after obtaining permis-
sion from your instructor.

2.2 Standard-taper Glassware

Standard-taper glassware has the advantages of convenience and safety, and possible con-
tamination of the reaction being performed is also avoided. Before the advent of standard-
taper glassware, chemists had to bore corks or rubber stoppers to fit each type of equipment
being connected. This was time-consuming, and many chemicals reacted with the cork.
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Female ground- }“Thin even coating Male ground-
glass joint of lubricant glass joint

(@) (b)

Figure 2.1 Standard-taper joints: (@) female, (b) male.

Moreover, corks had to be bored for each different reaction to avoid cross-contamination,
since corks tend to absorb reagents.

There are many manufacturers of standard-taper glassware, but regardless of the manu-
facturer, a given standard-taper joint size will fit another of the same size. Hence, the
meaning of ‘‘standard’ in the name of the glassware becomes evident. The term ‘‘taper’
implies the joints are tapered, which they are. A standard-taper joint is depicted in Figure
2.1. Standard-taper joints come in a number of sizes. They are designated by the symbol §
followed by two sets of numbers, separated by a slash (for example, 14/20, 19/22, 24/40).
The first number is the diameter of the joint in mm at its widest point, and the second number
is the length of the joint in mm. A standard-taper joint designated as § 19/22 therefore has a
widest diameter of 19 mm and a length of 22 mm. This is also shown in Figure 2.1.

When using ground-jointed glassware, the joints must be properly lubricated so that they
do not freeze together and become difficult, if not impossible, to separate. Lubrication is
accomplished by spreading a thin layer of joint grease (lubricant) around the outside of the
male joint, mating the two joints, and then rotating them together to cover the surfaces of the
joints with a thin coating of the lubricant. Using the proper amount of lubricant is important.
If too much is used, the reaction contents in the apparatus may become contaminated, and if
too little is used, the joints will freeze and cannot be separated. Care must be exercised in
setting up equipment using standard-taper glassware to ensure that no strain is put on the
joints. The cleaning of standard-taper glassware is discussed in Section 2.1.

Apparatus that contains standard-taper glassware is illustrated throughout this text. How-
ever, if this type of glassware is not available, non-standard-taper glassware fitted with bored
corks may be substituted.

2.3 Melting-Point Methods and Apparatus

The theory and use of melting points is discussed in Section 3.2. Many different methods can
be used to determine the melting point of a solid organic compound. One major limitation of
this technique is availability of sample, and therefore the micro melting-point method,
which uses a very small amount of sample, is discussed. These methods are not too exact but
are convenient and easy to use. The basic concept of determining a melting point involves
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heating a solid and determining the temperature at which it melts. Many different types of
heating devices can be used, but most equipment utilizes a capillary tube for the sample. The
preparation of the capillary tube and several different types of melting-point apparatus are
discussed here.

(a) Capillary Tubes and Sample Preparation

Commercially available capillary tubes have one end already sealed and are open at the other
end to permit introduction of the sample. The sample is put into the tube as follows. (See also
Figure 2.2.) Place a small amount of the solid whose melting point you wish to determine on
a clean watch glass and tap the open end of the capillary tube into the solid on the glass so
that a small amount is forced about 2—3 mm into the tube. To get the solid to the closed end
of the tube, take a piece of 6—8 mm glass tubing about 1 m (3 ft) long, place this tube
vertically on a hard surface (bench top or floor), and drop the capillary tube (sealed end
down) through the large tube several times. Surprising as it might seem, the capillary tube
does not break, and the solid ends up packed at the sealed end of the capillary tube!

\
\@ling point e

capillary
tube

/ =

(a) (b)

Figure 2.2 (a) Filling a capillary melting point tube. (b) Packing sample at bottom of capillary tube.
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(b) Melting-Point Determination

The determination of the melting point involves taking the capillary tube containing the
sample and heating it in an appropriate apparatus until the solid melts. Best results are
obtained by heating the sample at the rate of about two degrees per minute. Many organic
compounds undergo a change in crystalline structure just before melting, usually as a conse-
quence of the release of solvent of crystallization. The solid takes on a softer, perhaps
wet,”” appearance, which may also be accompanied by a shrinkage of the sample in the
capillary tube. These changes in the sample should nor be interpreted as the beginning of the
melting process. Wait for the first tiny drop of liquid to appear. Melting invariably occurs
over a temperature range, and the melting-point range is defined as the temperature at
which the first tiny drop of liquid appears up to and including the temperature at which the
solid has melted completely.

e

(c) Thiele Tube Apparatus

A simple type of melting-point apparatus is the Thiele tube, which is shown in Figure 2.3.
This tube is shaped so that heat applied to a liquid in the sidearm by a burner is distributed to
all parts of the vessel by convection currents in the heating liquid so that stirring is not
required. Temperature control is accomplished by adjusting the flame produced by the
burner; this may seem difficult at first but can be mastered with practice.

Proper use of the Thiele tube is required to obtain reliable melting points. Secure the
capillary tube to the thermometer at the position indicated in Figure 2.3; use either a rubber

Thermometer —|
Cork notched
to permit .
escape of air Slice of | 1
rubber —E=5
tubing
Rubber band or
slice of rubber
Level of heating_ tubing Melting
fluid at 200°C point —|
Level of heating Heating fluid capillary
fluid of room
lemperature ’Ih
Melting point___— ‘
capillary
lube 1
@/Mlcrobumer Sl
)
() (b)

Figure 2.3 (a) Thiele melting-point apparatus. (b) Arrangement of sample and thermometer for
determination of melting point.
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Figure 2.4 Thomas-Hoover melting-point apparatus. (Courtesy of
Arthur H. Thomas Company.)

band or a small segment of rubber tubing for this purpose. Be sure that the band used to hold
the capillary tube on the thermometer is as close to the top of the tube as possible. Support
the thermometer, with the capillary tube containing the sample already attached, in the
apparatus with a cork, as shown in Figure 2.3, or by carefully clamping the thermometer so
that it is immersed in the oil. The thermometer and capillary tube must nor contact the glass
of the Thiele tube in any way. Make sure that the height of the heating fluid is approximately
at the level indicated in Figure 2.3. The oil will expand on heating. For this reason, the
rubber band should be in the position indicated. Otherwise, the hot oil will come in contact
with the rubber and melt it, and the sample tube will fall into the oil.

Heat the Thiele tube at the rate of one to two degrees per minute in order to determine the
melting point. The maximum temperature to which the apparatus can be heated is dictated by
the nature of the heating fluid, a topic that is discussed in Section 2.5d.

(d) Electric Melting-Point Apparatus

One type of electric melting-point apparatus is the Thomas-Hoover melting-point unit,
shown in Figure 2.4. This unit makes use of an electrically stirred and heated oil bath. Inside

23



24

Chapter 2 Techniques and Apparatus

the casing is a container of either mineral oil or (better) silicone oil, into which is immersed
an electrical resistance heater. By varying the voltage across the heating element using the
large knob in the front of the apparatus, the oil may be heated at a controlled, slow rate. A
motor inside drives a stirrer in the container, and the rate of stirring is controlled by a knob at
the bottom of the unit. Some models are equipped with a movable magnifying lens system
that allows the user to view the thermometer better while viewing the sample in the capillary
tube. The capillary tube containing the sample is placed in the location indicated on the
figure. This particular unit allows for the determination of the melting points of up to five
samples at one heating.

Another electric unit, the Mel-Temp apparatus shown in Figure 2.5, utilizes a heated
metal block rather than a liquid for transferring the heat to the capillary tube. A thermometer
is inserted into a hole bored into the block, and the thermometer gives the temperature of the
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Meliing point
capillary tube

Figure 2.5 Mel-Temp melting-point apparatus. (Courtesy of Labora-
tory Devices.)
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block and the capillary tube. Heating is accomplished by controlling the voltage applied to
the heating element contained within the block.

Further description and discussion of these and other types of melting-point devices are
available.'

2.4 Boiling-Point Apparatus

Just as micro melting-point techniques are used to determine the melting points of small
quantities of solids, techniques have also been developed for determining the boiling points
of small amounts of liquids. A simple micro boiling-point apparatus may be constructed in
the following manner. First, prepare a capillary ebullition tube by taking a standard melting-
point capillary tube, which is already sealed at one end, and make a seal in it about 1 cm
from the open end, using a hot flame (Figure 2.6a). This is most easily done using a glass-
blowing torch, and such tubes may be prepared for your use by your instructor. Alterna-

Thermometer —————++

Slice of |_|

rubber tubing ==

S

Sample tube ——
Heat Capill
pillary
hicte tube
D e
6 _\Cul
Sample r
@) (b) {©)

Figure 2.6 Micro boiling-point apparatus: (a) using a single capillary tube; (b) joining two capillary tubes and
cutting one end off; (c) assembly of micro boiling-point apparatus, showing correct placement of ebullition
tube, sample tube, and thermometer.

ISkau, E. L.; Arthur, J. C., Jr., in Technique of Chemistry, A. Weissberger and B. W. Rossiter,
editors, Wiley-Interscience, New York, 1971, Vol. 1, Part 5, Chapter 3, pp. 105ff.
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tively, two melting-point capillary tubes can be joined by heating the closed ends in a hot
flame. Then make a clean cut about 1 cm below the point where the tubes have been joined
(Figure 2.6b).

Second, seal a piece of 4—6 mm glass tubing at one end and cut it to a length about 1 cm
shorter than the prepared capillary ebullition tube. These tubes may also be prepared for your
use by your instructor.

Attach the 4-6 mm tube to a thermometer with a rubber ring near the top of the tube. The
bottom of the tube should be even with the mercury bulb of the thermometer. Place the
capillary ebullition tube in the larger glass tube, and with a pipet add the liquid whose boiling
point you wish to determine until the level of the liquid is about 2 mm above the seal of the
capillary tube (Figure 2.6c).

Immerse the thermometer and the attached tubes in a heating bath. A Thiele tube (Figure
2.3) is convenient for this purpose, but any other suitable heating bath can be used. Be sure
that the rubber ring is well above the level of the oil in the heating bath or Thiele tube. Heat
the oil bath rather quickly until a rapid and continuous stream of bubbles comes out of the
capillary ebullition tube. Before this occurs, you may see some bubbles evolve in an erratic
fashion. This is due to expansion of air trapped in the capillary tube. You should see a
marked change from the slow evolution of air bubbles to the rapid evolution of bubbles
resulting from the liquid boiling as the boiling point of the liquid is reached. However, this is
NOT the boiling point! Remove the heating source and allow the bath to cool slowly. As the
rate of bubbling decreases and the liquid starts to rise into the capillary tube, note the
temperature of the thermometer. This is the boiling point of the liquid. If the liquid rises
sufficiently slowly into the capillary tube, note the temperatures at which the liquid starts to
rise and at which the capillary tube is full. This will be the boiling-point range of the liquid.

Remove the capillary ebullition tube and expel the liquid from the small end by gentle
shaking. Replace it in the sample tube and repeat the heating and cooling process. The first
trial in a boiling-point determination is often done quickly to determine the approximate
boiling point. Greater accuracy is obtained when the determination is repeated more slowly.
Observed boiling points may be reproduced to within | or 2°C.

The physical basis of this technique is interesting. Before the liquid is heated, the capil-
lary tube is filled with air. As the bath is heated, the air in the capillary tube is driven out and
replaced with the vapor of the liquid. When the apparatus is heated until vigorous boiling of
the liquid is observed, the actual boiling point of the liquid has been exceeded. The air in the
capillary tube has also been replaced completely with the vapor of the liquid. On cooling, the
vapor pressure of the liquid becomes equal to the external pressure, thus allowing the liquid
to rise into the capillary tube. The temperature at which this occurs is, by definition, the
boiling temperature of the liquid; see Section 4.1.

2.5 Heating Methods

Heating is an important laboratory technique, and it serves a variety of functions. It increases
the rate of chemical reactions and is used in the distillation of liquids and in the dissolution of
solids during the course of recrystallization and purification. Some of the common heating
techniques along with the advantages and disadvantages of the various methods are discussed
in the following paragraphs.
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(@) Burners

Most chemistry laboratories are supplied with natural gas for use with various types of
burners. A burner provides the convenience of a rapid and reasonably inexpensive source of
heat. Since nearly all organic substances are flammable, care and good judgment should
always be exercised when considering the use of a burner for heating, especially when
low-boiling, volatile solvents are to be heated. Table 3.1 provides a list of common solvents,
their boiling points, and their flammability. Never use a burner to heat flammable materials
in open containers, such as beakers or Erlenmeyer flasks. Doing so demonstrates a lack of
common sense, equivalent to using a match to look into one’s automobile gas tank! Burners
can be conveniently and safely used to heat aqueous solutions containing no volatile and
flammable solutes. They are also appropriate for heating higher-boiling flammable liquids
that are contained in round-bottomed flasks fitted with a reflux condenser (Section 2.19) or
equipped for distillation (Sections 2.7 and 2.8). In these instances, it is important to lubricate
the joints of the apparatus with a hydrocarbon or silicone grease to avoid the leakage of
vapors through the joints. If an alternate mode of heating is available, choose it in preference
to a burner. The experimenter must be aware of the type of work others are doing in the
laboratory. The person using a burner may be performing a completely safe experiment, but
someone else nearby may be working with a very volatile, flammable material. Many of the
volatile organic compounds, especially solvents, expel vapors into the room that may be
ignited by a nearby open flame.

Two common types of laboratory burners are pictured in Figure 2.7. The classic Bunsen
burner, named after its inventor, is shown in Figure 2.7a. The needle valve at the bottom of
the burner serves as a fine adjustment of the gas flow. Turning the barrel of the burner
controls the amount of air input into the flame. Movement of the barrel in one direction opens
the air ports and lets in more air, and movement in the other direction closes them and
reduces the amount of air. By proper adjustment of the gas and air flow, a hot flame can be

(a) (h)

Figure 2.7 Laboratory burners: (a) Bunsen burner; (b) microburner.
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obtained in which there is a rather sharply pointed blue cone. The hottest portion of the flame
is at the fop of the cone.

Figure 2.7b shows what is commonly called a microburner, which produces a smaller
flame that allows for easier control of the rate of heating. This type of burner is particularly
useful for heating purposes in small equipment. Air flow is adjusted at the baffle at the
bottom of the burner. The gas flow is adjusted at the gas valve on the laboratory bench.

Heating a flask with a burner often produces ‘‘hot spots’” because most of the heat is
supplied to a small area on the bottom of the flask. The heat must then be dispersed through-
out the liquid in the flask by convection or through turbulence associated with boiling of the
liquid. Hot spots can lead to severe bumping in the heated flask. This situation can be
minimized by placing a wire gauze between the flame and the flask, which serves to diffuse
the heat reaching the flask and provides more uniform heating. The gauze is normally sup-
ported with an iron ring.

Burners can provide a convenient method for producing a hot-water bath. Temperatures
from ambient to about 90°C may be attained by immersing a flask into a water bath held at
the desired temperature by either intermittent or slow heating with a burner. The temperature
of the water bath can be monitored by inserting a thermometer in the water. A hot plate
(Section 2.5¢) can also be used for heating water baths. Temperatures between 90 and 100°C
can be attained by steam heating (Section 2.5¢), particularly if electrical heating is not
available.

(b) Electrical Heating

Heating with electricity is very convenient in the laboratory, and it is especially safe since it
avoids the use of open flames. Electrical heating can be used in several ways, as described
here. Two essential parts of this type of heating are a resistance element in which electrical
energy is transformed into thermal energy, and a method for controlling the voltage reaching
the resistance element, which indirectly controls the rate of heating. Voltage control is
accomplished by using a variable AC transformer, which is commonly called a Variac
(Figure 2.8b). The scale on the voltage control knob is nor necessarily the actual voltage
passing out of the transformer, even though the scale on most is from 0 to 120 or 130.

(c) Heating Mantles

A widely used device for electrical heating of round-bottomed flasks is a woven-glass heat-
ing mantle such as the Glas-Col shown in Figure 2.8a. These mantles have an electrical
resistance coil imbedded in the woven-glass fabric. Most heating mantles are designed with a
hemispherical cavity so that a different mantle is required for each different size of flask.
Some mantles are conically shaped to accommodate different styles of flasks. Owing to the
nature of their construction, heating mantles must not come in contact with water, and care
must be exercised to avoid spilling any type of liquid on them. A special cord is used to
connect the heating mantle to the Variac, and heating mantles must NEVER be plugged
directly into the wall outlet. The cost of a transformer and several common sizes of heating
mantles is substantial, but they are probably the most convenient and safest form of heating
in the organic laboratory.
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Heating mantles usually have a pair of small wires coming out of them in addition to the
plug that is used to supply electricity. These small wires are connected to a thermocouple
inside the mantle and may be connected to equipment that allows for measurement of the
temperature inside the mantle. However, most organic chemists do not take advantage of this
feature.

Heating mantles have some inconveniences. They initially heat up rather slowly, they are
hotter than the contents of the flask, and they have a rather high heat capacity. It is difficult to
obtain a given temperature with heating mantles, unless one utilizes the thermocouple men-
tioned previously. It is also hard to maintain a constant temperature with a heating mantle. If
one needs to discontinue heating suddenly (for example, if a reaction begins to get out of
control), it is not sufficient either to lower the voltage or to turn off the electricity. To
discontinue heating, the heating mantle must be removed immediately from below the flask to
allow the flask to cool, either on its own or by means of a cooling bath. After the mantle is
removed, the electricity should be turned off at the transformer. One should always allow for
the possibility of having to remove the heating mantle quickly, therefore, apparatus should
not be assembled so that the mantle rests directly on the laboratory bench. Instead, the mantle
should be supported above the bench either by an iron ring or a laboratory jack (Figure 2.8b)
and the apparatus assembled accordingly.
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Figure 2.8 (a) Woven-glass heating mantle. (b} Use of a heating mantle and variable transformer to heat a
reaction mixture under reflux.

29



30

Chapter 2 Techniques and Apparatus

The amount of heat supplied by a heating mantle is moderated by the boiling liquid
contained in the flask because the hot vapors of the liquid carry heat away from the mantle. If
the flask becomes dry or nearly so, the mantle may become sufficiently hot to melt the
resistance wire inside, thus causing the mantle to “‘burn out.”” Most mantles are marked with
a maximum voltage to be supplied, and this should not be exceeded. If nearly all of the
contents of a flask have boiled out, as in a distillation, for example, then the electricity
should be turned off at the transformer and heating discontinued.

Heating mantles are constructed of nonferrous material and can be used in conjunction
with magnetic stirring (Section 2.6b), thus permitting simultaneous heating and stirring of
the contents of the flask.

(d) Oil Baths

Electrically heated liquid baths are commonly employed in the laboratory. The liquid used in
these baths is usually mineral oil or silicone oil, so they generally are called oil baths. Other
liquids can also be used. The liquids are heated either by placing the bath container on a hot
plate or by inserting a coil of resistance wire in the bath. In the latter case, the resistance wire
(the heating element) is attached to a transformer by means of an electrical cord and plug
(Figure 2.9). In most instances, the heating element coil is wound using about 3 meters of
26-gauge Nichrome wire. Heating baths offer several advantages. First, the temperature of
the bath can be determined with a thermometer inserted in the liquid, and a desired bath
temperature may be obtained and accurately maintained by careful adjustment of the trans-
former. Second, heat is transferred smoothly and uniformly to the full surface of the flask to
the depth of its immersion in the bath, so there are no hot spots.

Some inconveniences are encountered with heating baths. First, there is some limitation
in the maximum temperature that can be attained safely, this being a function of the type of
heating liquid being used; the upper temperature limit is usually between 200 and 250°C.?

To variable
transformer

Heating clement

Figure 2.9 An electrically heated oil bath.

*Temperatures higher than this can be obtained using special types of heating fluid. One example is
““Wood’s metal,”" an alloy that is solid at room temperature (mp 60°C), and can be heated in excess of
400°C with safety.



2.5 Heating Methods

Second, because the volume of the heating liquid is normally fairly large, it takes considera-
ble time to reach the desired bath temperature. Finally, the heating bath has a high heat
capacity, so if the desired temperature is exceeded, some time is required to cool down to it.
This may be counteracted by reducing the depth of immersion of the flask in the bath, since
the rate of heat transferral is proportional to the surface area of contact between the flask and
the heating fluid.

A minor nuisance associated with oil heating baths is the cleaning of apparatus coated
with mineral oil or silicone oil, both of which are water-insoluble. Generally they can be
removed by either hydrocarbon or chlorinated solvents. Alternatively, polyethylene glycols
can be used as the heating liquids. They have the advantage of being water-soluble, so that
glassware is easily cleaned. For example, Carbowax 600, a polyethylene glycol, is a liquid at
room temperature and may be used up to about 160°C with safety.

There are some other factors of importance concerning the liquids used in heating baths.
Silicone oils such as Dow Silicone 550 are more expensive but are generally preferable to
mineral oils because they can be heated well above the 200°C temperature range without
danger of reaching the flash point (the temperature at which a liquid can burst into flame) and
without thickening through decomposition. Mineral oil should not be heated above about
200°C because it will begin to smoke, and there is the potential danger of flash ignition of the
vapors. This danger is most prevalent with darkened and used mineral oil. Residual amounts
of water must not be present in mineral and silicone oils. 1f drops of water are present in these
oils and they are heated to about 100°C, the water will boil and produce bumping in the oil
bath, resulting in the spattering of hot oil. These baths should be examined regularly, and if
water drops are clearly present in the oil, the heating fluid should be changed and the
container cleaned and dried before refilling.

(e) Hot Plates

Hot plates (Figure 2.10) are frequently convenient when a flat-bottomed container such as a
beaker or an Erlenmeyer flask must be heated. The flat upper surface of the hot plate is
heated by electrical resistance coils to a temperature that is controlled by a built-in device on
the front of the unit. A hot plate should generally be limited to heating liquids such as water
(or its solutions) and nonflammable organic solvents such as chloroform and carbon tetra-

Figure 2.10 (a) Hot plate. (b) Stirring hot plate.
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chloride. Organic solvents should be heated in the hood to avoid filling the room with vapors
from these solvents. Under no circumstances should a hot plate be used to boil andlor
evaporate highly flammable organic solvents. The vapors of these solvents may ignite as
they billow onto the hot surface of the hot plate or come into contact with the electrical
resistance coils. Many hot plates use as a control a relay that turns the electricity on and off
as needed to maintain the desired temperature, and these relays are sometimes not explosion-
proof. If a flammable solvent must be evaporated, use either a steam bath in the hood or set
up a distillation apparatus for this purpose. As an alternative to working in a hood, an
inverted funnel attached to a vacuum source (Figure 2.11c¢) can be used to remove volatile
solvents from the room.

Hot plates are available in combination with built-in magnetic stirrers, and these are
called stirring hot plates (Figure 2.10b). This unit is convenient for heating and stirring a
solution or a reaction mixture simultaneously. However, round-bottomed flasks cannot be
heated effectively with a hot plate or a stirring hot plate, since there is contact between the
flask and the hot surface only at one small point. If a round-bottomed flask is to be heated
with a hot plate or a stirring hot plate, then a heating bath must be used to permit uniform
transmission of heat to the flask.

f) Steam Heating

Steam provides a useful source of heat when temperatures up to 100°C are desired. The
steam outlet is connected to either a steam bath or a steam cone (Figure 2.11), both of
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Figure 2.11 (a) Steam bath being used to heat a reaction mixture. (b) Steam cone. (¢} Heating an Erlen-
meyer flask on a steam cone, with inverted funnel attached to vacuum source to remove solvent vapors and
keep them out of the laboratory.
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which have an outlet at the bottom to drain the condensed water. When the steam valve is
first turned on, several minutes are usually required for the condensed water to drain out of
the steam lines. Once the steam is issuing smoothly, the steam valve should be adjusted to
provide a slow, steady flow of steam. No benefit is gained from having a fast flow of steam,
other than to give everyone in the lab a sauna bath! Regardless of how fast the steam is
flowing, the temperature will never exceed 100°C. Another disadvantage of a fast flow of
steam is that water will condense on the equipment and may even find its way into the flask
or reaction mixture being heated.

The tops of steam baths and cones are typically fitted with a series of overlapping concen-
tric rings that may be removed in succession until the opening accommodates the size of the
flask being heated. The proper-sized opening is normally dictated by the requirements of the
operation being performed. For example, if a rapid rate of heat transfer is desired, the rings
are removed until perhaps up to one-half of the surface of the flask is immersed in the steam.
Another technique for increasing the rate of heat transfer involves wrapping cloth towels
around the flask and having the towels in contact with the steam bath. If a slower rate of
heating is desired, the opening should be smaller so that less of the flask is in contact with the
steam.

Figure 2.11a shows a round-bottomed flask being heated on a steam bath. The same
principles apply for heating beakers or Erlenmeyer flasks, except that the top opening should
be small enough so that the container sits directly on top of the steam bath with only its lower
surface exposed to steam. When heating a flask containing a volatile solvent, as in recrystal-
lization (Section 3.1), an inverted funnel that is attached to a vacuum source can be placed
over the top of the container (Figure 2.11c) to remove vapors and keep them from entering
the room.

If it is necessary to maintain anhydrous conditions within the flask being heated, the flask
or apparatus to which it is attached should be protected with a drying tube (Section 2.23).

2.6 Stirring Methods

Stirring is often required in organic experiments and is most effectively done by means of
mechanical or magnetic stirring, as described below. The cost factor prevents many under-
graduate laboratories from being equipped with such stirrers, so various alternative proce-
dures are described that provide satisfactory stirring. Note that a boiling reaction mixture
often requires no additional stirring (except in some cases of heterogeneous mixtures) be-
cause the turbulence and motion of boiling are often sufficient to maintain reasonable mixing.

(@) Swirling

If mechanical or magnetic stirrers are not available, the best simple alternative for mixing the
contents of a reaction flask is swirling. This is accomplished by loosening the clamp(s) that
support the flask and attached apparatus and swirling the contents by manually rocking the
flask with a circular motion. This may be done periodically during the course of the reaction.
If the entire apparatus is supported by clamps attached to a single ring stand, the clamp(s)
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attached to the flask do not have to be loosened. Instead, if one has made sure all the clamps
are tight, the ring stand may be picked up and the contents of the flask swirled by gently
moving the entire assembly.

(b) Magnetic Stirring

Magnetic stirring equipment consists of a magnetic stirrer, which contains a large bar
magnet rotated by a variable-speed electric motor, and a magnetic stirring bar, which is
placed in the flask whose contents are to be stirred. The stirring bar is usually coated with a
chemically inert substance such as Teflon or glass. A flat-bottomed container (beaker or
Erlenmeyer flask) may be placed directly on top of the stirrer (Figure 2.12a), and a round-
bottomed flask may be clamped directly above the center of the stirrer (Figure 2.12b). The
magnetic stirring bar rotates in phase with the motor-driven magnet in the stirrer by interac-
tion of their respective magnetic fields, thus effectively stirring the contents of the flask.

The following should be considered when using magnetic stirring. First, the flask con-
taining the magnetic stirring bar should be centered on the magnetic stirrer. If this is not
done, the stirring bar will wobble around aimlessly. Second, the revolution rate of the
stirrer’s magnet should be adjusted so that the stirring bar rotates at a reasonable speed
without wobbling inside the flask. Third, the stirring bar should be placed gently in the flask,
not dropped in directly, as this will often cause the flask to crack. The stirring bar is best
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Figure 2.12 (a) Magnetic stirring of the contents of a beaker. (b) Use of an oil bath with magnetic stirring of
a reaction mixture.
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placed in the flask before adding any reagents to it by tilting the flask and letting the stirring
bar slide gently down the side of the flask. Fourth, magnetic stirring is not effective for
viscous liquids or reaction mixtures. Other stirring methods, such as mechanical stirring [see
(c) below], must then be employed.

Magnetic stirring can also be used in conjunction with heating. Figure 2.9b shows an
example in which the contents of the flask are being heated with an oil bath and stirred
magnetically at the same time. The contents of both the flask and the heating bath can be
stirred using a single magnetic stirrer; either a large stirring bar or paper clip is used in the
bath. Stirring the heating bath is desirable to maintain a homogeneous temperature in the
heating fluid. A heating mantle can be used in place of the heating bath, but this has the
disadvantage of making it difficult to determine the temperature of the heating source.

(c) Mechanical Stirring

A variable-speed electric motor may be used to drive a stirring shaft that extends directly into
the flask whose contents are to be stirred, where a paddle at the end of the shaft provides
agitation of the contents of the flask (Figure 2.13). This is the preferred and most efficient
method for stirring heterogeneous or very viscous reaction mixtures. The stirrer shaft is
usually constructed of glass and is fitted with a paddle stirrer made of Teflon or glass.

Built-in transformer
to vary speed

Stirring motor

Stirrer shaft

»—— Water out

Addition
funnel

Condenser
Stirrer bearing

D «—— Water in

Clamp
Three-neck round-
bottomed flask

Stirring paddle

Figure 2.13 Flask equipped for mechanical stirring with a Trubore
stirrer.

35



36

Chapter 2 Techniques and Apparatus

Normally either type of paddle can be used, except that a glass paddle must be used to stir a
reaction mixture containing active metals such as sodium or potassium. The paddle is easily
removed from the shaft to facilitate cleaning, and different-sized paddles can be used accord-
ing to the size of the flask. The glass shaft and the inner bore of the standard-taper bearing are
ground to fit each other precisely and constitute what is called a Trubore stirrer. A cup at the
top of the bearing is used to hold a few drops of silicone or mineral oil, which lubricates the
shaft and provides an effective seal.

The stirrer shaft is connected to the motor by means of a short length of heavy-walled
rubber tubing. The motor and shaft must be carefully aligned to avoid wear on the glass
surfaces of the shaft and the bearing and to minimize vibration of the apparatus. The bearing
is held in the flask by means of either twisted copper wire and a rubber band or a clamp to
keep it from working loose while the motor is running. The rate of stirring is controlled by
varying the speed of the motor with either a built-in or separate variable transformer.

Mechanical stirring has some limitations, depending on the type of stirring motor being
used. The motors should have ‘‘high torque,”” which means that they have enough power to
turn the shaft and stir even viscous reaction mixtures. Some mechanical stirring motors are
not explosion-proof and must not be used when the flask contains flammable, volatile or-
ganic compounds or solvents. The best mechanical stirring motors are explosion-proof and
have high torque.

As illustrated in Figure 2.13, various operations can be performed while also using
mechanical stirring. For example, the flask, called a three-neck standard-taper round-bot-
tomed flask, is equipped with an addition funnel and a condenser. The apparatus could thus
be used in cases where dropwise addition of some reagent to a heated and stirred reaction
mixture is needed.

2.7 Simple Distillation

The theory of simple distiltation is discussed in Section 4.3, and the use of this technique is
described here. Figure 2.14 shows the apparatus needed for carrying out a simple distillation.
The thermometer measures the temperature of the vapors that are ultimately collected as
liquid in the receiver at the end of the condenser. The location of the thermometer is very
important: It should be positioned so that the fop of the mercury bulb is approximately
parallel with the bottom of the side-arm outlet. If a pure liquid is being distilled, the tempera-
ture read on the thermometer, the head temperature, will be identical to the temperature of
the liquid boiling in the distilling vessel, the pot temperature, provided that the liquid is not
superheated. The head temperature thus corresponds to the boiling point of the liquid, and it
will remain constant throughout the distillation. Distillation of a mixture of substances,
however, will result in differences being observed between the head and pot temperatures
(Section 4.4).

Proper assembly of the glassware is important to avoid possible breakage and spillage.
Joints must fit snugly to avoid expelling flammable vapors into the room. Apparatus that is
too rigidly clamped may be stressed to the point that it may break during the distillation. The
comments here are general. Read these comments completely before starting to set up a
simple distillation apparatus.
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Figure 2.14 Typical apparatus for simple distillation, either at atmospheric pressure or under vacuum. Inset
shows correct placement of thermometer in stillhead.

1. Set up the equipment so that the distillation flask is elevated 15 cm (6 in) or so above the
bench to allow placement of a heating mantle or a heating bath around the flask.

2. Place several boiling stones in the distillation flask (stillpot) along with the liquid being
distilled before attaching the rest of the glassware. Start assembling the equipment by
clamping the stillpot in position, and attach the rest of the glassware by next putting the
stillhead in place, then the condenser, and finally the vacuum adapter at the end of the
condenser. Place a thin film of lubricant (Section 2.2) on each of the standard-taper glass
joints before mating them.

3. Note the location of the clamps in Figure 2.14. A common tendency of beginning stu-
dents is to “‘overclamp’’ apparatus. Too many clamps may result in an unsafe situation
because of the increased likelihood of stressing and possibly breaking the glassware.
Avoid applying undue pressure on the glassware; tighten the clamps only enough to hold
each piece in place. Align the jaws of the clamp parallel to the piece of glass being
clamped. This enables the clamp to be tightened without twisting the glass and either
breaking it or pulling another joint loose. Do not tighten the clamp until the piece of
glassware is correctly positioned and the clamp is properly aligned.

4. The clamp on the condenser does not have to be rigidly tight. Tighten it only enough to
prevent the joint between the condenser and the stillhead from slipping apart.

5. The vacuum adapter may be held in place by a strong rubber band. Rubber has a tendency
to deteriorate in the presence of organic vapors, so use only rubber bands that are un-
cracked and have sufficient elasticity and strength. The receiving flask can be fastened to
the vacuum adapter by twisting a short piece of stiff wire about the neck of the flask and
fastening the flask to the vacuum adapter by a rubber band. However, do not depend on
rubber bands to support relatively heavy weights. Additional support should be provided
for flasks of 250-mL capacity or larger, as well as for 100-mL flasks that are expected to
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become more than half full during a distillation. Instead of clamping the receiver, use an
iron ring holding a piece of wire gauze to support the receiving flask from underneath.

6. Note the location of the **water in’” and **water out’’ nipples on the condenser. The tube
carrying the incoming water is always attached to the lower point, which ensures that the
condenser is filled with water at all times (as long as you remember to turn it on!).

7. Adjust the water flow through the condenser to a modest flow rate. No benefit is gained
from a fast flow, and the increased pressure in the apparatus may cause a piece of rubber
tubing to pop off and result in your fellow students or instructor receiving an unexpected
bath! It is often good practice to wire the hoses to the condenser and to the water faucet to
avoid the possibility that they may fall off and cause a flood.

2.8 Fractional Distillation

The theory of fractional distillation is given in Section 4.4. An apparatus used for fractional
distillation at atmospheric pressure or below (vacuum) is shown in Figure 2.15. A fractional
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Figure 2.15 Typical apparatus for fractional distillation, either at atmospheric pressure or
under vacuum.
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Figure 2.16 Fractional distillation columns. (a) Hempel column filled with Raschig rings
(or other type of packing material); (b) Vigreux column.

distillation column (Figure 2. [6) looks similar to a condenser, the major difference being that
the former has a larger outside water jacket and some indentations at the male end of the
column to hold the column packing in place. Unpacked distillation columns of the type
shown here can be used as condensers, but condensers cannot be used conveniently for
packed distillation columns.

Before assembling the apparatus, clean and dry the inner tube of the distillation column
but not the water jacket, since traces of water in it will not affect the distillation. Pack the
fractional distillation column by adding the desired column packing, a small quantity at a
time, through the top of the column while holding it vertical. The column packings are inert
material such as glass, ceramic, or metal pieces in a variety of shapes (helices, ‘‘saddles,”
woven mesh, etc.). Some column packings are sufficiently large that they will stop at the
indentations. If the packing falls through the column, put a small piece of glasswool or wire
screen (gauze) into the column just above the indentations by pushing it down the column
with a piece of glass tubing. The column packing should extend to the top of the water jacket,
but should not be packed too tightly.

Assemble the apparatus using the general guidelines for simple distillation apparatus
(Section 2.7). Start by putting the liquid to be distilled, along with several boiling chips, in
the distillation flask, then clamp the flask in place. Do not fill the flask more than half full.
Attach the distillation column and make sure that it is as nearly vertical as possible. Lubricate
and tighten all the joints after the stillhead and condenser are put in place. Clamp only the
distillation flask and condenser. Do not run water through the jacket of the distillation
column.

2.9 Vacuum Distillation

The boiling point of a liquid is the temperature at which the total vapor pressure of the liquid
is equal to the external pressure. It is most convenient to distill liquids under conditions such
that the external pressure is atmospheric pressure (760 torr). However, a high-molecular-
weight compound being distilled may decompose, oxidize, or undergo molecular rearrange-
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Figure 2.17 Apparatus for vacuum distillation.

ment at temperatures below its atmospheric boiling point. These problems may be alleviated
by carrying out the distillation at pressures less than atmospheric, which lowers the boiling
temperature. This technique is called vacuum distillation, or distillation under reduced
pressure.

Reduced pressures may be obtained by connecting a water aspirator (‘‘water pump’’) or
a mechanical vacuum pump to the vacuum distillation apparatus (Figure 2.17). The source of
the reduced pressure is dictated by availability and the magnitude of the reduction of pressure
needed. An aspirator will commonly reduce the pressure to about 25 torr (mm of Hg) and an
oil pump to below | torr. The pressure obtained in the lower range by a vacuum pump is
dependent on the condition of the pump, its oil, and on the tightness of the connections to the
distillation apparatus. Some laboratories are equipped with ‘‘house vacuum’’ lines that are
connected to a large central vacuum pump. House vacuum systems seldom reduce the pres-
sure to less than 50 torr. The vacuum produced by a water aspirator is limited by the vapor
pressure of the water and hence by its temperature. In cold climates, pressures as low as
8-10 torr may be obtained from a water aspirator, whereas in warmer climates the minimum
pressure may be no less than 25-30 torr.

Two useful approximations of the effect of lowered pressure on boiling points are as
follows:

1 Reduction from atmospheric pressure to 25 torr lowers the boiling point of a compound
boiling at 250-300°C at atmospheric pressure by about 100-125°C.

2 Below 25 torr, the boiling point is lowered by about 10°C each time the pressure is cut
in half.

More accurate estimates of the effect of pressure upon boiling point may be made by use of
charts and nomographs.* Calculations may also be made using the Clausius-Clapeyron equa-
tion found in physical chemistry textbooks.

*References: Jordan, T. E., Vapor Pressure of Organic Compounds, Interscience Publishers, New

York, 1954, and Lippincott, S. B.; Lyman, M. M., ‘‘Vapor Pressure—Temperature Nomographs,”’
Industrial and Engineering Chemistry, 1946, 38, 320.
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A typical apparatus for vacuum distillation is shown in Figure 2.17. The distilling flask
should not be more than half full and is heated by an oil bath or some other suitable heating
device such as a heating mantle. The flask should be immersed to a depth above the level of
the liquid in the flask to help prevent bumping. The flask should never be heated directly
with a flame because this may produce hot spots and intensifies the possibility of bumping;
however, it may be heated directly if wire gauze is placed under the flask to diffuse the heat
and avoid hot spots. (Various heating techniques are discussed in Section 2.5.) If a water
aspirator is used, the vacuum adapter is connected to a safety flask, which serves as a trap to
prevent the backup of water into the apparatus. This may occur if there is a sudden decrease
in the water pressure in the aspirator. The safety flask, when properly equipped with a
stopcock release valve, provides a means of connecting the apparatus and the manometer to
the source of the vacuum and of releasing the vacuum when desired.

The manometer measures the pressure at which the distillation is being conducted. This
measured pressure value is an important part of a reported boiling point at reduced pressure.
For example, benzaldehyde boils at 180°C at atmospheric pressure and at 87°C at 35 torr.
The correct way to report these two boiling points is: bp 180°C (760 torr) and 87°C (35 torr).
Hence, the pressure at which a liquid boils should be carefully determined. The reliability of
pressure measurements is dependent on the rate of distillation, as discussed below.

Two significant problems are encountered in a vacuum distillation. First, the volume of
the vapor formed by the volatilization of a given amount of liquid is pressure-dependent. For
example, the volume of vapor formed from vaporization of a drop of liquid will be about 20
times as great at 38 torr as it would be at 760 torr. As a consequence, serious bumping
problems may occur in the distilling flask during vacuum distillation because large bubbles
of vapor may escape from the liquid. This causes vigorous and sometimes violent splashing
and splattering. The insertion of a Claisen connecting tube between the distillation flask and
the stillhead (Figure 2.17) will partially solve this problem by preventing the liquid in the
distillation flask from splashing into the side arm leading to the condenser. Boiling chips are
generally ineffective in preventing bumping in vacuum distillations. One method for produc-
ing regular and even ebullition of the vapors is to extend a very thin, flexible capillary tube
into the bottom of the distillation flask. This tube introduces a fine stream of air bubbles at
the bottom of the flask, and the air bubbles provide nuclei for the regular production of
bubbles of vapor. The volume of air so introduced is small compared with the evacuating
capacity of a water or oil pump, so this “‘leak’” has no significant effect on the pressure of
the system. The capillary is drawn from a piece of 6-mm glass tubing and should be fine
enough to allow only a slow stream of fine bubbles when air is blown through the tube with
its capillary end inserted into a test tube containing acetone. Alternatively, a thin wooden
applicator stick may be used in place of a capillary, or magnetic stirring (Section 2.11b) can
be used in the distillation flask to promote smooth ebullition.

The second problem associated with lower vapor densities at reduced pressure is that the
measured pressure is greatly affected by the rate of distillation. Since a drop of condensate
forms from a much larger volume of vapor at low pressure than at atmospheric pressure, the
velocity of vapor entering the condenser is tremendously increased by the reduced pressure.
The back pressure caused by high velocities of vapor provides a higher pressure in the
distillation column than that read on the manometer, which is beyond the condenser and
receiver and is therefore insensitive to the back pressure. The difference between the actual
and apparent (measured) pressure is directly dependent on the rate of distillation and on the
application of heat to the distillation flask and can be minimized by:
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1 Maintaining a slow but steady rate of distillation.

2 Avoiding superheating of the vapor by maintaining the oil bath at a temperature no
more than 15-25°C higher than the head temperature.

The following paragraphs provide a general procedure for carrying out a vacuum distilla-
tion using the apparatus shown in Figure 2.17.

1. Never use glassware with cracks, or thin-walled vessels, especially those with flat bot-
toms, such as Erlenmeyer flasks, in vacuum distillations. Pressures of many hundred
pounds may be exerted on the exterior surfaces of systems under reduced pressure, even
with systems of only moderate size under water pump evacuation. Weak or cracked
glassware may implode, and the air rushing in will shatter the glassware in a manner little
different from that of an explosion. Additional dangers are burns from the hot oil of the
bath and the possibility of starting a serious fire. Examine the glassware carefully and
always wear safety glasses when doing a vacuum distillation.

2. Lubricate and seal all glass joints carefully during assembly of the apparatus. This will
help avoid air leaks and provide lower pressure. The rubber fittings holding the thermom-
eter and capillary in place must be tight.* The Neoprene fittings normally used with the
thermometer adapters may be replaced, if necessary, with short pieces of heavy-walled
tubing. Do not use rubber stoppers elsewhere in the apparatus, since rubber in direct
contact with the hot vapors during distillation may cause contamination. The three-holed
rubber stopper in the safety flask should fit snugly and provide tight connections to the
pieces of glass tubing. The safety trap must be made of heavy-walled glass. Wrap the trap
with electrical tape to protect the experimenter and other workers nearby. Heavy-walled
vacuum tubing must be used for all vacuum connections. Check the completely assembled
apparatus to make sure that all joints and connections are tight.

3. Place the liquid to be distilled in the flask. The tip of the capillary must extend nearly to
the bottom of the flask. Do not heat the flask until the system is fully evacuated. Turn on
the vacuum. The release valve on the safety flask should be open. Slowly close the release
valve, but be prepared to reopen it if necessary. If the liquid contains small quantities of
low-boiling solvents, as it very likely will if the liquid has been obtained from a solution
by evaporation of solvent, foaming and bumping are likely to occur in the distillation
flask. If this occurs, reopen the release valve until the foaming abates. This may have to
be done several times until the solvent has been removed completely. When the surface of
the liquid in the flask is relatively quiet, fully evacuate the system to the desired pressure.
The release valve may have to be opened slightly until the desired pressure is obtained.
Check the manometer for constancy of pressure. Note and record the pressure under
which the distillation is being carried out. The pressure should be monitored even when
fractions are not being taken as it may change during the course of the distillation. Then
begin heating the flask, and maintain a bath temperature only as high as necessary to
provide distillate at the rate of 3—4 drops per minute.

4. If it is necessary to use multiple receivers to collect fractions of different boiling ranges,
the distillation must be interrupted to change flasks. Remove the heating source with
caution and allow the stillpot to cool somewhat. Slowly open the vacuum release valve to
readmit air to the system. When atmospheric pressure is attained, change receivers, close
the release valve, reevacuate the system to the same pressure as previously, reapply heat
and continue distilling. The operation may result in a different pressure in the fully
evacuated system. Periodically monitor and record the head temperature and the pressure,
particularly just before and after changing receivers.

*Thermometers and capillary tubes that contain standard-taper joints are available. These are pref-
erable to using rubber connections.
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Figure 2.18 Multiple-flasked receiver for vacuum distillation.

5. After the distillation is complete, discontinue heating, allow the pot to cool somewhat,
slowly release the vacuum, and turn off the source of the vacuum.

One of the most inconvenient aspects of the above procedure is the disruption of the
distillation in order to change receivers. More elaborate apparatus eliminates this problem.
For example, the “‘cow’ receiver (Figure 2.18) has three or four round-bottomed flasks
attached to it. These flasks are successively employed as receivers by rotating them into the
receiving position.

2.10 Steam Distillation

The theory of steam distillation is discussed in Section 4.7. Steam distillation provides a
method for removing volatile liquid or solid organic compounds that are insoluble or nearly
insoluble in water under comparatively mild conditions from compounds that are nonvola-
tile. This technique is not applicable to substances that react with water, decompose on
prolonged contact with steam or hot water, or have a vapor pressure of 5 torr or less at 100°C.

Steam distillation may be accomplished in one of two ways. The first and usually most
efficient method involves placing the organic compounds to be distilled in a round-bottomed
flask equipped with a Claisen head, a stillhead, and a water-cooled condenser (Figure 2.19).
The Claisen head helps prevent splattering of the mixture into the condenser during distilla-
tion. Steam can be produced externally in a generator (Figure 2.20) and then introduced into
the bottom of the distillation flask via the tube shown in Figure 2.19. Alternatively and
preferably, it can be obtained from a laboratory steam line. If this is done, a trap (Figure
2.21) is usually placed between the steam line and the distillation flask to permit removal of
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Figure 2.19 Apparatus for steam distillation. The steam tube is replaced by a stopper if steam is
generated by direct heating

any water and/or impurities present in the steam. Water may condense in the distillation flask
and fill it to undesirable levels. This problem can be circumvented by gently heating the flask
with a Bunsen burner or a heating mantle.

If only a small amount of steam is necessary to separate a mixture completely, another
method of steam distillation may be employed. This consists of direct addition of water to the

Safety tube
(35-50 cm long, —*]

i.d. =28 mm)
Steam to
apparatus
Cork or
rubber ————»
stopper

Figure 2.20 Steam generator. The round-bottomed flask is initially
half-filled with water, and boiling chips are added before heating. The
safety tube serves to relieve internal pressure if steam is generated at
too rapid a rate.
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Figure 2.21 Water traps for use in steam distillations

distillation flask along with the organic compounds to be distilled. The flask is heated with a
Bunsen burner or heating mantle. This approach is generally not applicable for distillations
that require large amounts of steam, since the water in the flask would have to be replenished
frequently by using an addition funnel, or an inconveniently large flask would have to be
used.
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Figure 2.22 Folding filter paper to produce fluted filter paper.

2.11 Fluted Filter Paper

“‘Fluted’” filter paper is used in many filtering operations. The filter paper is fluted to
increase the surface area and thus the rate and ease of filtration. Although fluted filters are
available commercially, one of several possible methods of preparing them is shown in
Figure 2.22. Fold the paper in half, and then into quarters. Fold edge 2 onto 3 to form edge 4,
and then 1 onto 3 to form 5 (Figure 2.22a). Now fold 2 onto 5 to form 6, and 1 onto 4 to
form 7 (Figure 2.22b). Continue by folding 2 onto 4 to form 8, and 1 onto 5 to form 9 (Figure
2.22¢). The paper now appears as shown in Figure 2.22d. All folds thus far have been in the
same direction. Do not crease the folds tightly at the center because this might weaken the
paper and cause it to tear during filtration. Now make folds in the opposite direction between
1 and 9, 9 and 5, 5 and 7, and so on, to produce the fanlike appearance shown in Figure
2.22¢. Open the paper (Figure 2.22f) and fold each of the sections 1 and 2 in half with
reverse folds to form paper that is ready to use (Figure 2.22g).

2.12 Gravity Filtration

Gravity filtration is useful to remove solid materials, which are often impurities, drying
agents (Section 2.21), or decolorizing carbon (Section 2.14) from liquids. Gravity filtration
involves first wetting the filter paper with solvent and then pouring a solution containing a
solid onto filter paper or fluted filter paper (Section 2.16) that has been placed on a filter
funnel. The solution passes through the paper, and the solid remains on the filter paper.
Gravity filtration at room temperature is shown in Figure 2.23.
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Ring support

Short-stemmed funnel

Figure 2.23 Gravity filtration.

On occasion, it may be necessary to remove a finely divided or colloidal solid that passes
through the filter paper and is thus not removed, as for example in the removal of decoloriz-
ing carbon. This problem may be overcome by adding 1 to 2 grams of filter-aid to the
solution before filtration. Filter-aid is a finely divided, inert material that will adsorb colloi-
dal substances and prevent them from passing through the filter paper or clogging its pores;
of course the filter-aid must not be too finely divided or it too would tend to clog the paper. It
is usually a finely divided silica, frequently diatomaceous earth, and is sold under different
trade names such as Super Cel and Celite.

2.13 Hot Gravity Filtration

Hot gravity filtration is used to filter solid impurities or decolorizing carbon (Section 2.14)
from solutions that contain organic compounds that separate and solidify at room tempera-
ture. It is most often used in the recrystallization of solid compounds when the use of gravity
filtration at room temperature would cause the desired compound to separate in the funnel
along with the solid impurities. Hot gravity filtration is especially useful for removing
decolorizing carbon from hot mixtures, and even then filter-aid (Section 2.12) may be re-
quired for a successful filtration.
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Figure 2.24 Hot gravity filtration: (a) using steam cone for heating; (b) using hot plate for heating.

The apparatus for performing a hot gravity filtration is shown in Figure 2.24. A little of
the pure solvent is placed in an Erlenmeyer flask on top of which is a short-stemmed or
stemless filter funnel containing a piece of fluted filter paper. The flask is heated until the
solvent boils and rises up the sides of the flask and around the funnel; this has the effect of
heating the filter funnel. A small stick or piece of thick paper is inserted between the flask
and the funnel to allow the hot solvent to rise up around the outside of the funnel. The flask
can be heated with either a steam bath or hot plate. A steam bath is preferred for solvents that
boil below 90°C and is required if the solvents are flammable, whereas a hot plate can be
used for nonflammable solvents or those boiling above 90°C.

When the flask and funnel are hot, the hot solution is poured onto the filter paper.
Swirling may be necessary to ensure that the solid is transferred with the liquid. After the hot
solution has been completely poured onto the filter paper, several milliliters of hot solvent
are added to the flask that contained the original recrystallization solute and solvent. The
additional hot solvent is poured onto the filter paper to ensure that as much material as
possible has been transferred to the flask containing the filtered solution.

2.14 Decolorizing Carbon

A colored solution is sometimes observed during the purification of an organic solid or
liquid. For purposes of this discussion, it is assumed that the solid is already dissolved in a
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suitable solvent. The color can result from the compound itself being colored or from the
presence of colored impurities in the liquid or solution. If in doubt about the cause of the
color, an attempt to remove it is done by adding decolorizing carbon to the liquid or solution
and then filtering off the carbon. Decolorizing carbon is commercially available under a
variety of trade names, such as Norite, Nuchar, vegetable charcoal, and so forth. All
decolorizing carbon is essentially the same and possesses the common property of being very
finely divided carbon with an extremely large surface area. Its addition to an organic liquid or
organic solid dissolved in a solvent serves to adsorb the colored impurities on its surface.
After the decolorizing carbon is removed, the liquid or solution should be free of colored
impurities. However, the liquid or solution may still be colored after treatment with
decolorizing carbon if the compound itself is colored. This process will result in the loss of
some of the desired compound by adsorption on the carbon.

Decolorization is done by adding decolorizing carbon to the liquid or solution contained
in an Erlenmeyer flask and swirling the flask gently. Only a small amount of decolorizing
carbon is added. There are no hard and fast rules concerning the amount of carbon to add, but
a good first approximation is to add about 0.5 to | g per 100 mL of solution. When
decolorizing an organic liquid, gravity filtration can be used, but hot gravity filtration must
be used when an organic solid is dissolved in a hot solvent. If the compound is known to be
colorless and if the decolorization process does not remove the color, the process should be
repeated.

One major experimental problem likely to be encountered is the incomplete removal of
the decolorizing carbon, which is best accomplished by the use of fluted filter paper. (Vac-
uum filtration should not be used.) Care must be exercised when removing the carbon by
filtration, and the filter paper must be properly folded and contain no tears or holes. Pouring
the solution or liquid containing the carbon so that any of it runs down the side of the funnel
should be avoided. The solution or liquid should be refiltered if it contains any small black
specks of carbon or any other solid material. Alternatively, filter-aid (Section 2.12) can be
added to the solution before filtration to ensure complete removal of the carbon.

2.15 Decanting Solutions

A viable alternative to gravity filtration for removing a solution or organic liquid from a
small amount of solid is decantation. Decanting a liquid is especially useful in removing
drying agents (Section 2.19) or other compact, dense solids, but it cannot be used to remove
decolorizing carbon. To decant a liquid from a solid, the solid should first be allowed to settle
to the bottom of the container. The container is then carefully tilted and the liquid is slowly
poured into a clean container. If done carefully. the solid will remain in the original con-
tainer. Decantation is preferable to gravity filtration when working with a very volatile
organic liquid, since filtration is likely to result in a great deal of evaporation and loss of
material. For decantation from an Erlenmeyer flask, a loosely packed ball of glasswool can
be put in the neck of the flask to help keep the solid in the flask.

One major disadvantage of decantation is that some liquid will remain in the flask and be
lost. However, the loss will still be less than using gravity filtration if the liquid is very
volatile.
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2.16 Vacuum Filtration

Vacuum filtration is used to remove crystalline solids from solvents. This technique makes
use of a Biichner funnel and a vacuum filter flask attached to an aspirator or house vacuum
line through a trap (Figure 2.25). The trap prevents water from the aspirator from backing up
into the filter flask in case of loss of water pressure. The trap also provides a place to collect
any solvent that may overflow the filter flask, thus preventing loss of the solvent and protect-
ing the vacuum system. Both the filter flask and the filter trap should be cleaned before doing
the filtration, since there may be need to save the filtrate. The trap should be a heavy-walled
Erlenmeyer flask or bottle, or a second vacuum filter flask. If a filter flask is used, it should
be equipped with a two-holed stopper and its side arm attached to the water aspirator or house
vacuum. Before filtration, the proper size filter paper, which should lie flaz on the funnel
plate, is selected. The paper should cover all the small holes in the funnel and should not
extend up the sides of the funnel. A vacuum is applied to the system, and the filter paper is
wet’” with a small amount of pure solvent in order to seal it to the funnel. This keeps
crystals from going through the holes in the filter and serves to hold the paper tightly on the
funnel.

To filter the solution containing the crystals, suction (vacuum) is applied to the apparatus,
and the solution containing the crystals is transferred to the funnel. For the transfer process,
the flask containing the crystals is swirled and the solution containing the crystals is poured
slowly onto the funnel. A stirring rod or spatula may be used to aid the transfer. The last of
the crystals may be transferred by washing them from the flask with some of the filtrate,
which is called the mother liquor. When all the solution has passed through the filter, the
suction is released by opening the screw clamp or stopcock on the trap. The crystals are
washed to remove adhering mother liquor, which contains impurities, by adding to the funnel
cold, pure solvent just sufficient to cover the crystals. Suction is reapplied to remove the

o
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Figure 2.25 Apparatus for vacuum filtration of solids.
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wash solvent, and the crystals are pressed as dry as possible with a clean cork or a spatula
while the funnel is under suction. Contamination of the crystals can be minimized by placing
a clean piece of filter paper on top of the crystals before pressing them dry.

Most of the solvent may be evaporated from the crystals by allowing the suction to pull
air through the crystals on the funnel for a few minutes. A clean spatula is used to transfer the
crystals from the filter funnel to a clean watch glass. The filter paper must not be torn, as this
would contaminate the crystals. The crystals may be dried completely by allowing them to
air-dry for a few hours or by leaving them loosely spread on a filter paper in a locker until the
next period. The drying process may be accelerated by placing the crystals in an oven. If this
is done, the oven temperature must be at least 20°C below the melting point of the crystals.
Heat drying may not be used for crystals that sublime readily at atmospheric pressure (Sec-
tion 2.17). A vacuum desiccator can also be used to hasten the drying process. If one is
available, your instructor will advise you concerning its use. Vacuum desiccators are fre-
quently used in the research lab for drying crystals. Specially designed desiccators permit
heating samples under vacuum, but as with drying ovens, the temperature must be kept about
20°C below the melting point of the solid.

Vacuum filtration can also be used to remove undesired solids from a solution but may be
ineffective if the solid is finely divided or colloidal. Filter-aid (Section 2.12) can be used to
ensure complete removal of the solid as follows. A pad of filter-aid can be formed on the
filter funnel by first making a slurry of 0.5 to | gram of filter-aid in a few milliliters of the
solvent being used. The slurry is poured onto a filter paper contained in a Biichner funnel
attached to a clean filter flask; vacuum is then slowly applied to remove the solvent from the
slurry to leave a thin, even pad of filter-aid. The solution containing the solid is then filtered
as described above. Note, however, that this technique is useful only when it is desired to
keep the solution that contains the substance of interest; it can be used to remove solid
impurities but not to remove a desired solid from solution.

2.17 Sublimation

An alternative to crystallization for purifying some solids is sublimation.® This method uses
to advantage the differences in vapor pressures of solids in a way analogous to simple
distillation. The impure sample is vaporized directly from the solid state by heating it at a
temperature below its melting point, and the vapor is condensed (crystallized) directly back
to the solid state on a cold surface. Sublimation occurs without the intermediacy of the liquid
state.

Two types of sublimation apparatus, shown in Figure 2.26, have these common charac-
teristics: (1) a chamber that may be evacuated using a water aspirator, house vacuum, or
vacuum pump and (2) a fingerlike projection in the center of the vacuum chamber that is
cooled to provide the surface upon which the sublimed crystals may form. In each apparatus,
the impure sample is placed at the bottom of the chamber. The “‘cold finger’” in Figure 2.26a
is cooled by circulating water and that in Figure 2.26b by a medium such as ice water or Dry

A reference to this technique is: Tipson, R. S., in Technique of Organic Chemistry,
A. Weissberger, editor, Interscience Publishers, New York, 1965, Vol. IV, Chapter 8.
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Figure 2.26 Sublimation apparatus: (a) using water as the coolant; (b) using low-
temperature coolants.

Ice in acetone. Figure 2.27 shows a simple sublimation apparatus that may be assembled
inexpensively from two test tubes (one with a side arm), rubber stoppers, and glass tubing.
Two criteria must be met for effective purification by sublimation: (1) the impurities must |
have vapor pressures substantially lower than that of the compound that is to be obtained in
pure form, and (2) the compound to be purified must have a relatively high vapor pressure. |
Should these criteria not be satisfied, either recrystallization (Section 3.1) or chromato-
graphic techniques (Chapter 6) must be used.
The technique of purification by sublimation involves placing the impure solid in the I

Water
N Water out

[IID — Vacuum

Pure solid

Sample to be sublimed

Figure 2.27 Test tube sublimator.
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sublimation chamber and heating it to a temperature higher than that of the surface (cold
finger) on which the pure material will condense but lower than the melting point of the
solid. The solid will be vaporized and transferred via the vapor phase to the colder surface.
The crystals that form on the cold surface will usually be very pure, since the impurities will
not be incorporated into the condensate provided that they do not sublime themselves.
Should the vapor pressure of the impurities be similar to that of the compound being purified,
sublimation will not be an effective method of purification.

Very few organic solids exhibit vapor pressures high enough for sublimation at atmos-
pheric pressure. Reduced pressure (vacuum) is generally needed to increase the rate of
vaporizing the solid and thus the rate of sublimation. This is analogous to using vacuum
distillation for high-boiling liquids.

Sublimation is generally restricted to relatively nonpolar substances having fairly sym-
metrical structures. In these cases, crystal forces are lower and vapor pressures tend to be
higher. The ease with which a molecule may escape from the solid to the vapor phase is
determined by the strength of the intermolecular attractive forces between the molecules of
the solid. The most important attractive force is of an electrostatic nature. Symmetrical
structures will have relatively symmetrical distributions of electron density and will have
smaller dipole moments than less symmetrical molecules, so a smaller dipole moment im-
plies a higher vapor pressure. Van der Waals attractive forces are also important but less so
than electrostatic attractions. In general, van der Waals forces increase in magnitude with
increasing molecular weight. Thus, large molecules, even if symmetrical, are less adaptable
to purification by sublimation.

2.18 Separatory Funnels and Their Use

Separatory funnels are available in many different shapes, ranging from almost spherical to
elongated pear shape (Figure 2.28). The more elongated the funnel, the longer the time
required for the two liquid phases to separate from one another after the funnel is shaken.
When liquids have similar densities, the more spherical separatory funnels are preferred

Figure 2.28 Separatory funnels: {a) conical, (b) pear-shaped.
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since their use requires less time for the separation of the layers. Separatory funnels are
equipped with either a glass or Teflon stopcock; in general, the latter are preferred since they
do not require lubrication and thus minimize contamination of the solutions being separated.

Separatory funnels can be used for extractions (Chapter 5), for separating mixtures that
already contain two immiscible liquid phases, and for ‘‘washing’’ organic layers in the
process of purifying organic compounds. Only the general techniques for using separatory
funnels are discussed here:

1. Filling separatory funnels. The stopcock should be closed before any liquids are added
to the funnel. It is good technique to place a clean beaker under the funnel before adding
any liquids to the funnel in the event that the stopcock leaks or is not completely closed.

2. A separatory funnel should never be more than three-quarters full, especially when doing
an extraction.

3. The upper opening of the funnel is stoppered either with a ground-glass stopper, for
which most separatory funnels are fitted, or with a rubber stopper.

4. Holding and using separatory funnels. If the contents of the funnel are to be shaken, it

is held in a rather specific manner. If the user is right-handed, the stopper should be
placed against the base of the index finger of the left hand and the funnel grasped with the
first two fingers and the thumb and turned so that the first two fingers of the right hand
can be curled around the handle of the stopcock. This permits the stopper and the stop-
cock to be held tightly in place during the shaking process (Figure 2.29). A left-handed
user would find it easier to use the opposite hand for each position.

5. Shaking separatory funnels. The purpose of shaking a separatory funnet and its contents

is to permit the immiscible liquids to be mixed as intimately as possible. The shaking
process greatly increases the surface area of contact between the liquids so that the
equilibrium distribution of the solute between the solvents will be attained as quickly as
possible. The funnel must be ‘“‘vented’” every few seconds to avoid the potential buildup
of pressure within the funnel. Venting is accomplished by inverting the funnel with the
stopcock pointing upward and carefully opening it to release any pressure. It is good
sense to point the stopcock-end of the funnel away from one’s self and one’s neighbors, in
case of accidental venting of liquid along with the vapor. Venting is particularly important
when using volatile, low-boiling solvents or when an acid is brought into contact with
either sodium carbonate or sodium bicarbonate, as CO, is released. If venting is not done,
the stopper may be blown out and the contents of the separatory funnel lost. There is also
potential danger of the funnel blowing up or its contents being splattered on the user and
other workers in the lab. If the funnel is held as described, the stopcock may be opened by
twisting the fingers curled around it without readjusting the grip on the funnel. At the end
of the shaking period (I to 2 min are usually sufficient if the shaking is vigorous), the
funnel is vented a final time. It is then supported on an iron ring (Figure 2.30), and the
layers are allowed to separate. When an iron ring is used to support a separatory funnet,
the ring should be covered with a length of rubber or Tygon tubing to prevent breakage.
This may be accomplished by slicing the tubing on the side and slipping the tubing over
the ring. Wire, preferably copper, may be used to fix the tubing permanently in place.
The lower layer in the separatory funnel is carefully drawn into a flask through the
stopcock. It is sometimes difficult to see the interface between two clear layers, but with
practice one can become proficient in doing so.

6. Layer identification. The correct identification of layers requires care and thought. Lay-

ers will usually separate so that the solvent of greater density is on the bottom. A knowl-
edge of the densities of the liquids being separated is thus important for this identification;
the densities of several water-insoluble solvents may be found in Table 3.1. However,
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Figure 2.29 (a) Efficient method of holding a separatory funnel.
(b) Shaking separatory funnel. (c) Venting separatory funnel.

this generalization is not foolproof because the nature and concentration of solute may be
such as to invert the relative densities of the two liquids. It is extremely important not to
confuse the identity of the two layers in the funnel so that the wrong layer is discarded.
Both layers should be saved until there is no doubt about the identity of each. In most
instances, one of the layers is aqueous and the other is organic. A good, foolproof method
of ascertaining which layer is which is the following: Withdraw a few drops of the upper
layer with a dropper or pipet and add these drops to about 0.5 mL of water in a test tube.
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Figure 2.30 Separatory funnel positioned on iron ring with beaker
underneath to collect funnel contents in case of funnel malfunction.

If the upper layer is aqueous, these drops will be miscible with and will dissolve in the

water in the test tube. If the upper layer is organic, the droplets will remain undissolved.

7. Emulsions. Occasionally the two immiscible liquids will not separate cleanly into two
layers after shaking, and the result is an emulsion that appears as a colloidal mixture of
the two layers. Encountering an emulsion during an experiment can be a very frusirating
experience because there are no infallible procedures for ‘‘breaking” emulsions. An
emulsion left unattended for an extended period of time sometimes separates. However, it
is usually more expedient to attempt one or more of the following remedies:

a. Add a few milliliters of brine (saturated aqueous sodium chloride solution) to the
funnel and gently reshake the contents. This increases the ionic strength of the water
layer, which helps force the organic material into the organic layer. This process can
be repeated, but if it does not work the second time, try the following.

b. Filier the heterogeneous mixture by gravity filtration and return the filtrate to the
separatory funnel. Sometimes emulsions are caused by small amounts of gummy
organic materials. Their removal by filtering may allow the layers to separate.

¢. Add a small quantity of water-soluble detergent to the mixture and reshake the mix-



2.19 Heating Under Reflux

ture. This method is not as desirable as the first two, particularly if the desired com-
pounds are in the water layer, because the detergent adds an impurity that must be
removed later.
d. If all these procedures fail, it may be necessary to select a different extraction solvent.
Small quantities of insoluble material sometimes collect at the phase interface and
make it difficult to observe the true boundary between layers. This difficulty may be
overcome by removing any solids along with the undesired liquid layer. A small amount
of the desired layer is inevitably lost by this procedure. An alternative procedure is to
filter the mixture by gravity before separating layers.

2.19 Heating Under Reflux

The term heating under reflux means that a given solvent or reaction mixture is heated at
its boiling point in a flask equipped with a reflux condenser without the boiling temperature
being specified. A typical apparatus for this technique is shown in Figure 2.31a. The top of
the condenser is not stoppered, since a closed system is never heated. The apparatus should
be set up 15 ¢cm (6 in) or more from the benchtop to allow for fast removal of the heating
source from the flask if necessary. The solvent or reactants are placed in a boiling flask,
along with several boiling chips, and the flask is equipped with a heating device and reflux
condenser. The condenser must have water slowly running through it. The materials being
heated vaporize and reliquefy in the condenser. The condensate returns to the boiling flask,
where it is revaporized. Heating the contents of a flask under reflux means that no solvent is
removed or lost. This technique is especially useful for reactions that occur more rapidly at
elevated temperature but which require considerable time for completion.

After the reflux apparatus is set up and the materials are added to the boiling flask, heat is
slowly applied to the flask until boiling commences. The vapors should rise 3 to 6 cm (1 to
2 in) above the bottom of the condenser. If they rise to the top of the condenser or if they are
“‘seen’’ being emitted into the room, either too much heat is being supplied to the flask or the
flow of water through the condenser is insufficient. On occasion, the condenser may not be
of sufficient size to permit adequate cooling, and either a larger-capacity condenser must be
used or two condensers should be hooked together. If the latter option is selected, clamps are
required on each condenser.

Upon completion of the reflux period, heat is removed, and the flask is allowed to come
to room temperature. This ensures that all of the material in the condenser has returned to the
flask.

Many chemical reactions are carried out by adding all the reagents, including solvent and
catalyst (if any), to a reaction flask and heating the resulting mixture under reflux, as de-
scribed above. However, sometimes it is necessary to add one or more reagents to the
reaction mixture gradually over a period of time. For example, this might be necessary if a
reaction is highly exothermic, and the rate of reaction may be controlled by adding one of the
reagents a little at a time. Other reactions may require that one of the reagents be present in
high dilution in order to minimize the formation of side products. Figure 2.31b shows a
typical apparatus that allows a liquid reagent or solution to be added to the reaction flask by
means of an addition funnel; the temperature in the flask can be maintained at room tempera-
ture or below with an ice-water bath, or the flask can be heated to reflux during the addition.
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Figure 2.31 (a) Apparatus for heating a reaction mixture under reflux. (b) Apparatus for adding liquid reagent
or solution by means of addition funnel to a reaction flask equipped with condenser.

The standard-taper separatory funnel available in many glassware kits can also serve as an
addition funnel, as shown in Figure 2.31b. Its use for this purpose requires some provision
for air to be admitted above the surface of the liquid to equalize the pressure inside; this can
be accomplished by not placing the stopper on top of the funnel or by inserting a small piece
of filter paper between the stopper and the funnel.
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Although not discussed here, techniques and apparatus are also available for adding
solids or gases to a reaction flask during the time that the reaction is in progress.

2.20 Gas Traps

Some organic reactions release noxious gases whose presence in the laboratory is undesira-
ble. Other reactions involve materials that react with the moisture in the air. These problems
can be solved with moderate success by utilizing a gas trap (Figure 2.32), which can be
attached to the top of a reflux condenser or directly to a reaction flask. Granular, anhydrous
calcium chloride in the vacuum adapter removes moisture from the air as it is “‘pulled”
through the adapter by gently applying vacuum from either a water aspirator or house vac-
uum system. Any gas formed by the reaction is removed by the dry air passing through the
gas trap.

2.21 Drying Agents, Desiccants, and Drying Liquids

Drying a reagent, sotvent, or product will be encountered at some stage of nearly every
reaction performed in the organic chemistry laboratory. The techniques of drying solids and
liquids are described here and in the next section.

(@) Drying Agents and Desiccants
In purifying organic liquids that have been in contact with water, any traces of moisture that

are present must be removed. Most organic liquids are distilled at the end of the purification
process, and any moisture present either may react with the compound at or below the

Vacuum
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To
vacuum
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Top of reflux
condenser

Figure 2.32 Gas trap for removal of gases from a reaction mixture.
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temperature of the distillation or may co- or steam-distil with the liquid and thereby contami-
nate the distillate. Drying agents, called desiccants, are used to remove these small traces of
moisture before distillation.

The drying of some organic solvents makes profitable use of the codistillation of water
with the solvent in a process called azeotropic distillation (Section 4.5). For example,
benzene or toluene can be dried reasonably well in this manner. Water can also be removed
from 95% ethanol by adding benzene and distilling off the azeotropic mixture of
benzene : water to give pure ethanol, which is called denatured ethanol owing to the presence
of small amounts of toxic benzene. Solids can sometimes be dried by dissolving them in a
suitable solvent, removing any water by azeotropic distillation, and then recovering the solid
by removal of the solvent.

TABLE 2.1 Table of Common Drying Agents, Their Properties, and Uses
Drying Acid-Base Product(s)
Agent Properties with Water Comments'
CaCl, Neutral CaCl,-H,0O High capacity and fast action; reasonable
CaCl,-2 H,O efficiency; good preliminary drying agent;
CaCly-6 H,0O readily separated from dried solution be-

cause CaCly is available as large granules;
cannot be used to dry either alcohols and
amines (because of compound formation)
or phenols, esters, and acids [because dry-
ing agent contains some Ca(OH),l;
hexahydrate decomposes (loses water)
above 30°C.

Na,SO, Neutral Na,S04-7 H,O Inexpensive, high capacity; relatively slow
Na,SO,- 10 H,O action and low efficiency; good general
preliminary drying agent; physical form is
that of a powder, so filtration required for
removal of drying agent from dried solu-
tion; decahydrate decomposes above
33°C.

CaS0, Neutral CaS0O, - 2 H,O Low capacity but somewhat higher effi-
ciency than Na,SO4 and MgSOy; prelimi-
nary drying of solution with drying agent of
higher capacity strongly recommended;
hemihydrate can be dehydrated by heating
at 235°C for 2-3 hr.

K>CO3 Basic KoCO3- 172 H,O Fair efficiency and capacity; good for es-
K2CO3-2 H,0 ters, nitriles, and ketones; cannot be used
with acidic organic compounds.

MgSO, Weakly MgSO,-H,0O About equivalent to Na,SO, as a general
acidic MgSO, -7 H,O drying agent; requires filtration for removal
of drying agent from dried solution; hep-

tahydrate decomposes above 48°C.
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Good for alkyl halides and aliphatic hydro-
carbons; cannot be used with even such
weak bases as alkenes and ethers; high
efficiency.

See comments under H,SOy; also good
for ethers, aryl halides, and aromatic hydro-
carbons; generally high efficiency; prelimi-
nary drying of solution recommended;
dried solution can be distilled from drying
agent.

High efficiency with both polar and non-
polar solvents, although inexplicably it fails
with acetonitrile; somewhat slow action;
good for basic, neutral, or weakly acidic
compounds; cannot be used for base-sen-
sitive substances; preliminary drying of so-
lution is recommended; dried solution can
be distilled from drying agent.

Good efficiency but slow action; cannot be
used on compounds sensitive to alkali met-
als or to base; care must be exercised in
destroying excess drying agent; prelimi-
nary drying required; dried solution can be
distilled from drying agent.

Slow action but high efficiency: good for
alcohols and amines; cannot be used with
compounds sensitive to base; dried solu-
tion can be distilled from drying agent.

Rapid and efficient but use limited almost
exclusively to drying of amines; has poten-
tial for other nonacidic solvents such as
p-dioxane.

Rapid and generally highly efficient; prelimi-
nary drying recommended; dried solution
can be distilled from drying agent if de-
sired; Molecular Sieve is the trade name
for aluminosilicates whose crystal struc-
ture contains a network of pores of uniform
diameter; the pore sizes of sieves #3A and
4A are such that only water and other small
molecules such as ammonia can pass into
the sieve; water is strongly adsorbed as
water of hydration; hydrated sieves can be
reactivated by heating at 300-320°C
under vacuum or at atmospheric pressure.

"Capacity, as used in this table, refers to the amount of water that can be removed by a given weight of

drying agent; efficiency refers to the amount of water, if any, in equilibrium with the hydrated desiccant.
ZThe numbers refer to the nominal pore size, in Angstrom units, of the sieve.
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Two general requirements for a drying agent are as follows: (1) neither it nor its hydroly-
sis product will react chemically with the organic liquid being dried, and (2) it can be
completely and easily removed from the dry liquid. A drying agent must be efficient in its
action so that most or all of the water will be removed by the desiccant in a reasonably short
period of time.

Some commonly used drying agents and their properties are listed in Table 2.1. Of the
agents listed, anhydrous calcium chloride, sodium sulfate, and magnesium sulfate generally
suffice for the needs of the introductory organic chemistry laboratory course.

The desiccants in Table 2.1 function in one of two ways: (1) the drying agent interacts
reversibly with water by the process of adsorption or absorption (equation 1), or (2) it reacts
irreversibly, with water serving as an acid or a base.

In reversible hydration, a certain amount of water will remain in equilibrium with the
hydrated drying agent. The lesser the amount of water left at equilibrium, the greater the
efficiency of the desiccant. For example, sodinm sulfate is more efficient in its drying power
for p-dioxane than is magnesium sulfate, but it is less efficient than calcium chloride.®

Drying agent (solid) + x H,O (liquid) 2 Drying agent-x H,O (solid) (§}]
Anhydrous Hydrate

A drying agent that forms a hydrate (equation 1) must be completely removed by gravity
filtration (Section 2.12) or by decantation (Section 2.15) before the dried liquid is distilled.
Most hydrates decompose with loss of water at temperatures above 30-40°C.

Drying agents that remove water by irreversible chemical reaction have very high effi-
ciencies but are generally more expensive than other types of drying agents. They are some-
times more difficult to handle. For example, phosphorus pentoxide, P,Os, removes water by
reacting with it to form phosphoric acid (equation 2, which is unbalanced).

P,0s (solid) + H,0 (liquid) — H;PO, @

Desiccants such as calcium hydride (CaH,), sodium metal, or phosphorus pentoxide
(P,0s5) react vigorously with water. A preliminary drying with a less reactive and efficient
desiccant that has a high water-removing capacity is normally done before using these desic-
cants. When CaH, or Na metal is used as a drying agent, hydrogen gas is evolved, and
appropriate precautions must be taken to vent the hydrogen and prevent buildup of this highly
flammable gas.

Do not use an unnecessarily large quantity of drying agent when drying a liquid, since the
desiccant may adsorb or absorb the organic liquid along with the water. Mechanical losses on
filtration or decantation of the dried solution may also become significant. The amount of
drying agent required depends upon the quantity of water present, the capacity of the drying
agent, and, indirectly, the amount of liquid to be dried.

(b) Experimental Procedure for Drying Liquids

Use an Erlenmeyer flask for drying a liquid and select a flask size that will be no more than
half full with liquid. In general, a portion of drying agent that covers the bottom of the flask

“Burfield, D. R.; Lee, K.-H.; Smithers, R. H., Journal of Organic Chemistry, 1983, 48, 2420.
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should be sufficient. Start by adding a small amount of drying agent and swirling the flask
gently. If the liquid still appears cloudy, add some more drying agent. Repeat this process
until the liquid appears clear. Remove the drying agent by gravity filtration (Section 2.12) if
the liquid is moderately high-boiling and nonvolatile or by decantation (Section 2.15) if it is
low-boiling and volatile.

Swirling the flask of liquid and desiccant enhances the rate of drying with most desic-
cants because it hastens the establishment of equilibrium in the heterogeneous mixture.
Agitation also appears to hasten the rate of drying even in cases where reaction with water is
irreversible. This is thought to be due to a breakdown in the size of the desiccant particles,
which results in an increase in the net surface area of the drying agent.

2.22 Drying Solids

Solid organic compounds must be dried because the presence of water or organic solvents in
them may affect their melting points, quantitative elemental analysis, and spectra. Difficul-
ties also arise if the solid is wet and if it is to be used in a subsequent reaction whose success
depends on the absence of small amounts of water or other liquids. A solid that has been
recrystallized from a volatile organic solvent can usually be dried to an extent satisfactory for
most purposes by allowing it to air-dry at room temperature. The drying process can be
accelerated by spreading the solid on a piece of filter paper on a clean watch glass and
allowing it to stand overnight or longer. The filter paper absorbs traces of water or any excess
solvent present. The rate of drying can be increased by collecting the solid on a Biichner
funnel held on a filter flask, pressing it as dry as possible with a clean cork, and pulling air
through the solid by means of a water aspirator or house vacuum. See Section 2.16 for more
details of this technique.

If the sample is hygroscopic, meaning that the solid absorbs water from moisture con-
tained in the air, or if it has been recrystallized from water or a high-boiling solvent, the
substance must usually be dried in an oven operating at a temperature below the melting or
decomposition point of the sample. The oven-drying process can be done at atmospheric
pressure or under vacuum. Air-sensitive solids must be dried either in an inert atmosphere,
such as in nitrogen or helium, or under vacuum. Samples to be submitted for quantitative
elemental analysis are normally dried to constant weight by heating under vacuum.

Dry organic solids are conveniently stored in desiccators containing desiccants such as
silica gel, phosphorus pentoxide, or calcium chloride. Tightly stoppered bottles containing
one of these desiccants make good storage containers. A desiccator can even be used to dry
an organic solid that is wet with water if it contains one of the aforementioned drying agents.
Moreover, a solid contaminated with a hydrocarbon solvent can be dried by placing it in a
desiccator containing a block of paraffin, which absorbs the hydrocarbon.

2.23 Drying Tubes

The organic chemist is often faced with the problem of protecting a reaction mixture from
moisture. There are advanced techniques for doing so, such as using an inert, dry atmosphere
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Figure 2.33 Drying tubes: (a) straight, (b) bent, or U-shaped.

of nitrogen or argon gas. A simple and moderately effective procedure utilizes a drying tube
containing a drying agent. |

Two types of drying tubes are shown in Figure 2.33; the straight tube is more common in
the introductory organic laboratory. A drying tube is prepared for use by placing a very loose
plug of glasswool at the bottom of the tube and filling the tube with a granular drying agent.
Anhydrous calcium chloride is commonly used. It is usually not necessary to ‘‘cap’ the
straight tube with glasswool, whereas with a bent drying tube, a loose plug of glasswool must
also be placed in the other end of the tube to prevent the drying agent from falling out. Figure
2.33 shows both types of filled tubes.

2.24 Drying of Apparatus

Before a reaction that must be carried out under anhydrous conditions is started, as much
moisture as possible must be removed from the apparatus. This can be done by setting up the
glassware without any reagents present and gently warming the apparatus with a Bunsen
burner or microburner, a process called flaming. The apparatus must have at least one
opening to the atmosphere before warming. Start warming at the point most remote from the
opening to the atmosphere and work towards the opening. The moisture in the apparatus will
be driven through the opening. If a condenser is part of the apparatus, make sure no water is
in or running through it. When the apparatus is warm, insert a filled drying tube (Section
2.23) in the opening and allow the system to cool to room temperature. As cooling occurs,
air from the atmosphere is drawn into the apparatus through the drying agent, which removes
the moisture. This technique accomplishes two things: first, moisture is driven from the
apparatus by the heat, and second, the air drawn back into the equipment is free of moisture.



chapter 3
solids
recrystallization and melting points

The organic chemist most often works with substances in two physical states, liquid and
solid. The purpose of this and the next two chapters is to present an introduction to the theory
and practice of the most important methods used to separate and purify organic liquids and
solids.

It is entirely possible that a compound believed to be pure may actually contain a small
amount of another substance. In fact, some of the work reported before the 1950s has been
subsequently shown to be incorrect, owing to the presence of impurities in what were be-
lieved to be pure compounds. The use of recently developed chromatographic and spectral
techniques has aided the chemist in ascertaining that a solid or liquid is pure.

A pure substance contains only one type of molecule, and it is essential to ensure that a
compound is as pure as possible before conducting studies on it. It is a rare occasion when
an organic chemist obtains a desired compound in pure form, whether that substance is the
product of a chemical reaction or is isolated from some natural source. For example, a
chemical transformation designed to produce a particular target compound almost invariably
yields a reaction mixture that contains a number of contaminants. These may include prod-
ucts of side reactions that proceed concurrently with the main reaction, varying amounts of
unchanged starting materials, inorganic materials, and solvents. Chemists devote a great deal
of effort to the separation of the desired product from such impurities. Even chemicals
purchased commercially are often not more than 95% pure, owing to the expense to the
supplier of the final purification process or to decomposition prior to use. The ultimate goal
is to obtain a substance that cannot be separated further by any known experimental tech-
niques. This chapter discusses the purification of solids by recrystallization and the physical
property of melting points.
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3.1 Recrystallization

One of the most valuable and useful techniques to be mastered by the organic chemist is
recrystallization. This technique is the one most often used to effect the purification of
solids. Other methods that can be used for this purpose are sublimation (Sec. 2.17), extrac-
tion (Chapter 5) and chromatography (Chapter 6). Even when one of these alternative meth-
ods has been used, a careful worker will frequently perform a final recrystallization of the
material to achieve added confidence that it is pure.

The process of recrystallization involves, first, the complete disruption of the crystal
structure by dissolving the solid in a suitable solvent and, second, regrowth of the crystals so
that, ideally, the impurities are left in solution. This technique is called solution recrystalli-
zation and is discussed below. An alternative to recrystallization involves melting the solid
in the absence of any solvent and then allowing the crystals to regrow so that the impurities
are left in the melt. This method is seldom used because the crystals usually form in the
presence of a rather viscous oil that contains the impurities and from which it is difficult to
separate the desired solid.

Solution crystallization takes advantage of the fact that nearly all solids are more soluble
in a hot than in a cold solvent. Thus, if the crystals are dissolved in a volume of hot solvent
that is insufficient to dissolve them when cold, and if that hot solution is then allowed to
cool, crystals should form from the cooling solution. The extent to which the crystals form
depends on the difference in solubility between the temperature extremes. The high tempera-
ture extreme is limited by the boiling point of the solvent being used; the low temperature
limit is usually dictated by experimental convenience. An ice-water bath is often utilized for
cooling the solution. However, the freezing point of the solvent can be the determining
factor.

If the impurities present in the original solid mixture have dissolved and remain dissolved
after the solution is cooled, filtration of the crystals that have formed on cooling should
ideally provide pure material. On the other hand, the impurities may remain undissolved in
the hot solution and can then be filtered from the solution before it is allowed to cool, so that
the crystals that subsequently form on cooling should be purer than the original solid mix-
ture. Solution recrystallization is seldom so simple, but this scenario should provide an
understanding of the general principles of the technique.

Application of the technique of solution recrystallization involves some or all of the
following experimental steps:

1 selection of an appropriate solvent
2 dissolution of the solid to be purified in the solvent near or at its boiling point

3 decolorization to remove colored impurities and filtration of the hot solution to remove
insoluble impurities and decolorizing carbon

4 formation of crystals from the solution as it cools

5 filtration of the purified crystals from the cooled solution and removal of adhering
solvent

6 drying the crystals

Each step of the recrystallization process is discussed in detail below, and the experimental
procedures are presented at the end of the discussion.
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After an impure solid has been recrystallized, the crystals that are obtained may or may
not be pure. One of the methods that can be used to determine their purity is to determine the
melting point of the recrystallized solid. This technique is discussed in Section 3.2.

1. Selecting a Solvent A solvent must satisfy certain criteria in order to be used for
recrystallization: (a) The substance being purified must be insoluble or nearly insoluble in
cold solvent. This solubility is often tested at room temperature. (b) The compound being
purified should ideally be soluble in the hot solvent but insoluble or nearly so when cooled.
The impurities must remain at least moderately soluble in the cold solvent, otherwise both
the desired compound and the impurities would recrystallize. This solubility property of the
solvent with respect to the solubility of the solute and impurities is called the temperature
coefficient of the solvent, and it must be favorable for a successful recrystallization. Another
possibility is that the impurities are insoluble in the hot solution, from which they may be
filtered. (c) The boiling point of the solvent should be low enough so that it can be removed
easily from the crystals in the final drying step. (d) In general, the boiling point of the solvent
should be lower than the melting point of the solid being purified. (e) The solvent should not
react chemically with the substance being purified.

If a compound has been prepared previously, the chemical literature describing its syn-
thesis will usually give information concerning a suitable recrystallization solvent. If the
compound has not been studied previously, it will be necessary to resort to trial-and-error
techniques in order to determine a suitable solvent for recrystallization, and it is desirable to
use small amounts of material for this purpose. Some solubility generalizations can be uti-
lized in selecting a solvent. Normally, polar compounds are soluble in polar solvents and
insoluble in nonpolar solvents. Conversely, nonpolar compounds are more soluble in non-
polar solvents. These solubility properties are frequently summarized by the adage *‘like
dissolves like.”” A highly polar compound is unlikely to be soluble in a hot nonpolar solvent,
but it may be very soluble in a cold, very polar solvent, so that a solvent of intermediate
polarity may be satisfactory.

Common recrystallization solvents have a wide range of polarity, and the dielectric
constants (€) listed in Table 3.1 provide a measure of this property. Those solvents with
dielectric constants in the range of 2-3 should be regarded as nonpolar and those with
constants above 10 as polar. Solvents in the 3—10 range are of intermediate polarity. The
structures of most of the solvents in Table 3.1 are provided above the table. The name of one
of these solvents can be confusing and deserves special mention. Petroleum ether is a mix-
ture of aliphatic hydrocarbons obtained from petroleum refining and is not an ether at all.
Such a mixture may vary in composition and boiling range, depending on the distillation
“‘cut’ taken. In order to define the liquid being used, the boiling range is usually given, for
example, petroleum ether (bp 60-80°C). To confuse the issue further, the name ligroin is
occasionally used in place of petroleum ether.

Sometimes the organic chemist is unable to find a single pure solvent that is suitable for
a particular recrystallization, so that it is necessary to use mixed solvents. This technique
involves using a mixture of two (or more) solvents and is done as follows. One solvent is
selected in which the compound is insoluble when cold and another in which the compound
is soluble when cold. The compound being purified is placed in the solvent in which it is
insoluble and then heated near the boiling point of the solvent. Then the second solvent is
added in small portions until the solid dissolves. If crystals form on cooling, a suitable
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(0] O O
7 4 4
CH3C< CH3C< CH;C\/\
OCH,CH3; CH; OH
Ethyl acetate Acetone Acetic acid
TABLE :;.71 Ct;mmon Recrystallization Solvents® - .
Boiling Freezing Water  Dielectric
Solvent® Point (°C) Point (°C)° Soluble Constant () Flammable
Water* 100 0 — 78.54 No
95% Ethanol* 78 Yes 246 Yes
Methanol 65 Yes 32.63 Yes
Petroleum ether® Variable No 1.9 Yes
Cyclohexane 81 6 No 2.02 Yes
Toluene 11 No 2.38 Yes
Diethy! ether 85 Slightly 4.34 Yes
Tetrahydrofuran 65 Yes 7.58 Yes
1,4-Dioxane 101 1" Yes 2.21 Yes
Dichloromethane® 41 No 9.08 No
Chioroform*® 61 No 4.81 No
Carbon tetrachloride® 77 No 2.23 No
Ethyl acetate* 77 Yes 6.02 Yes
Acetone 56 Yes 20.7 Yes
Acetic acid 118 17 Yes 6.15 Yes

Solids: Recrystallization and Melting Points

CH,CH,OH CH;OH

Ethanol Methanol  Cyclohexane
{ethyl alcohol) (methyl
alcoholy

CH;CH,OCH,CHj { \
O

C

CH;

Toluene

O.

Diethyl ether Tetrahydrofuran  1,4-Dioxane
(ether)
CH,Cl, CHCly CCly
Dichloromethane  Chloroform Carbon

tetrachloride

Specific
Gravity?

1.000

About 0.7
0.779
0.867

0.714

1.335
1.492
1.594

“Benzene has been omitted from this list. owing to its toxicity. Cyclohexane can often be successfully
substituted for it.

The solvents marked with asterisks should normally be used first in a trial-and-error search for the best
recrystallization solvent.

“Freezing points not listed are below 0°C.

“Only the specific gravities of water-insoluble solvents are included.

“As a general rule, avoid use of chlorocarbon solvents such as dichloromethane, chloroform, and carbon
tetrachloride, if another equally good solvent can be found. If not, take care to avoid excessive inhalation of

their vapors.
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solvent mixture may have been found, but trial-and-error with other solvent mixtures may be
required before pure crystals are obtained.

A major requirement for using mixed solvents is that the solvents themselves be com-
pletely soluble (miscible) in one another. For example, information given in Table 3.1
indicates that carbon tetrachloride is water-insoluble, so that a mixture of water and CCly
could not be used. Some frequently used mixed-solvent pairs are ethanol-water, toluene—
petroleum ether, acetic acid—water, diethyl ether—alcohol, and diethyl ether—petroleum
ether. Mixtures of toluene-ethanol are infrequently used and then only with absolute ethanol,
since the presence of water causes solvent separation, particularly on cooling. Mixed sol-
vents are also used in paper and thin-layer chromatography (Chapters 6 and 26).

2. Dissolving the Solid The following operations are best carried out within a ventilation
hood to avoid inhalation of the solvent vapors and the possibility of fire. If this is not
possible, an inverted funnel should be clamped over the flask, and the stem of the funnel
should be connected to a vacuum source such as a water aspirator or the house vacuum
system.

The solid to be purified should be weighed and placed in an appropriately sized Erlen-
meyer flask. A beaker should never be used for recrystallization. A few crystals of the
impure solid should be saved, for they may be needed later to induce crystallization. A few
milliliters of the desired solvent are added to the flask. With constant stirring or swirling, the
mixture of the solid and solvent is then heated to boiling, preferably using a steam bath, hot
water bath, or hot plate. Open flames should never be used with flammable solvents (solvent
flammability is given in Table 3.1). More solvent is added to the boiling mixture in small
portions until just enough solvent is present to dissolve the solid. Enough time is allowed for
the solution to boil again after adding each portion of the solvent, for some solids dissolve
slowly, especially if they are not finely divided. After all of the solid has just dissolved, it
is generally desirable to add 2 to 5% additional solvent to prevent premature crystallization
during the hot filtration, if this step is necessary. A large excess of solvent should be
avoided, as this would minimize the amount of pure crystals that will form on cooling. Solids
remain soluble to some extent even in cool solution, and the recovery will be reduced by an
amount that depends on both this solubility and the volume of solvent present. If, near the
end of the dissolution process, it appears that additional solvent is not dissolving any more of
the solid, particularly when only a relatively small quantity of solid remains, it is probable
that enough solvent has been added. The remaining solid is likely to consist of insoluble
impurities that will be removed in the hot filtration step. The recovery of only a small amount
of crystals can most often be attributed to having added a volume of solvent far in excess of
that needed.

The use of mixed solvents involves the same general approach as that described above.
As an alternative to the procedure outlined under ‘‘Selecting a Solvent,”” the solid to be
purified can first be dissolved in a minimum volume of the hot solvent in which it is soluble.
The second solvent is then added to the boiling solution until it turns cloudy. If this solvent
has a lower boiling point than the first, the solution must be cooled below the boiling point of
the second solvent before it is added. The second solvent decreases the dissolving ability of
the solvent mixture, and when the solubility limit is reached, the solute begins to come out of
solution and produces the cloudy appearance. Finally, more of the first solvent is added
dropwise until the solution becomes clear again. It is advantageous to carry out the hot
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filtration step, if needed, before adding the second solvent to prevent crystallization during
filtration. The alternative procedure just described has the potential disadvantage of requiring
unduly large volumes of solvent.

3. Decolorization and Hot Filtration After the solid mixture is dissolved in hot solvent,
the solution may be colored, owing to the presence of colored impurities. If the hot solution
is colorless, the decolorization process may be omitted. If it is colored, the colored impurities
may often be removed by adding a small amount of decolorizing carbon (activated vegetable
charcoal) to the hot, but not boiling, solution. Carbon added to the boiling solution is likely
to cause the liquid to boil over the top of the flask. The amount of decolorizing carbon
required is usually small, and typically that which can be held on the tip of a small spatula
will suffice. Colored impurities and the compound being purified are adsorbed on the surface
of the carbon particles, but the colored substance, being present in minor amounts, is com-
pletely removed, whereas the uncolored one is not. The decolorizing carbon is subsequently
removed by hot filtration. If too much carbon is added, the amount of solid recovered will be
reduced because the compound being purified is also adsorbed on the surface of the charcoal.
After the charcoal is added, the solution should be heated to boiling for a few minutes while
being continuously stirred or swirled to prevent bumping of the boiling mixture.

To remove insoluble impurities, including dust and decolorizing carbon (if used), the hot
solution is filtered by gravity filtration (Sections 2.12 and 2.13). If no insoluble impurities
are present and the solution is clear, this step may be omitted. Gravity filtration is preferred
to vacuum filtration because the latter will both cool and concentrate the solution, owing to
evaporation of the solvent, and this may result in premature crystallization. A short-stemmed
or stemless glass funnel and a fluted filter paper should be used for gravity filtration into a
second Erlenmeyer flask. The top of the paper should not extend above the top of the funnel
because of the possibility of the liquid flowing over the top of the funnel. The use of fluted
filter paper (Section 2.11) allows for more rapid filtration.

The hot solution is poured onto the middle to upper portion of the filter paper in order to
maximize the efficiency of the filtration. In this way the solution will come in contact with a
larger area of the filter paper and thus will be filtered more rapidly. However, no solution
should be allowed to pass between the side of the paper and the funnel.

Decolorizing carbon is very finely divided and is not always completely removed by
filtration, as evidenced by the presence of a dark tint in the filtrate. If the carbon is not
completely removed, a small amount of *‘filter-aid’’ may be added to the filtrate. The
solution is heated again just to boiling and refiltered using a fresh fluted filter paper. The
carbon is trapped in the filter-aid and thus removed.

4. Crystallization The hot filtrate is allowed to cool slowly by standing at room tempera-
ture, which should result in the formation of crystals. Rapid cooling by immersion of the
flask in water is undesirable because the crystals formed will tend to be very small, and their
resulting large surface area may facilitate adsorption of impurities from the solution. Gener-
ally the solution should not be agitated while cooling, since this will also lead to formation of
small crystals. On the other hand, the formation of crystals larger than about 2 mm should
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also be avoided, since this may cause occlusion (trapping) of solution within the crystals.
Such crystals are difficult to dry and when dried may contain deposits of impurities. If large
crystals appear to be forming, the flask may be agitated to lower the average crystal size.
With experience, it should become easier to judge the proper crystal size.

If crystallization does not occur after the flask has been allowed to cool for a while, either
too much solvent was used during dissolution or the solution is supersaturated. A supersatu-
rated solution can usually be made to form crystals by seeding. A tiny crystal of the original
solid is added to the cooled solution, and crystals may form quite rapidly. Another method
that may be used to induce crystal formation is to scratch the inside surface of the flask ar or
Jjust above the surface of the solution with a glass stirring rod. If this is done, do not apply
undue pressure to the stirring rod in order to avoid breaking the rod or the flask.

Occasionally the solute will separate from the solution as an **oil’’ rather than as crystals,
which may be due to insufficient solvent having been added during the dissolution. This type
of separation is not as selective as crystallization, so these oils generally contain significant
amounts of impurities and their formation is undesirable. There are two somewhat different
types of oiling problems. (1) Oils may persist on full coaling with no evidence of crystalliza-
tion. A remedy that frequently works in such cases is to scratch the oil against the side of the
flask with a glass stirring rod in the presence of the mother liquor in order to induce
crystallization. If this fails, several small seed crystals of the original impure solid may be
added to the oil and the mixture allowed to stand for a period of time, perhaps until the next
class period. If these alternatives fail to work, it may be necessary to separate the oil from the
mother liquor and crystallize it from a different solvent. (2) When recrystallizing certain
compounds, such as acetanilide from water, cooling of the hot solution may result in the
separation of an oil that freezes into a compact mass at a lower temperature. After the oil
appears, relatively pure crystals may start to form in the residual solution. The oil is not a
pure liquid solute but is a liquid solution of solute, solvent and perhaps other impurities
whose freezing point is below the temperature at which the oil formed. Therefore, the
crystals, oil, and/or solid mass from the oil should not be collected, because they are likely to
be impure. Problems of this type may usually be remedied by reheating the mixture to
boiling, adding a few milliliters of additional pure solvent, and allowing the solution to cool
again. This should either solve the problem or at least reduce the amount of oil formed.

A second crop of crystals can be obtained as discussed under *‘Filtration’’ below.

5. Vacuum Filtration and Removal of Solvent from Crystals The cool mixture of
crystals and solution is filtered by vacuum filtration, and the solution is collected in a clean,
dry filter flask. The crystals should be washed with a small amount of pure, cold solvent, and
then as much solvent as possible should be removed from the crystals. The experimental
details for vacuum filtration and solvent removal are described in Section 2.16.

After filtering the crystals, a second ““crop’ of crystals can usually be obtained by further
cooling of the filtrate, often referred to as the mother liquors, in an ice-water bath. The
mother liquors can also be concentrated by boiling away some of the solvent and cooling the
residual solution. The crystals obtained as a second or even third crop may not be as pure as
the ones obtained from the initial crystallization, and the various crops of crystals should not
be combined until their purity has been assessed. As discussed in the next section, purity can
be determined by the use of melting points.
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6. Drying the Crystals After vacuum filtration and solvent removal, the crystals are
removed from the filter funnel and dried to remove residual amounts of solvent. The tech-

nique for drying solids is presented in Section 2.22.

Pre-lab exercises for Section 3.1, Recrystallization, are found on page PL. I.

EXPERIMENTAL PROCEDURE

DO IT SAFELY

Do not use a burner in these procedures unless you have been instructed to do
so. Most of the solvents used for recrystallization are flammable.

2 If you are using a hot plate, do not use it at the highest setting. A moderate
setting will prevent overheating and the consequent bumping and splashing of
hot solvents and materials from the flask during heating. Hot plates should not
be used for heating volatile or flammable solvents; the use of a steam bath or a
hot water bath is preferable for these types of solvents.

3 Avoid excessive inhalation of solvent vapors. If a ventilation hood is not avail-
able for your use, clamp an inverted funnel just above the Erlenmeyer flask in
which you will be heating solvents. Attach this funnel by means of rubber tubing
to a water aspirator or to a house vacuum line. This will serve to lower the
concentration of vapors in your work area.

4 When pouring or transferring solutions, either wear rubber gloves or be careful
to avoid getting these solutions on your skin. Organic compounds are much
more rapidly absorbed through the skin when they are in solution, particularly in
water-soluble solvents such as acetone and ethanol. For this reason you should
never rinse organic materials off your skin with solvents such as acetone, but
instead should wash your hands thoroughly with hot water and soap.

-

5 If you use decolorizing carbon, never add it to a boiling solution because
it may cause the solution to boil out of the flask. The carbon should be added
when the temperature of the solvent is well below the boiling temperature. If
it is added when the boiling temperature has been reached, but vigorous ebulli-
tion has not yet begun, the addition of the carbon may cause violent boiling so
that the mixture overflows the flask.

A. Selection of Solvent for Recrystallization

Heat a beaker of water to a gentle boil on a hot plate and use the hot water to serve as a
heating medium; replenish the water as necessary. Alternatively, a steam bath may be used
(Section 2.5f).

Several options are available for selecting the solvent for a recrystallization. This may be
done on known compounds or on an unknown compound. Your instructor will tell you which
option to use.
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1. Known Compounds The procedures given below involve several common organic
crystalline compounds: resorcinol, naphthalene, benzoic acid, and acetanilide. Look up the
structures of these compounds in an organic textbook.

Place about 20 mg (a small spatula-tip full) of finely crushed resorcinol in a small test
tube and add about 0.5 mL of water to the tube. Stir with a glass rod and determine whether
resorcinol is soluble in water at room temperature. Record your observations in your note-
book, using the following definitions: soluble—20 mg of solute will dissolve in 0.5 mL of
solvent: slightly soluble—some but not all of the 20 mg of solute will dissolve in 0.5 mL of
solvent; insoluble—none of the solute appears to dissolve. If the resorcinol is not completely
soluble at room temperature, place the test tube in the hot-water bath, and with stirring or
swirling of the tube observe whether resorcinol is soluble in hot water. Record your observa-
tions on the basis of the definitions above.

Repeat the solubility test for resorcinol using 95% ethanol and then petroleum ether (bp
60-80°C), and record your observations in your notebook. If additional practice is desired,
determine in like fashion the solubility properties of naphthalene, benzoic acid, and acetani-
lide in water, in ethanol, and in petroleum ether.

If any of these solutes is soluble in the hot solvent but only slightly soluble or insoluble in
the cold solvent, allow the hot solution to cool slowly to room temperature and compare the
quantity, size, color, and form of the resulting crystals with the original solid material. Note
which solvent you would consider best suited for recrystallization of each of the solutes.

2. Unknown Compounds If you are given an unknown solid to recrystallize, first deter-
mine its solubility in various common solvents. This should be done on a small scale, and
once the most suitable solvent has been selected, then the process can be ‘‘scaled’ up, as
described in part B below. Table 3.1 lists various solvents that are generally useful for
recrystallization of organic solids, and some descriptive information is provided for each
solvent. It should not be necessary to test all the solvents, but you should consider trying
those solvents in the table that are denoted with an asterisk. Your instructor may indicate
which solvents to try.

A systematic approach to testing the solubility of an unknown compound is encouraged.
Clean and dry enough small test tubes so that one can be used for each solvent that will be
tested. Place about 20 mg (a small spatula-tip full) of finely crushed unknown in each test
tube and add about 0.5 mL of each solvent to different tubes containing the solid. Stir each
with a glass rod and determine whether the solid is soluble in each solvent at room tempera-
ture. Use the definitions of soluble, slightly soluble, or insoluble given in part A, above. If
the unknown is not soluble in a given solvent, place the test tube in the hot-water bath. Stir or
swirl the tube, and observe whether the unknown is soluble in hot solvent. If the solid is
soluble in the hot solvent but only slightly soluble or insoluble at room temperature, allow
the hot solution to cool slowly to room temperature. If crystals form in the cool solution,
compare their quantity, size, color, and form with the original solid material and with the
other samples. It may be helpful to construct a table containing the solubility data, from
which you should be able to decide the solvent that appears best suited for recrystallization.
Generally it is a good idea to test the solubility in a variety of solvents, even though you may
find crystals formed in the first solvent you try; another solvent might prove better if it
provides either more or better crystals.
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If these solubility tests produce no clear solvent choice, mixed solvents should be
considered; review the previous discussion in this section for the philosophy of using a
mixture of two solvents. Before trying pairs of solvents in combination, you should take
about 0.5 mL of each pure solvent being considered and mix them to ensure that they
are soluble in one another. If they are not miscible, another pair of solvents should be
considered.

B. Recrystallization of Impure Solids

Carefully read the discussion provided earlier in this section to become familiar with the
techniques for carrying out the following steps in the recrystallization procedure. This infor-
mation should help you avoid or surmount most of the problems that you may encounter in
effecting the purification of impure solids by recrystallization. Only abbreviated directions
are provided in the experiments that follow.

Obtain one or more samples of impure solids for recrystallization. Among those that
might be assigned are (1) benzoic acid, (2) acetanilide, (3} naphthalene, or (4) an unknown
compound. If you are assigned an unknown, determine th . azpropriate solvent(s) to use as in
part A and then proceed by following the general instructicns given in the discussion part of
this section.

For each compound that is recrystallized, determine the melting point, weight, and per-
cent recovery of the pure crystals that are obtained. Melting points and the procedure for
determining them are discussed in Section 3.2. Percent recovery can be calculated from the
weight of the impure solid with which you started and the weight of the ure substance that
you obtain. Equation | illustrates this calculation:

weight of pure crystals recovered
Percent recovery = %Neightpo P ori:,inal T X 100 )

For example, suppose you started with 1.0 g of an unknown solid and obtained 0.45 g of
pure crystals. The percent recovery would be (0.45 g/1.0 g) X 100 = 45%.

1. Benzoic Acid Place | g of impure benzoic acid in a clean 50-mL Erlenmeyer flask.
Measure 25 mL of water in a graduated cylinder and add a 10-mL portior: of it to the benzoic
ccid. Heut to genf ¢ boiling with a microburner or hot plate. Add water in 1-mL. portions until
no more soiid apoears to dissolve in the boiling solution. Record the total v olume of water
used. No more thait 20 mL should be required.

Since pure benzoic acid is colorless, a colored solution should be treated with decoloriz-
ing carbon. (Caution: Do not add decolorizing carbon to a boiling solution!) Cool the solu-
tion slightly, add approximately 0.1 g of carbon, and reheat to boiling for a few minutes. To
aid in the filtration of the finely divided carbon, allow the solution to cool slightly, add a
small amount of filter-aid, and reheat.

Perform a hot filtration according to the directions provided in Section 2.13. Rinse the
empty flask with 1 or 2 mL of hor water and filter this wash solution into the main solution.
If the filtered solution remains colored, repeat the treatment with decolorizing carbon. Cover
the flask with a watch glass or inverted beaker,* and allow the filtrate to stand undisturbed
until it has cooled to room temperature and no more crystals form. To complete the crystalli-
zation place the flask in ice water for at least 15 min.
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Collect the white crystals by suction filtration and wash the filter cake with two small
portions of cold water. With a clean spatula or cork press the crystals as dry as possible on
the funnel. Spread the crystals onto a piece of filter paper or, better, a watch glass and allow
them to air-dry completely. Determine the weight and melting point of the purified product.
Calculate the percent recovery.

2. Acetanilide Place 5 g of impure acetanilide in a 250-mL Erlenmeyer flask. Measure
100 mL of water into a graduated cylinder and add a 50-mL portion to the crude acetanilide.
Boil the mixture gently with the aid of a burner or hot plate.

Note the formation of an oil layer consisting of a solution of water in acetanilide that
forms a separate phase. This second liquid phase forms at temperatures only above 83°C in
mixtures whose compositions lie between 5.2% and 87% acetanilide. Acetanilide, however,
is sufficiently soluble in water at temperatures slightly above 100°C, the boiling point of the
solution, to form solutions of greater than 5.2% acetanilide. Thus, a boiling solution pre-
pared with the minimum quantity of water to effect solution will yield an oil on cooling to
83°C, and crystals below 83°C. Reread the section on crystallization of compounds that form
oils (Section 3.1, part 4).

Continue adding water in small portions (3—5 mL) to the boiling solution until the oil has
completely dissolved. Note that any solid present at this point must consist of insoluble
impurities. Once the acetanilide has just dissolved, add an additional 5 mL of water to
prevent formation of oil during the crystallization step. 1f oil forms at this time, reheat the
solution and add a little more water. Record the total volume of water used.

Allow the solution to cool below boiling and add about 0.1 g of decolorizing carbon;
with stirring, gently boil the solution for a few minutes. Cool the solution, then add a small
amount of filter-aid, stirring thoroughly. Reheat to boiling, and perform a hot filtration
according to the directions given in Section 2.13. Cover the flask with a watch glass or,
better, an inverted beaker,* and allow the filtrate to stand undisturbed while cooling to room
temparature; when crystallization apparently is complete, cool the flask in ice water for at
lzast 15 min to complete the crystallization.

Coilect the crystals by vacuurn filtration and wash the filter cake with two small portions
of cold water. With a spatula or cork press the crystals as dry as possible on the funnel.
Spread the crystals onto a piece of filter paper or, better a watch glass and allow them to

air-dry conipletely. Determire the weight and melting point of the purified acetanilide,
Caleulate the percent recovery.

3. iauhvhaiene Naphthalene may be conveniently izcrysail.zod from either methanol,
95% ethuac.. or 2-propanol. Because these solvents are eithes toxic or fiziamable, or both,
proper procaicions should be taken. Cperations through the not fit:utcr siep should be
carried out in a ventilation hcod. If this is not available, an nvertec ¢l connected by
tubing to an aspirator or vacuu:n line and positioned no more than an inci» 1 too above the
mouth of the flask in which the solvent is being heated wii: afford resw il protection.

Place 5 g of impure naphtha:ere n 4 250-mL Erlenmeyer flask a dve it in the
minimum required amount of boiting alcohol. (Caution: Use a stezm bath ¢, b :ating; do not
use » burner.) Add 2 or 3 1l of additional solvent. A colored solution «iev d to treated with
decolorizing carbon. Perforn a hot filtration, and cover ihe flask coiaining the hot filtraze
with either a watch glass or an inverted beaker,* and allow the filtra(e (o stand undisturbed
while cooling to room temperature. Collect the crystals by vacuum fiitration, wash them with
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two small portions of cold solvent, and press dry. Transfer the crystals to a piece of filter
paper or a watch glass and allow them to air-dry. Determine the weight and melting point of
the purified naphthalene. Calculate the percent recovery.

4. Unknown Compound Accurately weigh 1-2 g of the unknown compound and place
it in a 125-mL Erlenmeyer flask. Measure about 10 mL of the solvent you have selected for
the recrystallization and place it in the flask. Bring the mixture to a gentle boil with a steam
or hot-water bath, add a 5-mL portion of the solvent, and allow the solution to boil again.
Continue adding 5-ml portions of solvent, one portion at a time, until the solid has com-
pletely dissolved. Allow the solution to boil after adding each portion of solvent. Record the
total volume of solvent that was added.

If the solution containing the solute is colored, cool the solution slightly, add about 0.1 g
of decolorizing carbon, and reheat to boiling for a few minutes. To aid in the filtration of the
finely divided carbon, allow the solution to cool slightly, add about 0.2 g of filter-aid, and
reheat. Filter the mixture by gravity as directed below.

If the solution is colorless but contains small particles of insoluble matenal omit the
treatment with decolorizing carbon but filter the mixture by gravity as directed below.

Solutions that have been treated with decolorizing carbon or which are colorless but
contain small particles of insoluble material are filtered using hot gravity filtration. The
procedure for this process is given in Section 2.13. Rinse the empty flask with 1-2 mL of kot
solvent, pour it through the filter, and allow this solvent to collect in the same flask that
contains the original filtrate. If the filtered solution remains colored or still contains insoluble
particles, repeat the treatment with decolorizing carbon and refilter by hot gravity filtration.

Cover the flask containing the filtrate with a clean watch glass or clean inverted beaker,
and allow the filtrate to stand undisturbed until it has cooled to room temperature and no
more crystals form.* Complete the crystallization by placing the flask in an ice-water bath
for at Jeast 15 min.

Collect the crystals by vacuum filtration using the technique described in Section 2.16.
Wash the crystals that have been collected on the filter with two 5-mL portions of cold, pure
solvent, and allow them to dry as thoroughly as possible on the filter funnel. Dry the crystals
as described in Section 2.22.

Determine the weight and melting point of the purified product and calculate the percent
recovery.

EXERCISES

1. Define or describe each of the following terms as applied to recrystallization:
a. solution recrystallization
b. temperature coefficient of a solvent

c. the relationship between dielectric constant and polarity of a solvent

d. petroleum ether J- fluted filter paper 0. occlusion

e. mixed solvents k. mother liquor p. seeding

f. solvent selection 1. filtrate q. washing crystals
g. decolorization m. solute r. drying crystals
h. hot gravity filtration n. solvent S. percent recovery
i. vacuum filtration
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. Briefly explain how a colored solution may be decolorized.
. Briefly explain how insoluble particles can be removed from a hot solution.
. List five criteria that should be used in selecting a solvent for a recrystallization.

When is hot gravity filtration used and when is vacuum filtration used in recrystalliza-
tion? What is the purpose of each type of filtration?

. When might filter-aid be used in recrystallization, and why is it used?

In hot gravity filtration, what might happen if the filter funnel is not preheated before the
solution is poured through it?

. Briefly describe how a mixture of sand and benzoic acid, which is soluble in hot water,

might be separated to provide pure benzoic acid.

. Describe each of the following pieces of equipment and its use:

a. filter flask
b. filter trap
¢. Biichner funnel

10. The following solvent selection data were collected for two different impure solids:

Solid A

- - Solu;ilit; u — ;S'olubiliry Crystals Formed

~ Solvemt at Room Temp When Heated When Cooled

Methanol Insoluble Insoluble

Chloroform Insoluble Soluble Very few

Cyclohexane Insoluble Soluble —= Many

Toluene Insoluble Soluble Very few

Solid B

Solubility Solubility Crystals Formed
Solvent at Room Temp When Heated ~ When Cooled

Water Soluble — —

Ethanol Soluble — —

Carbon tetrachloride Insoluble Insoluble —

Petroleum ether Insoluble Insoluble —_

Toluene Insoluble ~ Insoluble —

Based on these results, what solvents or mixture of solvents might you consider using to
recrystallize solids A and B?

11. List each of the steps in the systematic procedure for recrystallization. Indicate briefly
the functional purpose of each of these steps in accomplishing the purification of the
originally impure solid.

12. The goal of the recrystallization procedure is to obtain purified material with a maxi-

mized recovery. For each of the items listed, explain why this goal would be adversely
affected.
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a. In the solution step, an unnecessarily large volume of solvent is used.

b. The crystals obtained by vacuum filtration are not washed with fresh cold solvent
before drying. This step is omitted.

¢. The crystals referred to in b are washed with fresh #or solvent.

d. A large excess of decolorizing carbon is used.

e. Crystals are obtained by breaking up the solidified mass of an oil that originally
separated from the hot solution.

f. Crystallization is accelerated by immediately placing the flask of hot solution in ice
water.

13. A second crop of crystals may be obtained by concentrating the vacuum filtrate and
cooling. Why is this crop of crystals probably less pure than the first crop?

14. Explain why the rate of dissolution of a crystalline substance may depend on the size of
its crystals.

15. The solubility of benzoic acid at 0°C is 0.02 g per 100 mL of water and that of acetani-
lide is 0.53 g per 100 mL of water. If you performed either of these recrystallizations,
calculate, with reference to the total volume of water you used in preparing the hot
solution, the amount of material in your experiment that was unrecoverable by virtue of
its solubility at 0°C.

16. Assuming that either solvent is otherwise acceptable in a given instance, what advan-
tages does ethanol have over l-octanol as a crystallization solvent? hexane over pen-
tane? water over methanol?

17. Look up the solubility of benzoic acid in hot water. According to the published solubil-
ity, what is the minimum amount of water in which 1 g of benzoic acid can be dis-
solved?

18. Why is it important to
a. break the vacuum before turning off the water pump when employing the vacuum
filtration equipment shown in Figure 2.25?
b. avoid the inhalation of vapors of organic solvents?
¢. know the position and procedure of operation of the nearest fire extinguisher when
employing diethyl ether as a crystallization solvent?
d. use a fluted filter paper for hot filtration?

REFERENCE
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Publishers, New York, 1956, Vol. III, Part I, Chapter 3.

3.2 Physical Constants: Melting Points

(a) Physical Constants

Physical constants of organic compounds are numerical values associated with measurable
properties of these substances. These properties are invariant and are useful in the identifica-
tion and characterization of substances encountered in the laboratory as long as accurate
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measurements are made under specified conditions such as temperature and pressure. Some
of the more commonly measured physical properties are melting point (mp), boiling point
(bp), index of refraction (n), density (d), and specific rotation [«]. Melting and boiling
points are the most commonly encountered properties. Melting points are discussed in part
(b) below, and boiling points are discussed in Section 4.1. Index of refraction and density are
mentioned in Chapter 27. Specific rotation is applicable only to molecules that are oprically
active, and this topic is discussed in Chapters 7 and 25.

More than one compound may exhibit the same constant for one or two of the common
physical properties, but it is extremely unlikely that two different compounds will display the
same constants for several measurable properties. A list of physical constants is therefore
regarded as a highly useful means of characterizing a substance. Several extensive compila-
tions of the physical constants are available (see Chapter 28). One of the most convenient is
the Chemical Rubber Company’s Handbook of Chemistry and Physics, in which a very large
number of inorganic and organic compounds with their known physical constants and proper-
ties are tabulated. The Chemical Rubber Company also publiskes the Handbook of Tables for
Organic Compound Identification, which is especially useful for organic compounds. Nei-
ther of these books is comprehensive; rather, they contain listings only of the more common
organic and inorganic substances. There are so many known compounds whose physical
properties have been reported in the literature that multi-volume sets of books are required to
list them (see Chapter 28).

It must be emphasized that physical constants are useful only in the identification of
previously known compounds, because it is not possible to predict accurately such properties
as melting point and boiling point of newly synthesized or isolated compounds. Moreover,
the observed melting or boiling point of a substance may provide information about the
purity of the sample under consideration. Other properties such as color, odor, and crystal
form are also useful and should be recorded in your laboratory notebook.

(b) Meiting Point of a Pure Substance

The melting point of a substance is defined as the temperature at which the liquid and solid
phases exist in equilibrium with one another without change of temperature. If heat is added
to a mixture of the solid and liquid phases of a pure substance at the melting point, ideally no
rise in temperature will occur until all the solid has melted and been converted to liquid. If
heat is removed from such a mixture, the temperature will not drop until all the liquid
solidifies. Thus, the melting point and freezing point of a pure substance are identical.
The relationship between phase composition, total supplied heat, and temperature for a
pure compound is shown in Figure 3.1. It is assumed that heat is being supplied to the
compound at a slow and constant rate, and the elapsed time of heating is a cumulative
measure of the supplied heat. At temperatures below the melting point, the compound exists
in the solid phase, and the addition of heat causes the temperature of the solid to rise. As the
melting point is reached, the first small amount of liquid appears, and equilibrium is estab-
lished between the solid and liquid phases. As more heat is added, the temperature does not
change, since the additional heat causes the solid to be converted to liquid, with both phases
remaining in equilibrium. When the last of the solid melts, the heat subsequently supplied
causes the temperature to rise linearly at a rate that depends on the rate of heating.
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Figure 3.1 Phase changes with time and temperature.

The interconversion of the liquid and solid phases may be described in terms of their
respective vapor pressures, which are directly related to the rates at which the molecules pass
from one phase to the other. In terms of melting points, only the transfer of molecules
between the solid and liquid phases is considered. The term vapor pressure may appear to
be a misnomer in this case, but the same ‘‘escaping tendency’’ that produces the measurable
equilibrium vapor pressure between liquid and gas phase is responsible for the direct transfer
of molecules between the solid and liquid phases. Figure 3.2 represents, by means of reversi-
ble arrows, the equilibrium that exists between the solid, liquid, and gas phases. At the
melting point, the vapor pressures of the solid and liquid phases are equal, and there is no net
transfer of molecules from one phase to the other unless there is a change in the heat supplied
to the system.

The equilibria, which are illustrated in Figure 3.2, are present any time there is some of
each phase present, but in reality the most important equilibria depend on the substance being
studied. For melting points, the most important equilibrium is that between the solid and
liquid, since the vapor pressure of the liquid is very low. Boiling points (Section 4.1) involve
equilibrium between liquid and gas because there is no solid present. For a limited number of
substances, equilibrium exists between the solid and gas phases, a phenomenon that is
observed in sublimation (Section 2.17), where the liquid phase is not present. Examples of
sublimation, which involves the direct conversion of the solid phase into the gaseous phase

Liquid

Figure 3.2 Phase equilibria between the solid, liquid, and gas phases.
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without the intervention of the liquid phase, include the evaporation of solid carbon dioxide
(Dry Ice) and the conversion of iodine crystals into gaseous iodine vapor.

The above discussion regarding the theory of melting points assumes that the experimen-
tal apparatus for melting-point determinations allows one to make and measure extremely
small changes in the heat supplied to a solid sample. In reality, this is difficult and very
time-consuming to accomplish. However, melting points of accuracy sufficient for most
purposes can be determined in a short amount of time, as outlined in the Experimental
Procedure at the end of this section.

The melting point of a pure compound is characteristic of the substance being studied. In
practice, most melting-point apparatus is designed for ease of use and does not permit the
determination of the exact temperature at which a compound melts, that is, the melting poinz.
Instead, a melting range is actually measured and is commonly reported as a ‘‘melting
point’” for most compounds. If a solid substance is pure, it should melt over a very narrow
range, which should be about 1°C if it is determined carefully. The melting range reported
for many pure compounds may be greater than 1°C because a given compound was not quite
pure or the melting point was not determined carefully.

The melting-point apparatus available in most organic chemistry laboratories is not suffi-
ciently sensitive to allow reporting of a single melting-point temperature. Instead, the melt-
ing point should be expressed as the temperature range at which the solid szarted to melt and
at which it was completely converted to liquid. Melting may actually be initiated when the
solid starts to *‘soften’” prior to melting. Since softening is difficult to observe, melting is
defined as the temperature at which the first liguid is observed. Unless an exceedingly
expensive and elaborate melting-point apparatus is used, it is improper and incorrect to report
a single temperature for a melting point (for example, 118°C); a melting-point range should
be recorded (for example, 118~119°C or 118-120°C).

The observation of a ‘*sharp’” melting-point range carries with it the important implica-
tion that the compound is pure. For example, the previous section describes a procedure for
purifying a solid mixture by recrystallization with the hope that a pure solid compound will
be obtained. One method for ascertaining if the recrystallized solid is pure involves the
determination of its melting point. If the observed melting point is sharp (of a narrow range),
it may tentatively be concluded that the recrystallization was successful and that the sub-
stance is pure. Part (c) below describes a situation in which a sharp melting-point range is
observed, yet the solid is impure.

(c) Effect of Impurities on Melting Points; Mixtures

The melting point of a pure compound, which exhibits a sharp melting-point range, was
discussed in part (b) above. Many solid substances are impure, however, and the effect of
impurities on melting point are now considered.

Consider a mixture of a pure solid, A, in equilibrium with liquid A at its melting tempera-
ture. If a small amount of a second pure material, B, is dissolved in liquid A, solid A will
begin to melt. This occurs because the addition of B lowers the vapor pressure of liquid A in
accordance with Raoult’s law (equation 2, Section 4.3), but the vapor pressure of solid A
remains the same. Thus the rate at which molecules of solid A pass into the liquid phase is
greater than the rate at which liquid A solidifies. If the temperature is kept constant by
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supplying the heat required for this melting process, all of solid A will melt, but if no heat is
added, the temperature will drop because heat is consumed by melting the solid. Since the
vapor pressure of a solid decreases more rapidly than the vapor pressure of its solution as the
temperature drops, the vapor pressures will become equal at the lower temperature and
equilibrium will be reestablished at that temperature. This lower temperature represents the
melting (freezing) point of the mixture of A and B, which can be considered to be *‘impure
A.”” As more of the impurity B is added, the melting point of the mixture will continue to
decrease up to a point and then will start to increase again. /n general, the addition of an
impurity to a pure solid results in a decrease in its melting point.

Binary mixtures of most organic substances exhibit this kind of behavior, and the addi-
tion of a second substance progressively lowers the melting point of the first, as represented
by the melting point—composition diagram in Figure 3.3. In this diagram a represents the
melting point of pure A and b the melting point of pure B. Point F represents the temperature
(f) at which crystals of pure A are in equilibrium with a molten solution consisting of 80
mole % A and 20 mole % B. If a mixture of this composition is prepared and melted and if
the external heat is lowered to temperature f, pure crystals of A will form in the melt. As
additional heat is removed, A will continue to crystallize, and the percentage of A in the melt
will be reduced. The equilibrium temperature will correspondingly decrease because of the
reduced vapor pressure of A in the molten solution. When the equilibrium temperature
reaches e, at which temperature the melt has the composition indicated at E, then and only
then does B, the impurity, also begin to crystallize. A and B will now crystallize in the

Liquid solution
of A+ B

Temperature (°C) —>

j _—
oo | ! :
Liquid | Liquid
+solidA | : + solid B
j g I
‘ I ! T y
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! ! I |
| Solid A +solidB | i
I i |
| i |
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I i I
mole % A 100 80 60 10 20 0
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Figure 3.3 Melting point—composition diagram for two hypothetical sol-
ids, A and B.
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constant ratio of 60 mole % A and 40 mole % B, and the melt composition will change no
further. During this stage the melt of the specified composition is in equilibrium with both
solid A and solid B. The temperature remains constant until the entire sample has crystal-
lized, and if no heat is supplied the temperature falls as the solid cools. Point E is called the
eutectic point, and it defines the eutectic mixture, which is the composition at which A and
B can cocrystallize. The temperature at which the eutectic mixture freezes or melts is desig-
nated by e.

The reverse process, the melting of a solid mixture containing 80 mole % A and 20
mole % B, is of more interest to the organic chemist. Heat is applied to the sample, and the
temperature rises. When it reaches e, A and B will melt together at a constant ratio corre-
sponding to the eutectic composition because the eutectic melt is in equilibrium with both
solid A and solid B. Eventually, B will melt entirely because it is the **impurity”’ present in
minor amount and will leave only solid A in equilibrium with the melt of eutectic composi-
tion. As more heat is applied, the remaining solid A will continue to melt, and the percentage
of A in the molten solution above the eutectic composition will increase. Since the vapor
pressure of A in the solution is thus increased, the temperature at which solid A is in equilib-
rium with the molten solution will rise. The relationship between the equilibrium temperature
and the composition of the molten solution is represented by curve EF. All of solid A has
melted when the temperature reaches f. Thus, this impure sample A exhibits a depressed
melting “‘point’’ that occurs over the relatively broad temperature range e—f.

Thus far we have considered the case in which substance A contains B as an impurity. If
the composition of the solid mixture had been to the right of point £ in Figure 3.3, we would
conversely speak of substance B containing A as the impurity. The rising temperature during
the melting process would follow curve ED or EG, and the melting range would be e—-d
or e-g.

In practice, it is very difficult to observe the initial melting point, particularly with the
capillary tube melting-point technique presented in the Experimental Procedure. This is
because only a small amount of liquid is produced in the early stages of melting near the
eutectic temperature if only a small amount of impurity is present. However, the temperature
at which the last crystals melt (points d and g) can be determined quite accurately, so that the
mixture containing the smaller amount of impurity will have both a higher final melting point
and a narrower observed melting-point range.

A sample whose composition is exactly that of the eutectic mixture will exhibit a sharp
melting point at the eutectic temperature. Thus, a eutectic mixture can be mistaken for a pure
compound, since both have a sharp melting point. It is easy to determine whether or not a
substance is a pure compound or a eutectic mixture of two solids. Assuming that one knows
the identity of at least one of the components of a mixture, a small amount of this known
component is added to the original sample, and the melting point is redetermined. If the
original sample was pure, the melting points will be identical, but if the original sample was
a mixture, the melting *‘point’” of the original sample will increase.

In general, the melting-point range of a pure compound or a eutectic mixture is sharp and
that of a non-eutectic mixture is broad. The experimental observation of narrow melting
ranges almost always indicates the substance is pure, since the likelihood of having a eutectic
mixture is not great; for the same reasons, it is most likely that a mixture will have a broad
melting-point range.

As we have discussed, the introduction of an impurity into a pure compound lowers the
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melting point and produces a wide melting-point range. This may be used to advantage in the
identification of a pure substance by a technique known as a mixture melting-point determi-
nation, often ungrammatically referred to as a ‘‘mixed melting point”” determination. This
technique is perhaps best illustrated by the following example. Assume that a compound
melts at 133°C, and you suspect it is either urea, H,NCONH,, or frans-cinnamic acid,
CeHsCH==CHCO,H, both of which melt at 133°C. If the compound is mixed intimately
with urea and the melting point of this mixture is found to be lower than that of the pure
compound and pure urea, then urea is acting as an impurity, and the compound cannot be
urea. If the mixture melting-point is identical to that of the pure compound and of urea, the
compound is tentatively identified as urea. The possibility of having a eutectic mixture can be
excluded by mixing urea in at a different proportion and redetermining the melting point.
This procedure is occasionally useful in identifying compounds only when samples of the
likely possibilities are available, and this severely limits its applicability.

Melting point—composition diagrams, such as the one shown in Figure 3.3, are different
for various binary mixtures and must be determined experimentally for each pair of com-
pounds. This technique involves preparing many samples of different mole percent composi-
tion and determining the melting point ranges for each sample. The data are plotted, and the
best curve is drawn to yield the diagram.

A specific example of the melting point—composition diagram for the binary mixture of
naphthalene and camphor is shown in Figure 3.4, from which the following information can
be gleaned. The melting points of pure camphor and pure naphthalene are 179°C and 80.1°C,
respectively. The eutectic mixture is composed of 58 mole % camphor and 42 mole %
naphthalene and melts at 32.3°C. A mixture of any composition of the two will be liquid if
heated above 179°C and solid at temperatures less than 32.3°C. Now suppose we have a
sample containing 2 mixture of these two compounds, determine its melting-point range to be
50-55°C, and desire to know the composition of this mixture. The composition cannot be
determined from this melting-point range alone because there are two different mole percent
compositions, labeled A and B on Figure 3.4, that would melt at 50-55°C. This question can
be answered, however, by taking the mixture, adding a small amount of pure naphthalene or
camphor to it, mixing the sample intimately, and determining the melting-point range of the
resulting sample. If we added some camphor and found that the melting-point range in-
creased, the composition of the original mixture would correspond to A and would be 63%
camphor: 37% naphthalene. This conclusion can be reached by examining Figure 3.4 and
observing that increasing the mole percent of camphor would result in a higher melting-point
range. On the other hand, if the melting-point range decreased on adding some camphor, the
composition of the original sample would correspond to B and would be 38% camphor: 62%
naphthalene, because Figure 3.4 shows that increasing the mole percent of camphor starting
at B would result in a lower melting-point range. Similar reasoning would apply if a little
naphthalene were added to the original mixture; the observation of a higher melting-point
range would indicate the original mixture had composition B, and a lower range would
indicate composition A. Note that the melting points of pure naphthalene and pure camphor
and of the eutectic mixture are not expressed as a melting-point range, since they were
determined starting with ultra-pure compounds and with precision generally not pos-
sible with the melting-point apparatus likely to be available in most organic chemistry
laboratories.
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Figure 3.4 Melting point—composition diagram for a binary mixture
of camphor and naphthalene.

(d) Other Kinds of Melting Behavior of Mixtures

Although the melting-point behavior just described is typical of many binary mixtures, there
are exceptions to this general pattern. A second component does not always lower the melt-
ing temperature of an organic compound. Figure 3.5 illustrates some unusual melting point—
composition diagrams. In Figure 3.5a the eutectic composition contains so little of compo-
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Figure 3.5 Unusual melting point—composition diagrams.
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nent B that even a fairly small amount of B as an impurity may actually raise the observed
melting point of A. Figure 3.5b illustrates the formation of a new compound (C) from A and
B, and Figure 3.5¢ is representative of one type of solid solution formation. For further
information, consult the reference at the end of this section or a physical chemistry textbook.

(e) Micro Melting-Point Methods

The determination of an exact melting point of an organic compound requires enough sample
so that equilibrium can be established between the liquid and solid phase and so that the
temperature at the equilibrium state can be measured, usually by means of repeated cooling
and heating cycles that show a plateau in a temperature-time plot. The amount of material
required for such procedures is often more than the chemist has available, so micro methods
have been developed that are not so exact but that are convenient and require negligible
amounts of sample. There is less emphasis today on extremely precise melting-point determi-
nations as a result of the fairly recent development of spectroscopic methods (Chapters 8—11)
for the characterization of organic compounds.

The most commonly used capillary-tube melting-point procedure is described below. The
microscopic hot stage and simpler variations of it are also popular, an example of which is
the Kofler hot-stage technique described on page 155 of the reference at the end of this
section. Although the microscopic hot-stage apparatus is somewhat more expensive, it per-
mits the satisfactory use of still smaller quantities of crystals. Chemists faced with perform-
ing numerous melting-point determinations are likely to use an ‘‘automatic’” microprocessor-
controlled apparatus that displays the melting points on a digital readout.

The melting point is actually determined as a melting range in all micro melting-point
methods. When properly carried out with a pure solid, a range of no more than 0.5-1.0°C
should be observed, but very few commercially available compounds exhibit such a narrow
melting range.

The observed melting-point range depends on several factors: sample size, state of subdi-
vision of the sample, heating rate, and purity and identity of the sample. The first three
factors can cause the observed melting-point range to differ from the actual melting point
because of the time lag in the transfer of heat from the heating fluid to the sample and
because of heat conduction within the sample. If heating is too fast, the thermometer reading
will lag behind the actual temperature of the heating fluid and yield measurements that are
low.

Some compounds decompose on melting, and when this occurs discoloration of the
sample is usually evident. The decomposition products constitute impurities in the sample,
and the melting point is actually lowered as a result of decomposition. When this behavior is
observed, the melting point should be reported so as to indicate that decomposition occurred,
for example, 195°C d or 195°C (dec).

The accuracy of any type of temperature measurement depends ultimately on the ther-
mometer. In some temperature ranges a given thermometer may provide accurate readings,
and in others the reading may be a degree or two off, either high or low. The following
Experimental Procedure describes thermometer calibration.

Pre-lab exercises for Section 3.2, Melting Points, are found on page PL. 3.
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EXPERIMENTAL PROCEDURI

DO IT SAFELY

If you use a burner in this experiment, make sure that no flammable solvents are
nearby. Keep the rubber tubing leading to the burner away from the flame. Turn
off the burner when it is not actually in use.

2 Some kinds of melting-point apparatus, such as the Thiele tube, use mineral or
silicone oils as the heat transfer medium. These oils may not be heated safely if
they are contaminated with even a few drops of water. Heating these oils above
100°C, the boiling point of water, may produce splattering of hot oil as a result
of steam formation. Fire can also result if splattered oil comes in contact with
open flames. Examine your Thiele tube for evidence of water droplets in the oil.
If any are observed, either change the oil or exchange tubes. Give the contami-
nated tube to your instructor.

3 Mineral oil is a mixture of high-boiling hydrocarbons and should not be heated
above about 200°C because of the possibility of spontaneous ignition, particu-
larly when a burner is used for heating. Silicone oils may be heated to about
300°C without danger.

4 Be careful to avoid contact of chemicals with your skin. Clean up any spilled
chemicals immediately with a brush or paper towel.

5 If you use a Thiele tube, be very careful when handling it when you are through.

These tubes cool slowly, and care should be exercised when removing them
from their support in order to avoid being burned.

-

A. Calibration of Thermometer

Your instructor should advise you if you are required to calibrate your thermometer. Calibra-
tion of a thermometer involves the measurement of temperature at a series of known points
within the range of the thermometer and the comparison of these actual readings with ex-
pected temperatures. The difference between the actual and the expected readings provides a
correction that must be applied to the actual thermometer reading in order to correct for
thermometer error. These corrections can be plotted in your notebook as deviations from zero
versus the temperature over the range of the thermometer. Thus you can tell at a glance, for
example, that at about 130°C your thermometer gives readings that are 2°C too low, or that at
190°C the readings are about 1.5°C too high. These corrections are valid only for the ther-
mometer used in the calibration; if the thermometer is broken, a new one must be calibrated.
These corrections should then be applied to all temperature measurements taken during the
course.

To calibrate a thermometer, carefully determine the melting points of a series of standard
substances. A list of suitable standards is provided in Table 3.2. Your instructor may suggest
other or additional standards to be used. The temperatures given in Table 3.2 correspond to
the upper limit of the melting range for pure samples of these standards.
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TABLE 3.2 Standards for Thermometer

Calibration
Compound Melting Point (°C)
lce water 0
3-Phenylpropanoic acid 48.6
Acetamide 823
Acetanilide 114
Benzamide 133
Salicylic acid 159
4-Chloroacetanilide 179
3,5-Dinitrobenzoic acid 205

B. Determination of Capillary-Tube Melting Points

1. General Procedure The determination of a capillary-tube melting point involves the
following steps, the techniques of which are presented in Section 2.3. This section should be
read carefully before undertaking experimental work.

Sample preparation: Section 2.3a

Melting-point determination: Section 2.3b

Thiele tube apparatus and use: Section 2.3¢

Electric melting-point apparatus and use: Section 2.3d

It is recommended that you also reread the discussion in Section 3.2 concerning melting
points and their determination.

2. Mixture Melting Points In the preparation of a sample for mixture melting-point
determination, the two components must be thoroughly and intimately mixed. This is best
accomplished by grinding them together with a small mortar and pestle. If these are not
available, a small, clean watch glass and glass stirring rod may be used. Be careful, how-
ever, not to apply too much pressure to the glass rod, because it is more fragile than a pestle
and may break. Do not do this on filter paper because particles of paper may contaminate the
sample.

3. Experiments You may be assigned one or more of the following melting-point experi-
ments, which should be performed using the General Procedure given above. Your instructor
should advise you about the type of apparatus to use.

A great deal of time can be spent waiting for an unknown compound to melt when using
slow heating. It is usually convenient to prepare two capillary tubes containing the com-
pound being studied and 1o determine the approximate melting point by rapidly heating one
of the tubes. The heating fluid is then allowed to cool to 10-15°C below this approximate
melting point, the second sample is inserted, and gentle heating is resumed to obtain an
accurate melting point. In the event that both Thiele tubes and electric melting-point appara-
tus are available, it is convenient to determine the approximate melting point using a Thiele
tube and the accurate melting-point range with the electric equipment, which may be avail-
able in limited quantity.
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At the completion of this experiment and at the direction of your instructor, return any
unconsumed samples or dispose of them in an appropriately labeled container for solid
organic waste. Do not discard these solids in a waste can or wash them down the drain.
Properly dispose of used capillary tubes in a designated container; do not leave them in the
area of the melting-point apparatus and do not throw them on the floor or in sinks.

(a) Known Compounds Select one or two compounds from a list of supplied compounds of
known melting point. Determine the melting-point ranges for each of these substances, using
the capillary melting-point procedure. Repeat as necessary until you obtain accurate results
and are confident with the procedure. Since the melting points of these compounds are
known, it is not necessary to first determine their approximate melting points.

(b) Mixture Melting Points Using one of the compounds whose melting range was deter-
mined in (a), introduce 5-10% of a second substance as an impurity. Thoroughly mix the
two components of the mixture and determine its melting range in order to learn the effect of
impurities on the melting range of a previously pure compound.

(c) Unknown Compound Accurately determine the melting range of an unknown pure
compound supplied by your instructor. It is advisable to determine the approximate melting
point by rapid heating before obtaining an accurate melting range.

(d) Unknown Compound Obtained from Recrystallization In the event that you were given
an impure mixture to purify by recrystallization (Section 3.1), accurately determine the
melting range of the recrystallized product. It is advisable to determine the approximate
melting range by rapid heating before obtaining an accurate melting range.

If a broad melting range was observed, it may be caused by one of the following prob-
lems: The compound may not be free of solvent and should be dried for a longer time. On the
other hand, the recrystallization may not have been successful, and the solid should be
recrystallized again using the same solvent, or the original mixture should be recrystallized
using a different solvent.

EXERCISES

1. Describe errors in procedure that may cause an observed capillary melting-point of a pure
compound
a. to be lower than the correct melting point
b. to be higher than the correct melting point
¢. to be broad in range (over several degrees)

2. Briefly define the following terms:

. vapor pressure as applied to melting
. melting-point range

. mixture melting point

. eutectic point

. eutectic mixture

melting point

e an T
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3. Filter paper is usually a poor material on which to powder a solid sample before introduc-
ing it into a capillary melting point tube because small particles of paper end up in the
tube along with the sample. Why is this undesirable, and how might the presence of paper
in the sample make the melting-point determination difficult?

4. Criticize the following statements by indicating whether each is true or false, and if false,
by explaining why.

a. An impurity always lowers the melting point of an organic compound.

b. A sharp melting point for a crystalline organic substance always indicates a pure single
compound.

¢. If the addition of a sample of compound A to compound X does not lower the melting
point of X, X must be identical to A.

d. If the addition of a sample of compound A lowers the melting point of compound X, X
and A cannot be identical.

The melting points of pure benzoic acid and pure 2-naphthol are 122.5°C and 123°C,

respectively. Given a pure sample that is known to be either pure benzoic acid or 2-naph-
thol, describe a procedure you might use to determine the identity of the sample.

6. A student used the Thiele micro melting-point technique to determine the melting point of

an unknown and reported it to be 182°C. Is this value believable? Explain why or why
not.

The melting point—composition diagram for two substances. Q and R, is provided in
Figure 3.6, which should be used to answer the following questions.

a. What are the melting points of pure Q and R?

b. What are the melting point and the composition of the eutectic mixture?

c. Would a mixture of 20 mole % Q and 80 mole % R melt if heated to 120°C? to 160°C?

to 75°C?
1807
160+
g 140
=
2 120
5
=
2 100
804
} } | |
mole % Q0 0 20 40 60 80 100

mole % R 100 80 60 40 20 0
Composition (mole %)

Figure 3.6 Melting point—composition diagram for Exercise 7.
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chapter &
liquids
distillation and boiling points

The purification of solids by recrystallization and the use of melting points as a criterion of
their purity were discussed in Chapter 3. The techniques used for the purification of liquids,
namely, simple, fractional, steam, and vacuum distillation, are topics of this chapter. Boil-
ing points are also discussed as a physical property that can be used as one means of deter-
mining the purity of liquids.

4.1 Boiling Points of Pure Liquids

(@) Discussion

The molecules of a liquid are in constant motion. When some of these molecules are located
at the surface, they are able to escape into space above the liquid. Consider a liquid contained
in a closed, evacuated system. The number of the molecules in the gas phase can increase
until the rate at which they reenter the liquid becomes equal to the rate of their escape; the
rate of reentry is proportional to the number of molecules in the gas phase. At this point, no
further net change is observed in the system, which is said to be in a state of dynamic
equilibrium.

The molecules in the gas phase are in rapid motion and are continually colliding with the
walls of the vessel, which results in the exertion of pressure against the walls. The magnitude
of this vapor pressure at a given temperature is called the equilibrium vapor pressure of the
particular liquid substance at that temperature. Vapor pressure is temperature-dependent, as
shown in Figure 4.1, and can be understood in terms of the escaping tendency of the mole-
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Figure 4.1 Graph showing the dependence of vapor pressure on tempera-
ture for a liquid.

cules from the liquid. As the temperature of the system increases, the average kinetic energy
of the liquid molecules increases, thus facilitating their escape into the gas phase. The rate of
reentry of gaseous molecules into the liquid state also increases, and equilibrium is soon
established at the higher temperature. However, there are more molecules in the gas phase
now than there were at the lower temperature, so the vapor pressure is greater.

Now suppose that a liquid sample at a given temperature is placed in an open container so
that the molecules of the vapor above the liquid may escape into the atmosphere. The vapor
above such a sample is composed of molecules of air as well as of the sample. The toral
(external) pressure above the liquid is defined by Dalton’s law of partial pressures (equation
1) and is equal to the sum of the partial pressures of the sample and of the air.

it = Prarite A e ($3}

The partial pressure of the sample is equal to its equilibrium vapor pressure at the given
temperature. If the temperature of the liquid is raised, the equilibrium vapor pressure of the
sample increases, and the number of gas molecules from the liquid will immediately increase
in the space above the liquid and will have the net effect of displacing some of the air. At the
higher temperature the partial pressure of the sample will be a larger percentage of the total
pressure. This trend will continue as the temperature of the liquid is further increased until
the equilibrium vapor pressure becomes equal to the external pressure, at which point all the
air will have been displaced from the vessel. This process is termed evaporation, and further
evaporation will have the effect of gaseous molecules of the sample displacing others.

Consideration of these facts leads to the conclusion that the equilibrium vapor pressure of
the sample has an upper limit that is dictated by the external pressure. At this temperature the
rate of evaporation increases dramatically, and bubbles can be seen to form in the liquid; this
process is commonly known as boiling. The temperature at which this occurs is called the
boiling point of the liquid, and it is defined as the temperature at which the vapor pressure

a3



94

Chapter 4  Liquids: Distillation and Boiling Points

of a liquid just equals the external pressure. Since the boiling point is dependent upon the
external pressure, the pressure should be specified when boiling points are reported, for
example, “*bp 152°C (752 torr).”” The bp of water is 100°C only when the external pressure is
760 torr, or 1 atm. The normal boiling point of a liquid is measured at 760 torr (1 atm) and
is shown in Figure 4.1 by the dashed lines to be 60°C. This figure also allows one to
determine what the boiling point of the liquid will be at various external pressures. For
example, at 500 torr the boiling point will be 50°C.

The dependence of vapor pressure upon external pressure, which is reflected by the
boiling point of a liquid, can be used to advantage in the following way. Suppose that a
certain liquid has such a high standard boiling point—for example, 250°C—that it decom-
poses appreciably when heated to its boiling point. Reduction in the external pressure re-
duces its boiling point to a lower temperature at which it no longer decomposes. This
technique, called vacuum distillation, is discussed in Section 2.9.

The effect of external pressure upon boiling point has several familiar consequences. For
example, it is well known that the ‘3-minute egg’” takes longer to cook at high altitudes,
which can be attributed to the fact that the external (atmospheric) pressure decreases as
clevations above sea-level are reached, and this lowers the boiling point of water. Hence, the
maximum cooking temperature is lower than 100°C so that the required cooking time is
increased. On the other hand, foods cook faster in a pressure cooker because the internal
pressure is greater than 1 atm, which causes water to boil at a higher temperature. The vapor
inside the cooker (steam) is in equilibrium with the boiling water and at a temperature higher
than it would be at atmospheric pressure.

The discussions so far have considered the boiling points of pure liquids and the effect of
pressure upon them. However, it is well known that the addition of certain nonvolatile
compounds to water increases its boiling point. Antifreeze contains ethylene glycol,
HOCH,CH,OH, which is essentially nonvolatile compared with water. It increases the boil-
ing point and decreases the freezing point of water and thus prevents the water in automobile
radiators from boiling in the summer or freezing in the winter. Boiling is prevented in two
ways. First, the water in an automobile cooling system is contained in a closed system,
which causes the pressure inside to increase as the temperature rises and prevents the water
from evaporating; as discussed above, this causes the boiling point of the water to increase.
Second, the added ethylene glycol causes the boiling point of water to increase. This effect
can be understood by recalling that boiling is caused by the ability of molecules to escape
from the liquid. When ethylene glycol is added to water, the surface of the liquid is now
composed of both water molecules and ethylene glycol molecules. That is, there are fewer
water molecules at the surface of the liquid containing the additive than there are in pure
water. In order for the water to boil, its vapor pressure must equal the external pressure so
that more heat must be supplied to the liquid mixture to cause enough water molecules to
escape. Both the increased pressure that results from the closed system in a radiator and the
addition of antifreeze causes water to boil at a higher temperature. This allows the automo-
bile motor to operate more efficiently at higher temperatures.

The effects of volatile and nonvolatile impurities upon boiling points are discussed in
Section 4.3.

Boiling points are useful for identification of pure liquids and some low-melting solids.
In general, a pure liquid will boil at a constant temperature, provided the pressure remains
constant. On the other hand, most mixtures of liquids boil over a fairly wide temperature
range at constant pressure; this effect is discussed in Section 4.4.
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(b) Determination of Micro Boiling Points

Pre-lab exercises for Section 4.1, Boiling Points of Pure Liquids, can be found on
page PL. 5.

EXPERIMENTAL PROCEDURE

DO IT SAFELY

1 Burners are used in this experiment. Exercise care to avoid using them near
volatile organic liquids. Read Section 2.5a.

2 Check the heating fluid in the Thiele tube apparatus for the presence of mois-
ture; see Section 2.5d.

3 Spilled liquids should carefully be absorbed onto a paper towel, which should
then be discarded as directed by your instructor. Avoid contact of organic
liquids with your skin, and if this happens, wash the affected area thoroughly
with soap and water.

Determine the boiling point of the liquid(s) assigned by your instructor. Follow the
technique presented in Section 2.4 for using the micro boiling-point apparatus. A Bunsen
burner or a microburner is used for heating; Section 2.5a should be consulted regarding the
proper use of burners. Before using the Thiele tube apparatus, read Section 2.5d concerning
the heating fluid it contains.

In the event you are assigned an unknown liquid whose boiling point is to be determined,
it is suggested that you first determine an approximate boiling-point range by heating the
Thiele tube fairly rapidly. Repeat the determination by heating the tube until the temperature
is 20-30°C below the approximate boiling point, and then heat the sample slowly to obtain an
accurate value. It may be desirable to repeat this procedure in order to obtain a reliable
boiling point.

EXERCISES

1. Refer to Figure 4.1 and answer the following:
a. What external pressure would be required in order for the liquid to boil at 30°C?
b. At what temperature would the liquid boil when the external pressure is 100 torr?

2. Describe the relationship between escaping tendency of liquid molecules and vapor pres-
sure.

3. Define the following terms:
a. boiling point
b. normal boiling point
¢. Dalton’s law of partial pressure
d. equilibrium vapor pressure

4. Why should no droplets of water be present in the mineral oil of a heating bath (Thiele
tube)?

5. Why is the micro boiling-point technique not applicable for boiling points in excess of
200°C if mineral oil is the liquid in the Thiele tube?
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4.2 Purification of Liquids by Distillation: A Survey

The most commonly used method of purifying liguids is distillation, a process that consists
of vaporizing the liquid by heating and condensing the vapor into a separate vessel to yield a
distillate. After the distillation is complete, any liquid remaining in the original distillation
flask is called the pot residue. The common types of distillation are simple distillation,
[fractional distillation, vacuum distillation, and steam distillation. An overview of each is
provided here, followed by a more detailed discussion in later sections of this chapter.

(a) Simple Distillation

This technique can be used to remove a pure liquid from nonvolatile impurities that will be
left behind in the pot residue at the completion of the distillation. For example, a homogene-
ous mixture of potassium iodide, KI, and acetone, (CH;),C==0, can be subjected to simple
distillation. The acetone distils, leaving the potassium iodide in the distillation flask.

Simple distillation can sometimes be used to separate a mixture of liquids, provided the
difference between the boiling points of each pure substance is greater than 20-30°C. For
example, a mixture of diethyl ether, bp 35°C, and toluene, bp 111°C. could be separated by
simple distillation, with the ether distilling first. This technique is often used to remove
volatile organic solvents that may have been used for purification and extraction as part of an
experimental procedure.

Simple distillation is discussed further in Section 4.3.

(b) Fractional Distillation

If the difference in the boiling points of the pure liquids that may be present in a mixture is
less than 20-30°C, fractional distillation is normally used to obtain each liquid in pure form.
For example, a mixture of methyl acetate, bp 57°C, and ethyl acetate, bp 77°C, is difficult to
separate by simple distillation but easy to do by fractional distillation. Mixtures of more than
two liquids can also be separated by fractional distillation, although this may be experimen-
tally more difficult.

Fractional distillation is discussed in more detail in Section 4.3.

(c) Vacuum Distillation

It is most convenient to distil liquids under conditions such that the external pressure is the
atmospheric pressure. However, as noted earlier, some substances decompose, oxidize, or
undergo other undesirable reactions at their normal boiling point. When one or more of these
situations arise, it is necessary to carry out the distillation at pressures less than atmospheric
so that the boiling temperature is reduced. This is the technique of vacuum distillation, which
is discussed in Section 2.9. Both simple and fractional distillation can be carried out under
reduced pressure.
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(d) Steam Distillation

The separation and purification of volatile organic compounds that are immiscible or nearly
immiscible with water can often be accomplished by steam distillation. This technique in-
volves the codistillation of a mixture of water and organic liquids; some solids can also be
separated and purified by this means. Of the various distillation methods, steam distillation is
utilized less frequently, owing to the rather stringent limitations on the types of substances
for which it can be used. The theory of this topic is presented in Section 4.7.

4.3 Simple Distillation

As indicated earlier, simple distillation allows separation of a pure liquid from substances
that are nonvolatile or nearly so. It can also be utilized to separate a mixture of volatile
liquids whose boiling points differ by more than 20-30°C.

The effect of the addition of ethylene glycol on the boiling point of water was discussed
in Section 4.1. Now consider another situation in which a nonvolatile impurity, such as
sugar, is added to a pure liquid, such as water, which dissolves the sugar and produces a
homogeneous solution. The impurity reduces the vapor pressure of the liquid because the
nonvolatile component lowers the concentration of the volatile constituent. The consequence
of this is shown graphically in Figure 4.2. In this figure, curve | corresponds to the depend-
ence of the temperature upon the vapor pressure of a pure liquid and intersects the 760-torr
line at 60°C. Curve 2 is for a solution of the same liquid and a nonvolatile impurity. Note that
the vapor pressure at any temperature is reduced by a constant amount by the presence of the
impurity (Raoult’s law, discussed later in this section). The temperature at which this curve
intersects the 760-torr line is higher because of the lower vapor pressure, and the temperature
of the boiling solution is higher, 65°C.

760

500+

Vapor pressure (torr)

Temperature (°C)

Figure 4.2 Diagram showing dependence of vapor pressure on tempera-
ture. Curve 1 represents a pure liquid and curve 2 a pure liquid to which a
nonvolatile impurity has been added
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It is recommended that you examine Figure 2.14 while reading the following discussion,
which integrates the theory and technique of simple distillation. The experimental procedures
and apparatus for simple distillation are provided in Section 2.7.

A thermometer determines the boiling temperature of the distillate, which is the material
collected in the receiver. In the case of a pure liquid, the temperature shown on the thermom-
eter—the head temperature—will be identical to the temperature of the liquid boiling in the
distilling vessel—the pot temperature—if the liquid is not superheated. The head tempera-
ture thus corresponds to the boiling point of the liquid and will remain constant throughout
the distillation process. A simple distillation is an alternative to the micro boiling-point
method (Section 4.1b) for determining the boiling point of a pure liquid. Unlike the micro
boiling-point method, which requires a very small amount of liquid, simple distillation re-
quires a much larger sample of liquid. The boiling point is also observed whenever the final
step in the synthesis of a liquid compound requires a simple distillation.

When a nonvolatile impurity is present in a liquid being distilled, the head temperature
will be the same as for the pure liquid, since the material condensing on the thermometer
bulb is uncontaminated by the impurity. However, as shown in Figure 4.2, the pot ‘tempera-
ture will be elevated, owing to the decreased vapor pressure of the solution. The pot tempera-
ture will progressively rise during the course of the distillation because the concentration of
the impurity in the pot will increase steadily as the volatile component is distilled away,
further lowering the vapor pressure of the liquid. However, the head temperature will remain
constant, as in the case of the distillation of a pure liquid.

The quantitative relationship between vapor pressure and composition of homogeneous
liquid mixtures is known as Raoult’s law and may be expressed as shown in equation 2.

Pgr = P% Ng )

P represents the partial pressure of component R, which, at a given temperature, is equal to
the vapor pressure of pure R at that temperature (Pg) times the mole fraction of R (Ng) in the
mixture. The mole fraction of R is defined as the fraction of all molecules present in the
liquid mixture that are molecules of R. It is obtained by dividing the number of moles of R
in a mixture by the sum of the number of moles of all components (equation 3).

_ 3
Ng=—"—"—""— ()]
ng +ng+npt oo

Raoult’s law is applicable only for ideal solutions,which are defined as those in which the
interactions between like molecules are the same as those between unlike molecules. Fortu-
nately, many organic solutions approximate the behavior of ideal solutions.

Note that the partial vapor pressure of R above an ideal solution depends only on its mole

fraction in solution and is in no way dependent upon the vapor pressures of the other volatile

components in the solution. If all components other than R are nonvolatile, the total vapor
pressure of the mixture will be equal to the partial pressure of R, since the vapor pressure of
nonvolatile compounds may be taken as zero. Thus the distillate from such a mixture will
always be pure R. However, if two or more of the components are volatile, the total vapor
pressure will equal the sum of the partial vapor pressures of each volatile component. This is
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known as Dalton’s law and is expressed by equation 4, where R, S, and 7 refer to the vapor
pressures of the volatile components only.

Pow =Pr+ Ps+Pr+--- (&)

The process of distilling such a liquid mixture is significantly different from that of simple
distillation, because here the distillate may contain each of the volatile components. Separa-
tion in this case will usually require fractional distillation, which is discussed in the next
section.

Experiments involving simple distillation are presented at the end of Section 4.4.

4.4 Fractional Distillation of Ideal Solutions

(@) Theory and Discussion

For simplicity we shall consider here only binary, ideal solutions, which contain two volatile
components, R and S. Solutions containing more than two volatile components are often
encountered, but their behavior on distillation may be understood by extending the following
principles for binary systems. Some examples of liquid mixtures that deviate significantly
from ideality are discussed in Section 4.5.

Because vapor pressure is a measure of the ease with which molecules escape the surface
of a liquid, the number of molecules of component R in a given volume of the vapor above a
liquid mixture of R and § is proportional to the partial vapor pressure of component R. The
same is true for component S, as may be seen from equation 5, where Nz/N is the ratio of
the mole fractions of R and S in the vapor phase.

Nk _ Pg _ PiMNg
Ns  Ps  PS3Ns

(5)

The mole fraction of each component may be calculated from the equations N = Pg/(Pg +
Pg) and N§ = Pg/(Pg + Pgs). The partial vapor pressures, Pg and Pg, are determined by the
composition of the liquid solution (Raoult’s law; equation 2). Since the solution will boil
when the sum of the partial vapor pressures of R and S is equal to the external pressure, the
boiling temperature of the solution is determined by its composition.

The relationship between temperature and the composition of the liquid and vapor phases
of ideal binary solutions may be illustrated by the diagram in Figure 4.3 for mixtures of
benzene (bp 80°C) and toluene (bp 111°C). The lower curve is called the liquid line and
gives the boiling points of all mixtures of these two compounds. The upper curve, which is
called the vapor line, is calculated using Raoult’s law and gives the composition of the vapor
phase in equilibrium with the boiling liquid phase at the same temperature. For example, a
mixture whose composition is 58 mole % benzene and 42 mole % toluene will boil at 90°C,
as shown by point A in Figure 4.3. The composition of the vapor in equilibrium with the
solution when it first starts to boil can be determined by drawing a horizontal line from the
liquid line to the vapor line; in this case, the vapor has the composition 78 mole % benzene
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Figure 4.3 Boiling point—composition diagram for a binary mixture of benzene and toluene.

and 22 mole % toluene, as shown by point B in Figure 4.3. At any given temperature, the
vapor phase is much richer in the more volatile component than the boiling liquid with which
it is in equilibrium. In general, the boiling of a binary mixture results in the first vapor
produced initially being richer in the more volatile component, which is the component
having the lower boiling point. This behavior provides the basis of fractional distillation,
which is discussed in the following two paragraphs.

When the liquid mixture containing 58 mole % benzene and 42 mole % toluene is heated
to its boiling point (90°C), the first vapor formed contains 78 mole % benzene and 22 mole %
toluene. If this first vapor is condensed, the liquid would have this composition and would be
much richer in benzene than the original liquid mixture from which it was distilled. After this
first vapor is removed from the original mixture, the liquid remaining in the distilling flask
will contain a smaller mole % of benzene and a greater mole % of toluene because more
benzene was removed by vaporization than toluene. The boiling point of the liquid remaining
in the distilling flask will rise. If distillation is continued, the boiling point of the mixture will
continue to rise until it approaches or reaches the boiling point of pure toluene. As the
amount of heat supplied to the distilling flask is increased, the composition of the distillate
will change and will consist of pure toluene at the end of the distillation.

Now let us return our attention to the first few drops of distillate which could be obtained
by condensing the first vapor that formed from the original mixture. If this condensed liquid,
which has the same composition as the vapor that was initially formed from the original
mixture, is collected separately and then redistilled, its boiling point will be the temperature
at point C, 85°C. Since the compositions of the vapor and of the liquid that results from
condensing it are equal, the boiling point of the condensate is determined by drawing a
vertical line from the vapor line at point B to the liquid line at point C and noting the
temperature that corresponds to C (85°C). When this liquid is redistilled, the first distillate
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would have the composition D, 90 mole % benzene and 10 mole % toluene; this composition
is obtained by drawing a horizontal line from point C on the liquid line to the vapor line. In
theory, this process could be repeated again and again to give a very small amount of pure
benzene. Similarly, collecting the last small fraction of each distillation and redistilling it in
the same stepwise manner would yield a very small amount of pure toluene. If larger
amounts of the initial and final distillates were collected, reasonable amounts of materials
could be separated, but a large number of individual simple distillations would be required.
This process would be extremely tedious and time-consuming. Fortunately, the repeated
distillation can be accomplished almost automatically in a single step by using a fractional
distillation column, the theory and use of which are described next.

(b) Fractional Distillation Columns and Their Operation

The experimental procedure and apparatus for fractional distillation are provided in Section
2.8, and it is recommended that you refer to Figures 2.15 and 2.16 as you read the following.

There are many types of fractional distillation columns, but all can be discussed in terms
of a few fundamental characteristics. The column provides a vertical path through which the
vapor must pass from the distilling flask to the condenser before being collected in the
receiver (Figure 2.15). This path is significantly longer than in a simple distillation appara-
tus. As the vapor from the distilling flask passes up through the column, some of it condenses
in the column and falls back into the distilling flask. If the lower part of the distilling column
is maintained at a higher temperature than the upper part of the column, the condensate will
be partially revaporized as it drains down the column. The uncondensed vapor, together with
that produced by revaporization of the condensate in the column, rises higher and higher in
the column and undergoes a series of repeated condensations and revaporizations. This
amounts to a number of simple distillations having been performed within the column, and
the vapor phase produced in each step becomes richer in the more volatile component,
whereas the condensate, which drains down the column, becomes richer in the less volatile
component.

Each step along the route A—-B—C—D~E~F of Figure 4.3 represents a single ideal distilla-
tion. One type of fractional distillation column, a ‘‘bubble-plate’” column, was designed to
bring about one such step for each “‘plate’’ it contained, and the efficiency of any fractional
distillation column is often described in terms of its equivalency to such a column in ‘‘theo-
retical plates.”” Another index of the design efficiency of a fractional distillation column is
the HETP, which stands for height equivalent to a theoretical plate and is the vertical length
of a column that is necessary to obtain a separation efficiency of one theoretical plate. For
example, a column 60 cm long with an efficiency of 30 plates has an HETP value of 2 cm.
Such a column would usually be better for research purposes than a 60-plate column that is
300 cm long (HETP = 5 cm) because of the smaller liquid capacity and ‘‘holdup’’ of the
shorter column. Holdup refers to the condensate that remains in a column during and after
distillation. When small amounts of material are to be distilled, a column must be chosen that
has an efficiency (HETP) adequate for the desired separation and also a moderate to low
holdup.

As stated earlier, equilibrium between liquid and vapor phases must be established in a
fractional distillation column in order that the more volatile component is selectively carried
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to the top of the column and into the condenser, where the vapor condenses into the liquid
state. After all of the more volatile component is distilled, the less volatile one remains in the
column and distilling flask; the heat supplied to the distilling flask is then increased in order
to distil the second component. The most important requirements for performing a successful
fractional distillation are (1) intimate and extensive contact between the liquid and the vapor
phases in the column, (2) maintenance of the proper temperature gradient along the column,
(3) sufficient length of the column, and (4) sufficient difference in the boiling points of the
components of the liquid mixture. Each of these factors is discussed below.

1. The desired contact between the liquid and vapor phases can be obtained by filling the
column with some inert material that has a large surface area. Examples of appropriate
packing material include glass, ceramic, or metal pieces in a variety of shapes, including
helices, “‘saddles,”” and woven mesh. Figure 2.16a shows a Hempel column packed with
Raschig rings. which are pieces of glass tubing approximately 6 mm long. This type of
column will have from 2 to 4 theoretical plates per 30 cm of length, depending on
whether the distillation is carried out sufficiently slowly to maintain equilibrium condi-
tions. An alternate type of fractional distiflation column, which is useful for small-scale
distillations of small amounts of liquid where low holdup is necessary, is the Vigreux
column, shown in Figure 2.16b. Although a Vigreux column about the same length as a
30-cm Hempel column will have only about ! to 2 theoretical plates and consequently
will be less efficient, it has the advantage of a holdup of less than | mL. The holdup, and
consequent loss of distillate, of the Raschig ring—filled Hempel column is 2-3 mL.

A particularly effective type of fractional distillation apparatus is the spinning-band
column, which contains a helical band of stainless steel or Teflon rotating at a high speed
within the column. This band forces the condensed liquid down the column while at the
same time leaving a very thin film of liquid on the inside surface of the column. This
provides for rapid and very effective equilibration between the liquid and vapor. A
well-insulated spinning-band column, 60 cm in length, may have a holdup of about
0.2 mL and a rating of 125 theoretical plates, and it can separate the components of a
mixture having only a 2°C difference in boiling points.

Fractional distillation columns that are many stories tall exist at places such as the
National Bureau of Standards and permit the separation of liquids whose boiling points
differ by as little as 0.1°C. The temperature gradient obtained in these columns is micro-
processor-controlled.

. Temperature gradient refers to the difference in temperature between the top and bot-
tom of the column. Particularly important for an effective fractional distillation is the
maintenance of the proper temperature gradient within the column. Ideally, the tempera-
ture at the bottom of the column should be approximately equal to the boiling temperature
of the solution in the pot, and it should decrease continually in the column until it reaches
the boiling point of the more volatile component at the head of the column. The signifi-
cance of the temperature gradient may be visualized by reference to Figure 4.3, where the
boiling temperature of the distillate decreases with each succeeding step, for example, A
(90°C) to C (85°C) to E (82°C). The necessary temperature gradient from pot to stillhead
will, in most distillations, be established automatically by the condensing vapors if the
rate of distillation is properly adjusted. Frequently, this gradient can be maintained only
by insulating the column with a material such as glasswool or, most effectively, with a
sitver-coated vacuum jacket around the outside of the column. Insulation helps reduce
heat losses from the column to the atmosphere. For longer columns, particularly when
inadequate insulation is used, it may be necessary to supply additional heat by means of
electrical resistance wire wrapped around the column. Even when the column is insu-
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lated, an insufficient amount of vapor may be produced to heat the column if the rate of
heating the pot is too slow, so that little or no condensate will then reach the head. The
rate of heating the pot must then be increased, but it must be kept below the point where
the column is flooded. A flooded column may be identified by a “‘column’” of liguid that
is observed within the distillation column.

Factors directly affecting the temperature gradient in the column are the rate of heat-
ing of the pot and the rate at which vapor is removed at the stillhead. If the heating is too
vigorous or the vapor is removed too rapidly, the whole column will heat up almost
uniformly, and there will be no fractionation and thus no separation of the components.
On the other hand, if the pot is heated too vigorously and if the vapor is removed too
slowly at the top, the column will flood with returning condensate. Proper operation of a
fractional distillation column requires careful control of the heat supplied to the distilling
flask and of the rate at which the distillate is removed at the stillhead. This rate should be
no more than 1 drop every 2 to 3 sec.

The ratio of the amount of vapor that condenses and returns down the column to the
amount of vapor taken off as distillate during a given time period is defined as the reflux
ratio. In general, higher reflux ratios provide for a more efficient fractional distillation.
Elaborate distillation apparatuses are equipped with a total reflux—partial takeoff stillhead
and provide higher reflux ratios; however, this type of equipment is not likely to be
available in the introductory organic chemistry laboratory.

3. Correct column length is difficult to determine in advance of performing a fractional
distillation. The trial-and-error technique must sometimes be used, and if a particular
column does not efficiently separate a certain mixture, a longer column or a different type
of column or column packing should be utilized.

4. The difference in boiling points between the two pure components of a mixture should be
no less than 20-30°C in order for a fractional distillation to be successful when a Hempel
column packed with Raschig rings or a similar type of packing is used. As mentioned
previously, modifications in column length and type may result in the successful separa-
tion of mixtures having smaller boiling-point differences.

In summary, the most important variables that can be controlled experimentally in a
fractional distillation are correct selection of the column and column packing, adequate
insulation of the column, and careful control of the rate of heating so as to provide the most
favorable temperature gradient within the column.

(c) Experiments Involving Simple and Fractional Distillation

The following experiments have been designed to demonstrate the techniques of simple and
fractional distillation and the relative efficiencies of the different types of apparatus that are
used to separate mixtures of volatile components. Experimental procedures are given for the
purification of ethyl acetate by simple distillation and the fractional separation of a mixture
containing ethyl acetate and n-butyl acetate, but other pure compounds and mixtures may be
assigned by your instructor.

Note the following differences in procedure for the simple distillation of a liquid having a
single volatile component and for the fractional distillation of a mixture having two volatile
components. In the former, simple apparatus is used, while more complex fractional distilla-
tion equipment is used for the latter. A faster rate of distillation is used in the simple
distillation of a liquid containing one volatile component, whereas fractional distillation of a
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binary mixture must be performed more stowly and carefully. This slower rate is necessary to
maintain equilibrium conditions and the proper temperature gradient in the distillation col-
umn. In simple distiltation the entire distillate is collected in a single receiving flask, whereas
in fractional distillation, receiving flasks are changed as the composition of the distillate
changes, as indicated by the head temperature.

In the simple distillation of a single volatile component, the head temperature should rise
to a temperature that corresponds to the normal boiling point of the pure liquid and should
remain constant until the distillation is complete and no more distillate is obtained. In the
fractional distillation of a binary liquid mixture, ideally the head temperature should rise to
the normal boiling point of the more volatile component and remain there until that compo-
nent is completely removed. The head temperature should then drop some, indicating that the
more volatile component has been removed. At this point, insufficient heat is being supplied
to the distillation flask for the higher-boiling component to distil. Consequently, the heat
should be increased until the latter starts to distil, and the now higher head temperature
should remain constant until all of the second component has been distilled. In other words,
two different temperature plateaus should be observed. This idealized process will not be
observed unless the amount of heat supplied to the distilling flask is very carefully adjusted,
and this requires constant attention during the course of the distillation.

The fractional distillation of a binary mixture, such as one containing ethyl acetate and
n-butyl acetate, poses an interesting question about the effectiveness of the separation.
Ideally, two distillation fractions should be obtained, one composed of pure ethyl acetate and
the other of pure n-butyl acetate. A convenient technique that can be used to determine the
actual compositions of the fractions is gas chromatography (GC, Chapter 6). This simple
technique permits one to determine what components are present in each distillation fraction
and, if more than one is present, the percent of each present. Gas chromatography provides
an excellent adjunct to the fractional distillation experiment, but its use may depend on
equipment availability and other considerations.

Pre-lab exercises for Sections 4.2 to 4.4, Simple and Fractional Distillation, are found on
page PL. 7.

EXPERIMENTAL PROCEDURES

DO IT SAFELY

Although the use of burners in the organic laboratory is to be discouraged
except in rare instances, the conditions in your laboratory may necessitate it in
this experiment. Ethyl acetate and n-butyl acetate are both flammable, and
great care should be exercised if they are to be heated with a burner.

2 Examine your glassware for cracks and other weaknesses before assembling
the distillation apparatus. Look particularly for *'star cracks' in round-bottomed
flasks, because these may cause a flask to break while being heated.

3 Proper assembly of glassware is important in order to avoid possible breakage
and spillage, as well as the release of distillate vapors into the room. Have your
instructor examine your apparatus after it is assembled and before proceeding
with the distillation.

ES
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4 The apparatus used in these experiments must be open to the atmosphere at
the receiving end of the condenser. Never heat a closed system. If
heated, a closed system will build up pressure that may cause the apparatus to
explode.

5 Be certain that the water hoses are securely fastened to your condensers so
that they will not “'pop” off and cause a flood. If heating mantles or oil baths are
to be used for heating in this experiment, water hoses that come loose may
cause water to spray onto electrical connections, into the heating mantle, or
into hot oil, each of which is potentially dangerous to you and those who work
around you.

6 Avoid excessive inhalation of organic vapors at all times.

7 The organic substances that remain in the distillation flask or are collected as
distillates should be disposed of properly. They should be placed in suitably
marked waste containers and should not be discarded in the sink. The place-
ment of these volatile substances in the drain is a potential fire hazard and
abuses the environment.

The experiments described below utilize ethyl acetate and n-butyl acetate. Other pure
substances or liquid mixtures may be assigned; if so, different boiling temperatures will be
observed, and distillation cuts must be taken at different temperatures.

Simple Distillation of a Pure Liquid

Before starting, read Section 2.1 concerning the precautions and correct handling of glass-
ware. Place 40 mL of ethyl acetate in a 100-mL round-bottomed flask and add two or three
boiling chips to ensure smooth boiling. Assemble the simple distillation apparatus as directed
in Section 2.7 and shown in Figure 2.14. To collect the distillate, use as a receiving flask
either an Erlenmeyer flask or a graduated cylinder of sufficient volume. Have your instructor
check your apparatus before you start heating the distilling flask. Use the method of heating
specified by your instructor; details of various heating methods are discussed in Section 2.5,
which should be consulted before you begin heating.

Begin heating the distillation flask, and as soon as the liquid begins to boil and the
condensing vapors have reached the thermometer bulb, regulate the heat supply so that
distillation continues steadily at a rate of 2 to 4 drops per second. As soon as the distillation
rate is adjusted and the thermometer has reached a constant temperature, note and record it.
Continue the distillation and periodically record the head temperature. Discontinue heating
when only 2—-3 mL of ethyl acetate remains in the distillation flask. Determine and record the
volume of distilled ethyl acetate that you obtained.

Unless directed otherwise, return the distilled and undistilled ethyl acetate to a bottle
marked ‘‘Recovered Ethyl Acetate.””

B. Fractional Distillation of a Binary Mixture

This experiment provides for the separation of a mixture of ethyl acetate and n-butyl acetate
by fractional distillation, but similar results may be obtained with other mixtures such as
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carbon tetrachloride—toluene or methanol-water. Your instructor may wish to give you a
multicomponent mixture of unknown composition for distillation. Regardless of your knowl-
edge of the boiling points of the various components of the mixture you are to separate,
successful completion of this experiment depends on your understanding that the distillate
should be collected in separate receiving flasks, these flasks being changed when the ther-
mometer readings indicate different plateaus. For example, a two-component mixture will
require three receiving flasks, two for the main fractions and one for an intermediate fraction
that is obtained as the temperature rises from the first plateau to the second. A three-compo-
nent mixture will require five receiving flasks, three for the three main fractions and two for
the two intermediate fractions that are obtained between the three plateaus. If the composi-
tion of the mixture given to you is known, look up the respective boiling points in a suitable
handbook.

The distillate can be collected by one of the three possible procedures described (I, 1I or
III); your instructor will inform you of the procedure to be used. Procedures Il and III are
advantageous if the distillation is to be repeated using different equipment, as outlined under
Part C below, for they require data to be collected and plotted on a graph. If you are to follow
either 11 or I, before coming 1o laboratory prepare a table in your notebook to allow for
recording approximately 25 successive measurements of temperature as a function of total
accumulated volume of distillate.

1. FRACTIONAL DISTILLATION WITH PACKED COLUMN

Place 30 mL of ethyl acetate and 30 mL of n-butyl acetate in a 100-mL round-bottomed
flask, and add two or three boiling chips to ensure smooth boiling. Equip this flask for
fractional distillation as shown in Figure 2.15; it is recommended that you read the discussion
given in Section 2.8. Pack a Hempel or similar distillation column, using the type of packing
specified by your instructor. The technique for packing columns is discussed in Section 2.8.
When packing the column, be careful not to break off the glass support indentations at the
base of the column. Do not pack the column too tightly, for vapors cannot pass through a
tightly packed column; heating a fractional distillation apparatus equipped with a column that
is too tightly packed is analogous to heating a closed system. The position of the thermome-
ter in the stillhead is particularly important; the rop of the mercury thermometer bulb should
be on a level with the bortom of the sidearm of the distillation head. Have your instructor
check your assembled apparatus before supplying heat to the distillation flask.

If you have been told to collect the distillate by Procedure I, clean and dry three 50-mL
containers for use as receiving flasks, which may be bottles or Erlenmeyer flasks, and label
them A, B, and C. If you are to use Procedure I1, clean, dry, and label three 50-mL graduated
cylinders. Procedure III requires one clean, dry 100-mL graduated cylinder.

Begin heating the distillation flask using the heating method specified by your instructor.
See Section 2.5 for a discussion about various heating methods. As soon as the liquid
mixture begins to boil and the vapors have reached the thermometer, regulate the heat so that
distillation continues steadily at a rate no faster than I drop of distillate every 1 to 2 sec.
Collect the distillate using the procedure assigned by your instructor.

2. COLLECTION OF DISTILLATE

Note: The temperature ““cuts’” given below apply only for a mixture of ethyl acetate and
n-butyl acetate and are the normal boiling points at 760 torr of these two substances. If
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different mixtures are being distilled, the cuts should be taken at the boiling points of each
pure component of the mixture.

Procedure 1

Place receiver A so that the tip of the vacuum adapter extends inside the neck of the con-
tainer, as this will minimize evaporation of the distillate. As the mixture is heated, the
temperature will rise to 81°C and remain there for a period of time, but after a while either the
head temperature will start to rise above 81°C or will drop slightly. Receiver A should be left
in place until this increase or decrease is observed. As soon as the temperature deviates from
81°C by more than +5°C, change to receiver B, and increase the amount of heat supplied to
the distillation flask. The temperature will start to increase again, and more liquid will distil;
leave receiver B in place until the temperature reaches 123°C and then change to receiver C.
(Note that these temperature cuts are for a mixture of ethyl acetate and n-butyl acetate only.)
Continue the distillation until 1-2 mL of liquid remains in the pot, and then discontinue
heating. Measure the volumes of the distillate collected in each receiver by means of a
graduated cylinder, and record them. Allow the liquid in the column to drain into the distilla-
tion flask, then measure and record the volume of this liquid.

1f instructed to do so, submit or save 1-mL samples of each fraction A, B, and C for gas
chromatographic analysis, which is discussed in Section 6.6. Columns containing either
silicone gum rubber or SF-96 as the stationary phase give good separation of ethyl acetate
and n-butyl acetate.

Unless directed otherwise, place the organic liquids that were collected in suitably la-
beled organic waste containers.

/Procedure II /

Place graduated cylinder A so that the tip of the vacuum adapter extends inside the neck of
the cylinder. This will minimize evaporation of the distillate. As soon as the distillation rate
is adjusted to a rate of approximately 1 drop every 1 to 2 sec, note and record the head
temperature and the rotal accumulated volume of distillate in the receiving cylinder. Con-
tinue the distillation, recording the temperature and total volume of each additional incre-
ment of approximately 2 mL of distillate. As the mixture is heated, the temperature will rise
to 81°C and remain there for a period of time, but after a while the head temperature will start
to rise above 81°C or will drop slightly. Graduated cylinder A should be left in place until this
increase or decrease is observed. As soon as the temperature deviates from 81°C by more
than +5°C, change to graduated cylinder B, and increase the amount of heat supplied to the
distillation flask. The temperature will start to increase again, and more liquid will distil;
leave graduated cylinder B in place until the temperature reaches 123°C, and then change to
graduated cylinder C. (Note that these temperature cuts are for a mixture of ethyl acetate and
n-butyl acetate only.) Continue the distillation until 1-2 mL of liquid remains in the pot, and
then discontinue heating. Record the volumes of the distillate collected in each graduated
cylinder. Allow the liquid in the column to drain into the distillation flask, then measure and
record the volume of this liquid.

If instructed to do so, save or submit 1-mL samples of each fraction A, B, and C for gas
chromatographic analysis, which is discussed in Section 6.6. Columns containing either
silicone gum rubber or SF-96 as the stationary phase give good separation of ethyl acetate
and n-butyl acetate.

107



Chapter 4 Liquids: Distillation and Boiling Points

Unless directed otherwise, place the organic liquids that were collected in suitably la-
beled organic waste containers.

Treatment of Data Plot the distillation data on a completely labeled graph, with the head
temperature, in °C, being the vertical coordinate and the volume of distillate, in mL, being
the horizontal coordinate. Answer the following questions concerning the distillation results:

1 On the basis of the graph, indicate what can be learned about the efficiency of the
separation of the mixture.

2 If gas chromatographic analysis of the three fractions is available, calculate the per-
centage of ethyl acetate and n-butyl acetate in each fraction. What can be said regard-
ing the purity of the three fractions?

3 Based on the volume and composition of the distillate collected in each fraction, does
fractional distillation appear to provide a good method for separating ethyl acetate and
n-butyl acetate?

Procedure 111

Place a 100-mL graduated cylinder so that the tip of the vacuum adapter extends inside the
neck of the cylinder. This will minimize evaporation of the distillate. Al of the distillate will
be collected in the same cylinder. As soon as the distillation rate is adjusted to a rate of
approximately 1 drop every 1 to 2 sec, note and record the head temperature and the rotal
accumulated volume of distillate in the receiving cylinder. Continue the distillation, record-
ing the temperature and total volume of each additional increment of approximately 2 mL of
distillate. Note that you must be prepared to collect samples as described in the next para-
graph, if your instructor has assigned this procedure. As the mixture is heated, the tempera-
ture will rise to 81°C and remain there for a period of time, but after a while, the head
temperature will start to rise above 81°C or will drop slightly. As soon as the temperature
deviates from 81°C by more than +5°C, increase the amount of heat supplied to the distilla-
tion flask. The temperature will start to increase again and more liquid will distil. (Note that
these temperatures are for a mixture of ethyl acetate and n-butyl acetate only.) Continue the
distillation until 1-2 mL of liquid remains in the pot and then discontinue heating. Allow the
liquid in the column to drain into the distillation flask, then measure and record the volume of
this liquid.

If instructed to do so, collect 0.5-mL samples of distillate in clean, dry, labeled sample
vials at the following total accumulated volumes: 10 mL, 20 mL, 30 mL, 40 mL, 50 mL,
and at the point where the distillation is nearly complete, as evidenced by the presence of
only several mL of liquid in the distillation flask. These samples may be obtained by tempo-
rarily replacing the graduated cylinder with the sample vial at the desired points and collect-
ing 0.5 mL of liquid. Save or submit these samples for gas chromatographic analysis, which
is discussed in Section 6.6. Columns containing either silicone gum rubber or SF-96 as the
stationary phase give good separation of ethyl acetate and n-butyl acetate.

Unless directed otherwise, place the organic liquids that were collected in suitably la-
beled organic waste containers.

Treatment of Data Plot the distillation data on a completely labeled graph, with the head
temperature, in °C, being the vertical coordinate and the volume of distillate, in mL, being
the horizontal coordinate. Answer the following questions concerning the distillation results:
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1 On the basis of the graph, indicate what can be learned about the efficiency of the
separation of the mixture.

2 If gas chromatographic analysis of the six samples is available, calculate the percent-
age of ethyl acetate and n-butyl acetate in each. What can be said regarding the purity
of the samples that were collected at various distillation volumes?

3 Based on the composition of the distillate collected in each vial, does fractional distil-
lation appear to provide a good method for separating ethyl acetate and n-butyl acetate?

C. Distillation of a Binary Liquid Mixture Using Alternate Equipment

It is interesting to compare the results of distilling a binary mixture, such as ethyl acetate and
n-butyl acetate, using different types of equipment. For example, this mixture can be dis-
tilled by simple distillation or by fractional distillation in which the distillation column is not
packed. If assigned to perform either or both of these distillations, proceed as follows.

1. SIMPLE DISTILLATION

Using the procedure provided in Part A (Simple Distillation) above, distil a mixture
consisting of 30 mL of ethyl acetate and 30 mL of n-butyl acetate. You may be asked to
collect the distillate by one of the collection procedures given in Part B above and to save or
submit samples of distillate for gas chromatographic analysis.

2. FRACTIONAL DISTILLATION WITH UNPACKED COLUMN

Using the procedure provided in Part B above, distil a mixture consisting of 30 mL of
ethyl acetate and 30 mL of n-butyl acetate. You may be asked to collect the distillate by one
of the procedures given and to save or submit samples of distillate for gas chromatographic
analysis.

3. TREATMENT OF DATA

If you followed procedure II or III for collecting the distillate, it is convenient to plot the
data from two or more distillations on the same piece of graph paper so that the curves
obtained for each distillation involving different equipment will overlay one another. Com-
pare the results of each type of distillation equipment, and draw conclusions suggested by the
data concerning the relative efficiencies of each type of distillation. The results from gas
chromatographic analyses, if performed, should be incorporated into your conclusions.

EXERCISES

1. Define the following terms:

a. simple distillation g. mole fraction

b. fractional distillation h. height equivalent to a
¢. head temperature theoretical plate (HETP)
d. pot temperature i. temperature gradient

e. Raoult’s law
f. ideal solution

. Dalton’s law
reflux ratio

o e
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2.

10.

11.

Sketch and completely label the apparatus required for (a) simple distillation and
(b) fractional distillation.

. Explain why a packed fractional distillation column is more efficient at separating two

closely boiling liquids than an unpacked column.

. If heat is supplied to the distillation flask too rapidly, the ability to separate two liquids

by fractional distillation may be drastically reduced. In terms of the theory of distillation
presented in the discussion, explain why this is so.

. Explain why the column of a fractional distillation apparatus should be aligned as nearly

vertical as possible.

. Explain the role of the boiling chips that are normally added to a liquid that is to be

heated to boiling.

The top of the mercury bulb of the thermometer placed at the head of a distillation
apparatus should be adjacent to the exit opening to the condenser. Explain the effect on
the observed temperature reading if the bulb is placed (a) below the opening to the
condenser and (b) above the opening.

a. A mixture of 80 mole % n-propylcyclohexane and 20 mole % n-propylbenzene is
distilled through a simple distillation apparatus (assume that no fractionation occurs
during the distillation). The boiling temperature is found to be 157.3°C as the first
small amount of distillate is collected. The standard vapor pressures of n-propyl-
cyclohexane and n-propylbenzene are known to be 769 torr and 725 torr, respec-
tively, at 157.3°C. Calculate the percentage of each of the two components in the
first few drops of distillate.

b. A mixture of 80 mole % benzene and 20 mole % toluene is distilled under exactly the
same conditions as in part a. Using Figure 4.3, determine the distillation temperature
and the percentage composition of the first few drops of distillate.

¢. The normal boiling points of n-propylcyclohexane and n-propylbenzene are 156.9°C
and 159°C, respectively. Compare the distillation results in parts a and b. Which of
the two mixtures would require the more efficient fractional distillation column for
separation of the components? Why?

. Examine the boiling point—composition diagram for mixtures of toluene and benzene

given in Figure 4.3.

a. Assume you are given a mixture of these two liquids of composition 80 mole %
toluene and 20 mole % benzene and that it is necessary to effect a fractional distilla-
tion that will afford at least some benzene of greater than 99% purity. What would be
the minimum number of theoretical plates required in the fractional distillation col-
umn chosen to accomplish this separation?

Assume that you are given a 20-cm Vigreux column having an HETP of 10 cm in
order to distil a mixture of 58 mole % benzene and 42 mole % toluene. What would
be the composition of the first small amount of distillate that you obtained?

&

At 100°C, the vapor pressures (in forr) for water, methanol and ethanol are 760, 2625,
and 1694, respectively. Which compound has the highest normal boiling point and
which the lowest?

At 50°C, the vapor pressures (in torr) for methanol and ethanol are 406 and 222, respec-
tively. Given a mixture at 50°C that contains 0.1 mole of methanol and 0.2 mole of
ethanol, compute the partial pressures of each liquid and the total pressure.
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12. Figure 4.4 shows a temperature-composition diagram for a mixture of carbon tetrachlo-
ride and toluene. Answer the following questions, assuming that these substances form
an ideal solution:

a. What are the boiling points of pure carbon tetrachloride and toluene?
b. Answer the following questions for a mixture that contains 50 mole % carbon tetra-
chloride and 50 mole % toluene:
(1) At what temperature will it boil?
(2) What is the composition, in mole %, of the first small amount of vapor that
forms?
(3) If the vapor in (2) is condensed and the resulting liquid is heated to its boiling
point, what is the composition, in mole %, of the new vapor?
¢. A mixture of unknown composition is heated until it just starts to boil, and the
composition of the resulting vapor is found to be 50 mole % toluene and 50 mole %
carbon tetrachloride. What is the percent composition of the original mixture, and at
what temperature does the mixture start to boil?
d. Calculate the amount of carbon tetrachloride and toluene in the liquid and vapor
phases in a boiling mixture of the two at 85°C and at 100°C. Express your answer
both in mole percent and in mole fraction.

110+
8 100+
g
=
K]
g
(=%
g
S 0+
80—
—
mole % Toluene 100 90 80 70 60 50 40 30 20 10

mole % Carbon 0 10 20 30 40 50 60 70 80 90 100
Tetrachloride
Composition (mole %)

Figure 4.4 Temperature-composition diagram for Exercise 12.

13. The data given in the table below were obtained from separate distillations on 40 mL of
a mixture containing equal volumes of ethyl acetate and n-butyl acetate. The following
types of distillation apparatus were used: simple distillation, fractional distillation with a
packed column, and fractional distillation with an unpacked column.

a. Graph these data on the same piece of graph paper and plot cumulative volume
(horizontally) vs. head temperature (vertically).
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b. With reference to the graph, which distillation was the most effective in separating
the mixture and which the least effective?

c. Suggest the type of apparatus that was used for distillations A, B, and C.

Distillation Data

Head Ternﬁeraturex (°C)

Total Accumulated __ Jor Distillation
Volume (mL) A B C

2 80 80 80

4 82 82 82

6 83 83 83

8 83 85 84
10 83 86 85
12 83 88 86
14 83 89 87
16 83 92 89
18 85 95 91
20 95 98 95
22 110 104 103
24 122 112 110
26 123 117 115
28 123 120 119
30 123 122 119
32 123 123 122
34 123 123 123
36 123 123 123
38 123 123 123
40 123 123 123

4.5 Fractional Distillation of Nonideal Solutions

Most homogeneous organic liquid mixtures behave as ideal solutions, but examples are
known in which the behavior is nonideal. In these solutions, the unlike molecules are not
indifferent to the presence of one another. The result is the observation of deviations from
Raoult’s law in either of two directions. Some solutions display greater vapor pressures than
expected and are said to exhibit positive deviations; others display lower vapor pressures than
expected and are said to exhibit negative deviations. The discussions that follow are limited
to binary mixtures, although some three-component systems exhibit similar deviations.

In the case of positive deviations, the forces of attraction between the molecules of the
two components are weaker than those between the identical molecules of each component,
with the result that, in a certain composition range, the combined vapor pressure of the two
components is greater than the vapor pressure of the pure, more volatile component. Mix-
tures in this composition range, between X and Y in Figure 4.5, have boiling temperatures
lower than the boiling temperature of either pure component. The minimum-boiling mixture,
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Figure 4.5 Temperature-composition diagram for a minimum-boiling azeotrope.

composition Z in Figure 4.5, must be considered as if it were a third component. It has a
constant boiling point because the vapor in equilibrium with the liquid has the same composi-
tion as the liquid itself. This mixture is called 2 minimum-boiling azeotropic mixture, or
azeotrope. Fractional distillation of such mixtures will not yield both of the components in
pure form but only the azeotrope and the component present in excess of the azeotropic
composition. For example, pure ethanol cannot be obtained by fractional distillation of
aqueous solutions containing less than 95.57% ethanol, the azeotropic composition, even
though the boiling point of this azeotrope is only 0.15°C lower than the boiling point of pure
ethanol. Since optimum fractional distillations of aqueous solutions containing less than
95.57% ethanol yield this azeotropic mixture, ‘*95% ethyl alcohol’” is the common composi-
tion of the commercial solvent ethanol. Pure or ‘“‘absolute’’ ethanol can be obtained by
chemically removing the water or by a distillation procedure that involves the use of a ternary
mixture of ethanol-water-benzene. While binary azeotropic mixtures are central to our dis-
cussion, the ternary mixture of water (7.4%), ethanol (18.5%) and benzene (74.1%) is the
minimum-boiling azeotropic mixture that permits the removal, by distillation, of water from
95% ethanol to which benzene has been added. The ethanol so obtained is one form of
denatured ethanol and is unsafe for human consumption, owing to the presence of traces of
toxic benzene. On the other hand, pharmaceutical-grade absolute ethanol is obtained by
chemically removing the water.

In the case of a negative deviation from Raoult’s law, the forces of attraction between the
different molecules of the two components are stronger than those between identical mole-
cules of each component, with the result that, in a certain composition range, the combined
vapor pressure of the two components is less than the vapor pressure of the pure, less volatile
component (see Figure 4.6). Mixtures in this composition range, between X and Y in Figure
4.6, boil at temperatures higher than the boiling temperature of either pure component.
There is one particular composition, Z in Figure 4.6, that corresponds to a maximum-
boiling azeotrope. Fractional distillation of mixtures of any composition other than that of
the azeotrope will result in the distillation from the mixture of whichever of the two compo-

n3
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Figure 4.6 Temperature-composition diagram for a maximum-boiling azeotrope.

nents is present in excess of the azeotropic composition, Z; the composition of the pot residue
will therefore approach that of Z. As an illustration, formic acid and water form a maximum-
boiling azeotrope having the composition 77.5% formic acid-22.5% water. This azeotrope
of pure formic acid (bp 100.7°C) and water (bp 100.0°C) boils at 107.3°C. The distillation of
any mixture having other than the azeotropic composition will result in either water or formic
acid—whichever is in excess—being distilled away, and the azeotropic mixture will remain
as the pot residue.

Azeotropes, like pure liquids, exhibit constant boiling points. As a result, they may be
confused with pure compounds if boiling points alone are used as the basis for determining
purity. Data on other minimum-boiling or maximum-boiling azeotropes may be found in the
references at the end of the chapter, and extensive tables are given in the handbooks listed
there.

EXERCISES

1. Define the following terms:

a. azeotrope

b. minimum-boiling azeotrope

¢. maximum-boiling azeotrope

d. positive deviation of vapor pressure

e. negative deviation of vapor pressure

A certain liquid boils at a constant temperature, for example, 127°C. Based on this

boiling point alone, is it a pure liquid? Explain.

3. Suppose that equimolar amounts of water (bp 100°C) and ethanol (bp 78.32°C) are mixed
and subjected to fractional distillation.
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a. The first liquid to distil boils at 78.17°C. Explain this result. What does this distillate
contain?

b. After all the material boiling at 78.17°C has distilled, the next fraction to be collected
boils at 100°C. No liquid boiling at 78.32°C is collected. Explain this result.

4.6 Vacuum Distillation; Distillation Under Reduced
Pressure

The effect of external pressure upon the boiling point of a pure liquid was discussed in
Section 4.1. Distillations, either simple or fractional, are easiest to perform at atmospheric
pressure (defined as 760 torr), and under these conditions the observed boiling temperature is
the normal boiling point. As indicated in Section 4.1, the attempted distillation of some very
high-boiling liquids is often difficult or impossible, owing to possible decomposition or
undesired side reactions. If this situation arises, it will be necessary to perform a simple or
fractional distillation at reduced pressure, a technique called vacuum distillation, which is
described in Section 2.9.

4.7 Steam Distillation

(a) Theory and Discussion

The separation and purification of volatile organic compounds that are immiscible with
(insoluble in) water, or nearly so, is often accomplished by steam distillation, a technique
that involves the codistillation of a mixture of water and organic substances. The virtues and
limitations of this technique can be illustrated by consideration of the principles that underlie
steam distillation.

The partial pressure (P;) of each component (i) of a mixture of immiscible, volatile
substances at a given temperature is equal to the vapor pressure (P7) of the pure compound at
the same temperature (equation 6) and does not depend on the mole fraction of the compound
in the mixture; that is, each component of the mixture vaporizes independently of the others.

P; =P} (6)

This behavior is in sharp contrast to that exhibited by solutions of miscible liquids, for which
the partial pressure of each constituent of the mixture depends on its mole fraction in the
solution (Raoult’s law, equation 2). Now, the total pressure, Pz, of a mixture of gases,
according to Dalton’s law (equation 4), is equal to the sum of the partial pressures of the
constituent gases, so that the total vapor pressure of a mixture of immiscible, volatile com-
pounds is given by equation 7:

Pr=Py+P}+--- P} m

ns
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This expression indicates that the total vapor pressure of the mixture at any temperature is
always greater than the vapor pressure of even the most volatile component at that tempera-
ture, owing to the contributions of the vapor pressures of the other constituents in the mix-
ture. The boiling temperature of a mixture of immiscible compounds must then be lower than
that of the lowest-boiling component.

Demonstration of the principles just outlined is available from the following discussion
about the steam distillation of an immiscible mixture of water (bp 100°C) and bromobenzene
(bp 156°C). Figure 4.7 shows a plot of the vapor pressure versus temperature for each pure
substance and for a mixture of these compounds. This graph shows that the mixture should
boil at about 95°C, the temperature at which the total vapor pressure equals the atmospheric
pressure. As theory predicts, this temperature is below the boiling point of water, which is
the lowest-boiling component in this example. The ability to distil a compound at the rela-
tively low temperature of 100°C or less by means of a steam distillation is often of great use,
particularly in the purification of substances that are heat-sensitive and would therefore
decompose at higher temperatures. It is useful also in the separation of compounds from
reaction mixtures that contain large amounts of nonvolatile residues, such as the notorious
tars so often formed in many organic reactions.

The composition of the condensate from a steam distillation depends upon the molecular
weights of the compounds being distilled and upon their respective vapor pressures at the
temperature at which the mixture steam distils. Consider a mixture of two immiscible com-
ponents, A and B. If the vapors of A and B behave as ideal gases, the ideal gas law can be
applied, and equations 8a and 8b are obtained.

P3Va = (ga/MA)RT) (8a)
P3Ve = (gs/Mp)(RT) 8b)

= 500+ Mixture of /I
5 bromobenzene =
= and water
» 400+
3
g
A 300+
200+
Bromobenzene
100~
2 ; T . i : f f
0 20 40 60 80 100 120 140 160

Temperature (°C}

Figure 4.7 Vapor pressure—temperature graph showing pure bromobenzene, pure water and
a mixture of bromobenzene and water.
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In these two expressions, P° is the vapor pressure of the pure liquid, V is the volume in which
the gas is contained, g is the weight in grams of the component in the gas phase, M is its
molecular weight, R is the gas constant, and T is the absolute temperature in kelvins (°K).
Dividing equation 8a by equation 8b gives equation 9.

PRV _ gAMs(RT) ©
P3Vs  gsMa(RT)

Because the RT factors in the numerator and denominator are identical and because the
volume in which the gases are contained is the same for both (V, = Vp), these terms cancel
in equation 9 to yield equation 10.

grams of A (Pj)(molecular weight of A)

= (410
grams of B (Pg)(molecular weight of B)

For example, consider a mixture of bromobenzene and water, whose molecular weights
are 157 g/mole and 18 g/mole, respectively, and whose vapor pressures, as determined from
Figure 4.7, are 120 torr and 640 torr, respectively, at 95°C. The composition of the distillate
at 95°C can be calculated from equation 10 as follows:

Sbromobenzene _ (120)(157) 1,64

Swater (640)(18) 1

On the basis of weight, this calculation indicates that more bromobenzene than water is
contained in the steam distillate, even though the vapor pressure of the bromobenzene is
much lower at the temperature of the distillation. Because organic compounds generally have
molecular weights much higher than that of water, it is possible to steam-distil compounds
having vapor pressures of only about 5 torr at 100°C with a fair efficiency on a weight-to-
weight basis. Even solids can be purified by steam distillation.

In summary, steam distillation provides a method for separating and purifying moder-
ately volatile liquid and solid organic compounds that are insoluble or nearly insoluble in
water from nonvolatile compounds. Relatively mild conditions are used in steam distillation,
but even so, it cannot be used for substances that decompose on prolonged contact with
steam or hot water, that react with water, or that have vapor pressures of 5 torr or less at
100°C. The technique for carrying out a steam distillation is presented in Section 2.10, and
an experiment that uses this method is given in part (b) below.

Steam distillation involves passing steam through a mixture of one or more volatile
compounds that are immiscible with water and collecting the resulting distillate, which
contains water and the desired compound(s). Some procedures involve the isolation of a
desired product using a form of steam distillation in which the steam is nor obtained from an
external source, such as a steam line, but is generated internally. Several preparative experi-
ments appearing later in this text utilize this form of steam distillation: (a) 1-bromobutane
(Section 18.2), (b) aniline (Section 23.2b), and (c) cyclohexene (Section 13.2). In each of
these syntheses a mixture containing water, the desired compound, and nonvolatile impuri-
ties is subjected to distillation, yielding a distillate that consists of water and the desired
compound in moderately pure form.

nz
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(b) Natural Products; Isolation of Citral from Lemon Grass Qil
by Steam Distillation

(1) GENERAL DISCUSSION OF NATURAL PRODUCTS

Naturally occurring organic compounds, which are found in and produced by living
organisms, have been a source of fascination for centuries. The interest in these substances
exists for a variety of reasons, ranging from the practical applications of such compounds in
daily life to the scientific challenges they present. ‘‘Natural products’ have been used to
alleviate pain, to cure diseases, to make colorful dyes, to flavor foods, and even to cause
death. From the standpoint of science it was the natural products, because of their ready
availability, that provided chemists with one of their first experimental challenges during the
period when chemistry was emerging from alchemy into a more exact science. Today the
isolation, identification, and synthesis of natural products still present some of the greatest
challenges to modern organic chemists.

As the scientific field now labeled ‘‘natural products chemistry’” evolved, these sub-
stances were placed in one of four general categories, which are defined on the basis of
common structural features found in most natural products. These four categories are the
carbohydrates (sugars), the acetogenins, the terpenes and steroids, and the alkaloids. Carbo-
hydrates are the topic of Chapter 25, so they are not discussed here.

The acetogenins are a group of compounds that share the common distinction that their
biosynthesis involves the head-to-tail polymerization of the two-carbon acetate unit to gener-
ate a linear polyacetyl chain, 1. ‘‘Biosynthesis’’ refers to the synthesis of a chemical com-
pound by a living organism. As a class, the acetogenins are characterized by the absence of
extensive branching in their carbon skeletons. Further transformations of the basic structure 1
can produce substances as diverse as stearic acid (2), a fatty acid, and rhamnetin (3), a
yellow pigment of the flavone type.

P10
CH;C(CH,C),CH,C
1
A polyacetyl chain

CH;3CH,(CH>),4,CH>CO,H CH;0
2

Stearic acid

Rhamnetin

The substances that fall into the category designated terpenes and steroids can be viewed
as having carbon skeletons constructed by the 1,4-polymerization of the five-carbon,
branched-chain isopentyl unit, 4. The active form of this unit in biosynthesis is isopentenyl
pyrophosphate (5), which is readily produced in nature from three two-carbon acetate units,
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with the loss of one carbon atom as carbon dioxide. In contrast to the generally linear
structure of acetogenins, the terpenes and steroids possess carbon skeletons that are branched
at regular intervals, as illustrated by the structure of vitamin A (6). Substances in the terpene
class contain two or more of the five-carbon isoprene units. For example, vitamin A contains
a total of 20 carbon atoms and therefore four isoprene units. Camphor (7) comes from two
isoprene units to give the 10 carbon atoms it contains, and cholesterol (8) is produced
biologically from six isoprene units by a complex sequence of reactions that results in the
loss of three carbon atoms.

AN
C—C, CH,
/ N\ N
C C \C—CH2
/ AN
CH, CH,—OPO,0P0,®
4 5
Isopentyl unit Isopentenyl pyrophosphate
CH; CH,
CH; CH; CH; CH;
D Y S N OH
CH, CH;3
6}
6 7
Vitamin A Camphor
CH,
CH;
CH;
CH;,
CH;
HO
8
Cholesterol

The final category of natural products considered here, the alkaloids, probably contains
the greatest number of compounds and is the most diverse in terms of structural type. This is
a consequence of the fact that all natural products that are basic are classified as alkaloids.
The basicity of these substances results from the presence of one or more nitrogen atoms in
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them, the nitrogen arising from the incorporation of one or more a-amino acid units (9) into
alkaloids during their biosynthesis. Nicotine (10) and strychnine (11) are examples of alka-
loids.

s (O

:NH, N CH;
9 10 11
An a-amino acid Nicotine Strychnine

Historically, most natural products have been extracted from plants rather than from
animals. The natural products from plants generally have simpler structures that are easier to
elucidate. Microorganisms are now assuming an increased importance as sources of natural
products.

The isolation of a natural product in pure form normally presents a considerable chal-
lenge to the experimenter, mainly because even the simplest plants and microorganisms
contain mixtures of many compounds. The general approach used to isolate and purify a
natural product may be summarized as follows. The plant or microorganism is ground or
homogenized into fine particles, and the resulting material is then usually extracted with a
solvent or mixture of solvents in which the desired natural product is expected to dissolve.
An example is the extraction of trimyristin from nutmeg using diethyl ether (Section 5.3).
Volatile natural products in the extract can be detected and possibly even isolated by gas
chromatography. More often, however, the natural product is relatively nonvolatile, and
removal of the solvent from the extraction yields an oil or gum that requires further separa-
tion in order to obtain its various components in pure form.

A more common procedure for natural products isolation involves treatment of the resid-
ual oil or gum with an acid or base in order to separate basic and acidic components,
respectively, from neutral substances. Slightly volatile compounds might be separated from
nonvolatile ones by subjecting the residue to steam distillation. The principles of acid and
base extraction, along with typical experimental procedures, are discussed in Section 5.4.

Various chromatographic techniques are also used to isolate and purify natural products.
These include thin- and thick-layer, liquid-liquid, and gas-liquid chromatography. Chapter 6
introduces many of these techniques and includes several experiments involving chromato-
graphic methods.

The next stage facing the natural products chemist is determination of the structure of the
isolated pure product. Traditional techniques, such as qualitative tests for various functional
groups (Chapter 27), and chemical degradations to known, simpler compounds, were and are
of great importance. More recently, spectroscopic techniques such as mass spectrometry and
ultraviolet, infrared, and nuclear magnetic resonance spectroscopy have greatly facilitated
the determination of structure. The theory and application of various spectroscopic methods
are discussed in Chapters 8—11.
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In many instances, the final goal of chemists working in this field is the total laboratory
synthesis of a natural product. The synthesis of some natural products represents mainly an
intellectual challenge and/or an opportunity to demonstrate the utitity of new synthetic tech-
niques. In cases where the natural product has medicinal uses, the development of an effi-
cient synthetic route may be of great importance, especially when the supply of the material
from the natural source is severely limited or its isolation is difficult. Chapter 23 provides
examples of multistep syntheses of two medically important compounds, sulfanilamide and
lidocaine.

(2) ISOLATION OF CITRAL FROM LEMON GRASS OIL

Terpenes are responsible for the characteristic flavors, odors, and colors of many sub-
stances encountered in nature. For example, citral (12) is a terpene that possesses a pleasant
lemonlike odor and taste. Although it evokes pleasant odor and taste responses in humans, it
apparently is less attractive to other forms of life. Certain insects such as ants are known to
secrete citral in order to ward off potential predators, that is, it serves as a defense phero-
mone. Citral is of commercial importance as a constituent of perfumes in which a lemonlike
essence is desired; it is also used as an intermediate for the synthesis of vitamin A (6).

CH; o)
\
CH; CH; H
12
Citral

Owing to the commercial importance of citral, an extensive search for its presence in
natural products has been carried out. One source is the oil from the skins of lemons and
oranges, although it is only a minor component of this oil. However, citral is the major
constituent of the oil that results from the pressing of lemon grass, and, in fact, 75-85% of
this oil is the desired natural product.

Citral contains two carbon-carbon double bonds, one of which is conjugated with the
carbon-oxygen double bond of the aldehyde group. The aldehyde group of citral is readily
oxidized to a carboxylic acid, a reaction typical of aldehydes, and owing to the conjugation,
the molecule is also subject to facile polymerization. Consequently, citral is a chemically
labile substance under conditions that induce its polymerization and/or oxidation. Heat,
light, and reagents such as acids, bases, and oxidizing agents promote these types of reac-
tions. The isolation of pure citral therefore can present a significant challenge to the experi-
menter. This task is greatly simplified, however, by the fact that citral is relatively volatile
(bp 229°C at 760 torr) and has a low solubility in water. These properties make it a suitable
candidate for steam distillation, a technique that allows distillation of citral from crude lemon
grass oil at a temperature less than 100°C, which is far below the normal boiling point of
citral (229°C). Neutral conditions are maintained in steam distillation, as is the partial exclu-
sion of oxygen, so that the possibility of polymerization and/or oxidation of citral is minimal.
This emphasizes the value of steam distillation, namely, that it is often the method of choice
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when reactive, volatile substances are to be separated from nonvolatile and/or water-soluble
contaminants.

The citral that will be isolated in this experiment is actually a mixture of two geometric
isomers, geranial (12a) and neral (12b). It is extremely difficult to separate these two iso-
mers, and this will not be attempted in this experiment.

i
CH € CH H
YN N
\ \ _H
CH; CH; H CH, CH, ﬁ
12a 12b 0
Neral Geranial

The steam distillation can be performed by two different methods. One involves the use
of an external steam source, either a laboratory steam line or a steam generator, passing the
steam through a mixture of lemon grass oil and water; this method has some advantages but
is experimentally more difficult. The other method involves heating a mixture of lemon grass
oil and water and collecting the distillate. Although simpler from the experimental stand-
point, there are some limitations to the application of this procedure. For example, in the
steam distillation of only slightly volatile substances, a large initial volume of water will be
required, or water must be added as the distillation proceeds, perhaps by means of an
addition funnel. Procedures using both alternatives are provided below.

After steam distillation of the lemon grass oil, the distillate contains a mixture of citral
and water, from which the citral is isolated by extraction with diethyl ether. The ether
extracts are dried by a drying agent, anhydrous calcium chloride, and the ether is removed by
evaporation under vacuum. Mild conditions are used for the extraction and evaporation in
order to minimize the polymerization and/or oxidation of citral.

Structure Determination for Citral Various spectroscopic and chemical analyses can be
performed on the citral that is isolated from lemon grass oil by steam distillation. These
analyses are mentioned briefly here, and references are given to later parts of the text where
they are discussed in more detail.

The structure of citral can be confirmed using infrared (IR), proton magnetic resonance
(PMR), and/or ultraviolet (UV) spectroscopys; its IR and PMR spectra are given in Exercise 3
at the end of Chapter 10, and its UV spectrum is presented in Figure 11.3. Citral can also be
analyzed using gas chromatography (Chapter 6), which allows the assessment of the nature
and purity of the product that has been isolated.

Various chemical methods can be used to characterize citral. For example, qualitative
tests for the carbon-carbon double bonds and for the aldehyde group can be performed, and
solid derivatives can be prepared by utilizing reactions of the aldehyde group (Chapter 27).

Pre-lab exercises for Section 4.7, Steam Distillation of Citral, are found on page PL. 9.
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EXPERIN

DO IT SAFELY

1 Steam distillation involves the use of glassware that becomes very hot. Exer-
cise care when handling hot glassware.

2 If a house line is used as a source of external steam, take care to blow out the
condensed water in the line before attaching the hose to the water trap. Do this
by holding the end of the hose in the sink or drain and opening the steam valve
until no more water is ejected.

3 When passing steam from a house line through the lemon grass, control the
rate of steam flow carefully so that pressure does not build up in the apparatus.
This minimizes the potential for glass joints to “pop’ apart and release the
steam dangerously or for the explosion of the apparatus.

4 If the flow of steam from a house line is interrupted, a partial vacuum in the line
and water trap will be created, and the mixture of water and lemon grass oil will
be sucked back into the trap. If this occurs, it will be necessary to disassemble
the apparatus and pour the mixture in the trap back into the distillation flask
before resuming the steam distillation.

When the steam distillation is completed, the drain from the water trap must
be opened and the steam inlet tube removed from the distilling flask. Other-
wise, the hot liquid in the flask will “‘back up™ into the water trap.

5 Be certain that the steam distillate is cooled below 30°C before extracting it
with diethyl ether; otherwise excessive pressure may develop in the separatory
funnel and may blow out the stopper.

6 Diethyl ether is extremely flammable. Take care that no flames are in your
vicinity during its use and its removal from the citral.

» Option 1: Distillation Using an External Steam Source Determine the weight of
10 mL of lemon grass oil, and then place it along with 100 mL of water in a 250-mL
round-bottomed flask. Equip this flask for steam distillation as described in Section 2.10 and
as shown in Figure 2.19. Steam may be obtained from a steam line, if this is available in your
laboratory, or may be generated using the apparatus shown in Figure 2.20. Regardless of the
steam source, a water trap, shown in Figure 2.21, must be placed between the steam source
and the steam distillation apparatus. Steam-distil the mixture as rapidly as possible, and
continue the distillation until droplets of oil no longer appear in the distillate; approximately
250-mL of distillate should be collected. Drain condensed water from the water trap when-
ever necessary; do not allow the water trap to fill up.* Proceed to “‘Isolation of Citral,”
below.

Option 2: Steam Distillation Using Internal Source of Steam Determine the weight
of 10 mL of lemon grass oil, and then place it along with 250 mL of water in a 500-mL
round-bottomed flask. Equip this flask for fractional distillation (Section 2.8), but do not
pack the distillation column. Heat the flask to boiling with a burner or heating mantle, as
directed by your instructor. Adjust the heat source so that the distillation proceeds as rapidly



123

Chapter 4  Liquids: Distillation and Boiling Points

as possible, but avoid applying excess heat to the distillation flask, especially when the
volume of water in the flask has been reduced below about 100 mL. Continue the distillation
until oil droplets no longer appear in the distillate, which should occur after about 150—
200 mL of distillate has been collected. Allow the distillate to cool to room temperature or
below, using an ice-water bath if necessary.* Proceed to ‘“‘Isolation of Citral,”” below.

Isolation of Citral Transfer 50-75 mL of the distillate to a separatory funnel containing
50 mL of technical-grade diethyl ether, shake the funnel, and allow the layers to separate in
the funnel. The proper use of a separatory funnel is described in Section 2.18. The funnel
should be vented frequently to avoid the buildup of pressure inside. Carefully draw off the
bottom layer, which is the aqueous layer, and leave the upper layer, which is the ether layer,
in the funnel. Add another portion of the distillate to the ether layer in the funnel, shake the
funnel, and separate the layers as before. Repeat these steps until all the distillate has been
shaken, in small portions, with the ether, so that the citral has been removed from the
aqueous phase. After the extraction is complete, all of the aqueous layers may be discarded.

Transfer the organic layer that remains in the separatory funnel to a 125-mL Erlenmeyer
flask, and add about 1 g of anhydrous calcium chloride. Allow the contents of the flask to
remain in contact with the drying agent until the organic layer is dry, as evidenced by
observing that it is completely clear. If the experiment is stopped at this point, the flask
containing the ether should be loosely stoppered and stored in a ventilation hood; never leave

flasks containing ether in your locker drawer.* Decant (Section 2.15) the dried organic

solution into a 250-mL round-bottomed flask, and evaporate the ether solvent under vacuum,
using a water aspirator or the house vacuum. When vacuum is applied, the ether is likely to
start foaming; if this occurs, reduce the vacuum until foaming stops. It will be advantageous
to place the flask in a pan of water ar room temperature during the evaporation of the ether.
After the ether is completely removed, the residue that remains is citral, bp 229°C (760 torr).
Determine its weight, and calculate the percentage recovery of citral, based on the weight of
the original sample of lemon grass oil.

If requested to do so, save or submit a sample of citral for gas chromatographic or
spectral (IR, PMR, and/or UV) analysis; the latter are discussed in Chapters 10 and 11.

Chemical Characterization of Citral You may be asked to perform one or more of the
following tests on the citral you have isolated.
1 Test for carbon-carbon double bond. Perform the tests for unsaturation described in
Section 27.5b.
2 Test for an aldehyde. Perform the chromic acid test outlined in Section 27.5a, p. 701.
3 Preparation of solid derivatives. Prepare the 2.4-dinitrophenylhydrazone (see Sec-

tion 27.5a, p. 704) and the semicarbazone (see Section 27.5a, p. 704) of citral. The
melting points of these derivatives are given below.

77Me|ting Point Melting Point
Compound of 2,4-DinitrophenylhydrazonL of Semicarbazone
12a 134-135°C 164-165°C

12b 171-172°C
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Recrystallization of either derivative of citral usually removes any derivative resulting from
the minor amount of 12b contained in citral. After recrystallization, the derivatives that you
obtain should have the melting points given for 12a.
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chapter 5
extraction

The most common methods of isolating and purifying organic compounds, recrystallization
for solids and distillation for liquids, are described in Chapters 3 and 4. Two other widely
applicable and relatively simple methods of separating a desired compound from its impuri-
ties, or of isolating each of the individual components of a mixture, are extraction and
chromatography, both of which are based on the principle of phase distribution. These
methods are the subjects of this chapter and Chapter 6, respectively.

The technique of extraction involves the selective removal of one or more of the compo-
nents of a gaseous, liquid, or solid mixture by contact of the mixture with a second phase. A
substance may establish an equilibrium distribution between two insoluble phases with which
it is in contact, in a ratio dependent upon its relative stability in each of those phases.

The process on which such a distribution depends may be one of two varieties: (1)
partitioning, based on differing relative solubilities of the components in immiscible solvents
(selective dissolution) and (2) adsorption, based on the selective adherence of the compo-
nents of a liquid or gaseous mixture to the surface of a solid phase. The various techniques of
chromatography involve both of these processes, whereas the techniques of extraction in-
volve only the former.

5.1 Theory of Extraction

A widely used method of separating organic compounds from mixtures in which they are
found or produced is that of liquid-liquid extraction. In fact, virtually every organic synthesis
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or isolation of a natural product requires one or more extractions of this type at some stage for
the purification of a product.

In its simplest form, extraction involves the distribution of a solute between two immisci-
ble solvents. The distribution is expressed quantitatively in terms of the distribution (or
partition) coefficient, K (equation 1). This expression indicates that a solute, A, in contact
with a mixture of two immiscible liquids, S and S’, will be distributed (partitioned) between
the liquids so that at equilibrium the ratio of concentrations of A in each phase will be
constant, at constant temperature. For simplicity we shall define S as that solvent in which
the solute is more soluble. Therefore in the remaining discussion the value of K will by
definition always be greater than 1.0.

__concentration of A in § =,
concentration of A in S’

Ideally, the distribution coefficient of A is equal to the ratio of the individual solubilities
of A in pure S and in pure S’. In practice, however, this correspondence is generally only
approximate, since no two liquids are completely immiscible. The extent to which they
dissolve in each other alters their solvent characteristics and thus slightly affects the value
of K.

It is evident that for A to dissolve completely in one or the other of two immiscible
liquids, the value of K must be infinity or zero. Neither of these limiting values is actually
attained. However, so long as K is larger than 1.0, and the volume of solvent S is equal to
or larger than the volume of solvent S'(see equation 3), the solute will be found in greater
amounts in solvent S. The amount of solute that will remain in the other solvent, S’, will
depend on the value of K.

Equation 1 may be rewritten as shown in equations 2 and 3, given below:

grams of A in S/mL of §
K= - - @
grams of A in §'/mL of §

_ gramsof AinS  mL of §’
grams of A in §’ mL of §

(&3]

Note that when the volumes of S and S’ are equal,‘ the ratio of the grams of A in S and in
S' will equal the value of K. If the volume of S is doubled and the volume of S is kept the
same, the ratio of the grams of A in S to the grams of A in $’ will be increased by a factor of
two. This follows because X is a constant. Therefore, if A is to be recovered by extraction
into solvent S, the amount of A recovered will be increased by using larger quantities of
solvent S.

A further consequence of the distribution law (equation 1) is of practical importance in
performing an extraction. If a given total volume of solvent S is to be used to separate a
solute from its solution in S’, it can be shown to be more efficient to effect several successive
extractions with portions of that volume than one extraction with the full volume of solvent.

!To be strictly correct, the volumes of solution should be used in this expression. However, when
the solutions are reasonably dilute, volumes of solvent may be used without appreciable error.
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Thus, for example, more butanoic acid will be removed from water solution by two succes-
sive extractions with 50-mL portions of diethy!l ether than will be removed in a single
extraction with 100 mL of diethyl ether. Three successive extractions with 33-mL portions
would be still more efficient (see Exercise 3 at the end of this chapter). There is, however, a
point beyond which the further effort of additional extractions no longer yields a commensu-
rate return. The larger the distribution coefficient, the fewer the number of repetitive extrac-
tions that are necessary to separate the solute effectively. This is an important consideration
because it is desirable to keep the total volume of extracting solvent to a minimum, not only
for reasons of expense but also because of the time involved in eventual removal of the
solvent by distillation.

Consider now a solution of two compounds in solvent S'. For effective separation of
these two compounds by extraction with solvent S, the distribution coefficient of one should
be significantly greater than 1.0, whereas the distribution coefficient of the other should be
significantly smaller than 1.0. If these conditions are met, one compound will be mainly
distributed in solvent S and the other in solvent S', at equilibrium. Physical separation of the
two liquid layers would then result in at least a partial separation of the two compounds.

When the coefficients are of similar magnitude, separation by the extraction technique
may be quite ineffective, since the relative concentrations of the compounds in each of the
two liquid phases may be little changed from those of the original mixture. In this case other
methods of separation should be used, such as adsorption chromatography (Section 6.1),
fractional distillation (Section 4.4), or fractional recrystallization (Section 3.1). The special-
ized techniques of fractional extraction and countercurrent distribution can also be used to
separate compounds with similar but not identical distribution coefficients. For the interested
student, details of these techniques are supplied in the references at the end of the chapter.

When choosing an extracting solvent for the isolation of a component from a solution,
some general principles should be kept in mind: (1) The solvent must of course be immiscible
with the solvent of the solution. (2) The solvent chosen must have the most favorable
distribution coefficient for the component that is to be separated and must have unfavorable
coefficients for the impurities or other components. Since distribution coefficients for most
compounds in various solvents are not available, extraction solvents used in experiments in
this book will be suggested to you. However, as you gain experience and understanding
about the solubility principles of organic compounds, you should be able to suggest appropri-
ate solvents. (3) A solvent must be chosen that does not react chemically with the compo-
nents of the mixture, just as in recrystallization. (4) Following the extraction, the solvent
should be readily separable from the solute. Usually the solvent is removed by distillation, so
that use of relatively volatile solvents is advantageous.

5.2 Continuous Extraction

Another type of experimental problem often encountered is that involving separation of one
component that is only slightly soluble in the extracting solvent from a mixture whose other
components are essentially insoluble. Large quantities of solvent would have to be used in
order to effect the separation in only one or two extractions, and the handling of such
quantities may be extremely unwieldy. Alternatively, it would be tedious to do a very large



5.2 Continuous Extraction

number of extractions with smaller quantities of solvent. The method of continuous extrac-
tion, in which a relatively small volume of extracting solvent is used, is a possible solution to
this problem. The solution of extracting solvent and solute is continuously separated into a
boiling flask from the mixture being extracted. The solution is subjected to continuous
distillation, and the condensed distillate is returned as fresh extracting solvent to the extrac-
tion vessel and reused. In the process the extracted material builds up in an increasingly
concentrated solution in the boiling flask. This is because a dilute solution of it is continu-
ously draining into the flask, while at the same time the amount of solvent is kept constant.

A continuous liquid-liquid extraction is performed by percolating the extracting solvent,
as condensate from the condenser, through the solution containing the desired compound.
The direction of solvent flow through the solution depends on the relative densities of the two
liquids, and specialized equipment is available for either situation. For example, apparatus
such as shown in Figures 5.1 and 5.2 are designed for use with solvents less and more dense,
respectively, than the solution containing the solute being extracted.

For separation of the components of a solid mixture by continuous solid-liquid extrac-
tion, a Soxhlet extraction apparatus (Figure 5.3) is convenient. The solid is placed in a

—— Water out

~—— Water in

Condensate E Vapor
Extracting B
solvent
Solution

being extracted — 7| N
Boiling flask
containing extracting
solvent

Fritted disk

il

Figure 5.1 Light-solvent extractor.
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Figure 5.2 Heavy-solvent extractor.

porous thimble in the chamber, as shown, and the extracting solvent is added to the boiling
flask below. The solvent is heated to reflux, and the distillate, as it drops from the condenser,
collects in the chamber. By coming in contact with the solid in the thimble, the liquid effects
the extraction. After the chamber fills to the level of the upper reach of the siphon arm, the
solution empties from this chamber into the boiling flask by a siphoning action. This process
may be continued automatically and without attendance for as long as is necessary for
effective removal of the desired component, which will then be contained in the solvent in
the boiling flask.

5.3 Extraction of Natural Products

The isolation of citral from lemon grass oil by steam distillation is described in Section 4.7,
and mention is made of the fact that extraction by a solvent is often used as an alternative way
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Figure 5.3 Soxhlet extractor.

of isolating a desired substance from its natural source. Some very common examples of this
procedure are the extractions of caffeine and the accompanying flavor components from
ground coffee beans and from tea leaves in the everyday preparation of coffee and tea. In
these cases, hot water is used as the extracting solvent. For the extraction of water-insoluble
materials, various organic solvents are used, such as diethyl ether, ethanol, acetone, and
dichloromethane.

As mentioned in Section 4.7, extracts obtained by solvent extraction are usually a com-
plex mixture of compounds that must be separated by additional procedures. Further extrac-
tions may be carried out with acids or bases to separate acidic and basic natural products from
each other and from neutral compounds (consult Section 5.4), and chromatographic tech-
niques (Section 6.1) may be required. Thus, the isolation of natural products is usually a
complex and tedious process. There are, however, some exceptions to this general rule, and
the isolation of trimyristin from nutmeg is one example.

Trimyristin, or glyceryl trimyristate, 1, is the principal lipid found in nutmegs, the fruit
buds of the nutmeg tree. Nutmeg has been a valued spice ever since the Portuguese sea
captains brought it back from the ‘‘Spice Islands™ of Indonesia in the 16th century.

3
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What is unusual about the presence of trimyristin in nutmeg is that it occurs in high concen-
tration as the triester of glycerol (2) and tetradecanoic (myristic) acid (3), without the pres-
ence of other closely related esters. This unique fact allows the isolation of myristin in an
almost-pure state by a simple extraction with diethyl ether, a procedure that is illustrative
but, because of its simplicity, not quite representative of the isolation of natural products by
extraction.

Pre-lab Exercises for Section 5.3, Extraction of Natural Products, can be found on page
PL. I11.

EXPERIMENTAL PROCEDURE

DO IT SAFELY

1 Diethyl ether and acetone are both volatile and flammable solvents. No flames
should be allowed in the laboratory during this experiment.

2 When heating the diethyl ether under reflux to extract the trimyristin from the
nutmeg, which should be done using a steam or hot-water bath, take care that
the boiling is so gentle that the ring of condensate in the reflux condenser is not
above the lower third of the condenser. Very little heat will be required to
maintain this level of refluxing. This will ensure that no vapors of ether escape
through the top of the condenser.

Place about 40 g of ground nutmeg and scveral boiling stones in a 250-mL round-bot-
tomed flask and add 100 mL of diethy! ether. Attach a reflux condenser and start a stream of
cold water through it. Using a steam or hot-water bath, gently heat the mixture to reflux,
observing the precautions described in the Do It Safely section. Continue the refluxing for
about 1 h, then allow the reaction mixture to cool to room temperature.* Separate the ether
solution from the residual nutmeg by filtration through a fluted filter paper; rinse any nutmeg
remaining in the flask onto this filter with the aid of an additional 10 to 15 mL of diethyl
ether.*

Remove the diethyl ether from the trimyristin by simple distillation, using a steam or
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hot-water bath for heating. Dissolve the residue in 50 mL of acetone by heating over the
steam or hot-water bath, then pour the hot solution into a 125-mL Erlenmeyer flask to cool.*
Allow the crystallization to proceed at room temperature for about 0.5 h and then cool the
mixture in an ice-water bath for 0.5 h. Collect the crystals of trimyristin by vacuum filtra-
tion. allow them to dry in air, and weigh them to determine the percent recovery, based on
the original weight of nutmeg. Determine the melting point of the trimyristin, whose reported
melting point is 58°C.

EXERCISES

1. A certain plant material known to contain mainly trimyristin and tripalmitin (look up the
structure of this compound), mp 66°C, in approximately equal amounts was extracted
with diethyl ether. After removal of the diethyl ether from the extract, an oil remained
which was difficult to crystallize. Explain. [Hint: Consult Section 3.2c.]

2. Why was diethyl ether rather than acetone chosen as the extraction solvent?

3. Why was acetone rather than diethyl ether chosen as the recrystallization solvent?

4. Would water be a good choice as an extracting solvent for trimyristin? Consider the
anticipated solubility properties of trimyristin.

5. Judging from your examination of trimyristin, is it responsible for the odor and taste of
nutmeg?

6. Why is gravity rather than vacuum filtration used to separate the ether extract from the
residual nutmeg?

7. Why is a fluted filter paper rather than a plain filter paper used?

5.4 Acid and Base Extractions

The solubility characteristics of organic acids and bases in water are quite dramatically
affected by the adjustment of pH. For example, except for the lower molecular weight
members, most organic acids, such as carboxylic acids and phenols, are either insoluble or
only slightly soluble in water. However, these same acids are found to be soluble in dilute
aqueous sodium hydroxide solution in which the pH is decidedly above 7. The reason for this
behavior is illustrated in equation 4.

i ||
R—C—O—H + NaOH — R—C—0°Na® + H,0 @
(Insoluble in H,0) (Soluble in H,0)

The organic acid undergoes deprotonation in an acid-base reaction with the sodium hydrox-
ide to produce its corresponding conjugate base, which, with the sodium ion, constitutes a
salr. Because of its ionic character, the salt of the organic acid is soluble in water even
though the acid itself is not. If this alkaline solution is then neutralized or made slightly
acidic by the subsequent addition of a mineral acid such as hydrochloric acid, the conjugate
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base will be reprotonated to form the original organic acid, which, because of its insolubility
in water, will precipitate from solution or form a second layer if a liquid (equation 5). The
organic acid may then be recovered from this heterogeneous mixture, usually by filtration.

R—C—0®Na® + HCl - R—C—O0—H + Na®CI® (s)
(Soluble in H,0) (Insoluble in H,0)

Similarly, an organic base that is insoluble in water (pH 7) will generally be found to be
quite soluble in dilute hydrochloric acid solution in which the pH is decidedly below 7. In
this case the increase in solubility of the organic base in the aqueous medium relies on the
protonation of that base by the HCI to produce the ionic and therefore water-soluble conju-
gate acid, a substituted ammonium ion, which, with the chloride ion, constitutes a salt
(equation 6). If this acidic solution is then neutralized or made slightly basic by the addition
of aqueous sodium hydroxide, the conjugate acid will be deprotonated to produce the origi-
nal organic base, which is insoluble in water and precipitates from the solution or forms a
second layer if a liquid, leading to its recovery (equation 7).

H
R—NH, + HCl — R—NH, cre ©®
(Insoluble in H,0) (Soluble in H,0)
H
R—éHz CI® + NaOH — R—NH, + H,0 + Na®CI® [0
(Soluble in H,O) (Insoluble in H,O)

Thus an organic acid may be selectively removed from a mixture containing other neutral
or basic materials by dissolving that mixture in an organic solvent such as diethyl ether or
dichloromethane and then extracting the solution with dilute sodium hydroxide solution,
which will selectively remove the organic acid into the aqueous phase through formation of
its conjugate base. Or an organic base may be selectively removed from a simifar mixture by
extraction with dilute hydrochloric acid solution.

In the following Experimental Procedure, the separation of three organic compounds is
described. Benzoic acid (1), p-nitroaniline (2, a base), and azobenzene (3, a neutral com-

NO,

OO

1 2 3
Benzoic acid p-Nitroaniline Azobenzene

NH;

CO.H
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pound), each of which is only very slightly soluble in cold water, have been chosen to
demonstrate the principles of separations by extractions based on acid-base reactions.

One should note that similar techniques are used throughout the book in many of the
preparative-type experiments.

Pre-lab Exercises for Section 5.4, Acid and Base Extractions, are found on page PL. 13.

EXPERIMENTAL PROCEDURE

DO IT SAFELY

1 Take care not to let any of the chemicals in this experiment come in contact with
your skin. If they do, wash the affected areas with soap and water. If you wear
rubber gloves, be careful in handling wet glassware because it will be slippery in
contact with the rubber.

2 Remember to vent the separatory funnel frequently during its use to avoid
buildup of pressure.

In preparation for this experiment, study the detailed instructions for using a
separatory funnel in Section 2.18.

Prepare or obtain from your instructor a mixture composed of 2 g of benzoic acid, 1 g of
p-nitroaniline, and 1 g of azobenzene. Dissolve this mixture in about 75 mL of dichloro-
methane. If small quantities of solid do not dissolve, filter the mixture into a separatory
funnel. Extract the solution with two 50-mL portions of 6 M hydrochloric acid. Combine the
two aqueous layers (be sure you know which layer is aqueous—consult Section 2.18) from
the two extractions in a flask labeled *‘acidic extract.”” Return the organic layer, which has
now been extracted twice with hydrochloric acid solutions, to the separatory funnel and
extract it twice more, using 50-mL portions of 3 M sodium hydroxide solution each time.
Combine these two aqueous layers in a second flask labeled ‘‘basic extract.”

Dry the organic layer by adding 4-5 g of anhydrous sodium sulfate to the liquid that has
been placed in a third flask labeled *‘organic solution.”™*

While the “‘organic solution’” is drying over sodium sulfate, cool each of the aqueous
extracts in an ice-water bath. Neutralize the ‘‘acidic extract’” with 3 M sodium hydroxide
and add a little excess base to make the solution distinctly basic to litmus paper. Neutralize
the “‘basic extract’” with 6 M hydrochloric acid and add a little excess acid to make the
solution distinctly acidic to litmus paper. Upon neutralization, a precipitate should appear in
each flask. (What are these precipitates?)

Collect the precipitates separately by vacuum filtration. Wash each of the precipitated
solids on the Biichner funnel with cold distilled water. Preweigh (“‘tare’’) three small labeled
vials and place the solid materials obtained thus far in two of them. (What should the labels
read?) Either allow these samples to air-dry until the next laboratory period or place them in
an oven at a temperature of no more than 90°C for 1.5 h. If the samples are to be allowed to
air-dry until the next laboratory period, place them in your drawer and cover the tops of the
vials loosely with filter paper or absorbent cotton.
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Separate the *‘organic solution’” from the sodium sulfate by gravity filtration and remove
the solvent by simple distillation, using a steam or hot-water bath for heating. Discontinue
the distillation when only a small amount of material remains in the stillpot, even if no
crystals are evident in the residue. Allow the stillpot to cool and then attach it to a source of
vacuum for a few minutes in order to remove the last traces of the dichloromethane solvent.
Transfer the solid residue to the third tared vial and allow it to air-dry; do not use an oven to
dry this sample. (Why not?)

After the samples have dried, reweigh each of the vials to obtain the weights of the
separated materials. Determine the melting points of each of them. For final purification,
your instructor may wish you to recrystallize one or all of them.

The reported melting points of the pure original components of the mixture are as fol-
lows:

benzoic acid, 121°C

p-nitroaniline, 147°C
azobenzene, 68°C

Optional Experiment

Your instructor may assign an unknown mixture to be separated using the preceding proce-
dure.

EXERCISES

1. On the basis of what you learned in this experiment, plus the information that phenol is
soluble in sodium hydroxide solution but not in sodium hydrogen carbonate solution,
whereas benzoic acid is soluble in both solutions, show how you could separate a mixture
containing phenol, benzoic acid, p-nitroaniline, and azobenzene.

*2. (a) The pK, of benzoic acid is 4.19. Show mathematically that this acid is 50% ionized at
pH 4.19. (b) Use the result of part a to explain why precipitation of benzoic acid is
incomplete if the pH of an aqueous solution of benzoate ion is lowered only to pH 7 by
addition of acid.

3. Given 400 mL of an aqueous solution containing 12 g of compound A, from which it is
desired to separate A, how many grams of A could be removed in a single extraction with
200 mL of diethy! ether? (Assume the distribution coefficient for A in diethyl ether/water
is equal to 3.0.)

How many rotal grams of A can be removed with three successive extractions of
67 mL each?

[Note: In solving problems of this type, one should recognize that equation 3 applies
to the situation pertaining after equilibrium has been reached; for example, a practical
form of the equation is

X mL of §’

K=
a—x mL of §

where @ = grams of A originally present in water (S') and x = grams of A present in
diethyl ether (S) after extraction.]
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chapter 6
chromatography

Chromatography, like extraction, is based on the principles of phase distribution, as is
mentioned in the introduction to Chapter 5. Reduced to its fundamentals, chromatography
involves the selective removal of the components of one phase from that phase as it is
flowing through a secondary stationary phase. The partitioning of components into the sta-
tionary phase is an equilibrium process, so that molecules contained in that phase continu-
ously reenter the moving phase. Separation of two or more components in the moving phase
will result when the equilibrium constants for the partitioning of these components between
the two phases differ. Expressed simply, the more tenaciously one component is held by the
stationary phase, the higher the percentage of molecules of that component that will be held
immobile. A second component, less strongly held, will provide a higher percentage of
molecules in the mobile phase than will the first component. Therefore, on the average, the
molecules of the component that is held less strongly will move over the stationary phase, in
the direction of flow, at a higher rate than the other, resulting in a migration of the compo-
nents into scparate regions, or bands, of the stationary phase, as shown in Figure 6.1.

The major types of chromatography are characterized by the difference in the nature of
the two phases, mobile and stationary, that interact in the separation process. Column
chromatography, ion-exchange chromatography, thin-layer chromatography (TLC), and
high-pressure liquid chromatography (HPLC) are all characterized by liquid-solid phase
interactions. Gas chromatography (GC, also called gas-liquid partition chromatography,
GLPC) involves a mobile gas phase and a stationary liguid phase. Paper chromatography is
essentially a liquid-liquid multiple extraction process. These different types will be described
in more detail in the following sections. Experimental procedures to illustrate some of them
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Figure 6.1 Separation of components by column chromatography.

are presented in this chapter, and references are made to applications of some of them in
other sections of the book.

6.1 Column Chromatography

In column chromatography the stationary phase is a solid, which separates the components of
a liquid passing through it by selective adsorption on its surface. The types of interactions
that cause adsorption are the same as those that cause attractions between any molecules, that
is, electrostatic attraction, complexation, hydrogen bonding, and van der Waals forces.

A column such as that shown in Figure 6.2 is used to separate a mixture by column

[«—Solvent

te———— Sand

Adsorbent

— Sand

Cotton

Figure 6.2 Chromatography column.
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chromatography. The column is packed with a finely divided solid such as alumina or silica
gel, which serves as the stationary phase, and a sample of the mixture to be separated is
applied at the top. If the mixture is solid, it must be dissolved in a solvent and then applied.
The sample will initially be adsorbed at the top of the column, but when an eluting solvent,
the mobile phase, is allowed to flow through the column, it will carry with it the components
of the mixture. Owing to the selective adsorption power of the solid phase, the components
ideally will move down the column at different rates. A more weakly adsorbed compound
will be eluted more rapidly than a more strongly adsorbed compound, because the former
will have a higher percentage of molecules in the mobile phase. The progressive separation
of the components will appear as in Figure 6.1.

The separated components may be recovered in two ways: (1) The solid packing may be
extruded and the portion of the solid containing the desired band cut out and extracted with
an appropriate solvent. (2) Solvent can be passed through the column until the bands are
eluted from the bottom of the column and collected in different containers, since they will be
eluted at different times. The second method is the more commonly used; the first is rather
difficult because the solid must be extruded from the column in one piece.

With colored materials the band may be directly observed as they pass down the column.
The word chromatography (Gr. chromatos, a color) was originally coined to describe this
technigue from such observations. With colorless materials the changes cannot be observed
directly. Many materials fluoresce when irradiated with ultraviolet light, however, and this
provides a method of observing the bands in these cases. Usually the progress of a column
chromatographic experiment is followed by collecting a series of fractions of eluent of equal
volume, for example, 25 mL. The solvent is then evaporated from each to see if any solute is
present. If the volume of each fraction is kept relatively small—for example, less than 10%
of the volume of the column—the different bands will usually be obtained in different flasks,
although each component may be distributed among several flasks. Another convenient
method of following the separation is to analyze the eluent at intervals by thin-layer chroma-
tography (Section 6.2). The composition of the material eluted from the column may also be
ascertained by determination of its physical constants (Chapters 3 and 4) or its spectra
(Chapters 8—11) and comparison of these with those of known materials.

A few of the solid adsorbents commonly used include alumina, silica gel, Florisil, char-
coal, magnesia, calcium carbonate, starch, and sugar. The organic chemist usually finds
alumina, silica gel, and Florisil (activated magnesium silicate) of the greatest utility.

Alumina (A1,05) is a highly active, strongly adsorbing, polar compound coming in three
forms: neutral, and base and acid washed. Basic and acidic alumina offer good separating
power for acids and bases, respectively. For compounds sensitive to chemical reaction under
acidic or basic conditions, neutral alumina should be used. Being highly polar itself, alumina
adsorbs polar compounds quite tenaciously, so that they may be difficult to elute from the
column. The activity (adsorptivity) of alumina may be reduced by the addition of small
amounts of water; the weight percentage of water present determines the activity grade of the
alumina. Silica gel and Florisil are also polar, but less so than alumina.

For the greatest effectiveness, the solid adsorbent should be of uniform particle size and
of high specific area, a property that promotes more rapid equilibrium of the solute between
the two phases. This is important for producing narrow bands. Good grades of alumina and
silica gel have very high specific areas, on the order of several hundred m%g.

The strength of adsorption depends on the adsorbate as well as on the adsorbent. It has
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been found that the strength of adsorption for compounds having the following types of polar
functional groups increases on any given adsorbent in the following order:

Cl—, Br—, I— < Neec” < —OCH; < —CO,R < \c=o < —CHO <
/ AN /
—SH < —NH, < —OH < —CO,H

The nature of the liquid phases (solvents) to be used is an important consideration when
designing a chromatographic experiment. The solvent may also be adsorbed on the solid,
thereby competing with the solute for the adsorptive sites on the surface. If the solvent is
more polar and more strongly adsorbed than the components of the mixture, these compo-
nents will remain almost entirely in the mobile liquid phase, and little separation will occur
during the experiment. For effective separation, the eluting solvent must be significantly less
polar than the components of the mixture. Furthermore, the components must be soluble in
the solvent; if they are not, they will remain permanently adsorbed on the stationary phase of
the column. The eluting powers of various solvents, that is, their ability to move a given
substance down a column, are generally found to occur in the order shown.

Petroleum ether (bp 30-60°C)

Hexane

Carbon tetrachloride

Toluene Increasing
Dichloromethane eluting
Chloroform power

Diethyl ether
Ethyl acetate
Acetone
{-Propanol
Ethanol
Methanol
Water A\ 2

The amount of sample that can be applied to a column depends on the difficulty of the
separation and the quantity of adsorbent being used. Typically, a ratio of 1 g of sample per
25 g of adsorbent allows satisfactory separations to be achieved, but if the components of the
mixture have very similar distribution coefficients, a lower ratio of sample to adsorbent, such
as 1:100, may be required. When a mixture of solids in solution is introduced at the top of
a column, a minimum amount of solvent should be used in order to minimize the width of the
initial band, thus enhancing the potential for a successful separation. Using too much solvent
could, for example, distribute the sample mixture over the upper 25% of the column prior to
initiation of the elution operation. When applying a liquid sample, regardless of whether it
is a mixture of liquids only or a solution of solid materials, one must take care that the liquid
covers the entire surface of the adsorbent at the top of the column to avoid having the sample
adsorbed only where it touches the adsorbent. As an aid to maintaining even distribution of

141



132

Chapter 6 Chromatography

the sample at the top of the column, a layer of sand is often placed above the adsorbent at
the top of the column, where it prevents disruption of the packing material as solvent is
added.

The method of packing the column is very important, because a poorly packed column
will have minimal resolution. The adsorbent is usnally *‘packed wet’” by partially filling the
column with an inert liquid and then adding the adsorbent, allowing it to settle through the
liquid while tapping the column so as to provide even distribution of the adsorbent and
elimination of entrapped air bubbles. Throughout the subsequent use of the column, the
liquid level should never be allowed to reach the top of the column so that any part of the
adsorbent becomes dry, as this would lead to channeling during the elution process, which
would give rise to ragged bands during the development of the chromatogram.

In a simple elution experiment the sample of the mixture to be separated is placed on the
column, and a single solvent is used throughout the separation. The optimum solvent choice
will be that which produces the greatest band separation. Since the best solvent will most
likely be found by trial and error, it is sometimes convenient to use the techniques of
thin-layer chromatography (Section 6.2) in the selection of a solvent for column chromatog-
raphy. A series of thin-layer chromatographic experiments using various solvents may be
performed in a relatively short time. The best solvent or mixture of solvents found in this way
will usually be appropriate for the column chromatography.

A procedure known as stepwise or fractional elution is most commonly used. In this
method a series of increasingly more polar solvents is used to develop the chromatogram.
Starting with a nonpolar solvent such as hexane, one band may move down and off the
column while the others remain very near the top. Ideally, then, the solvent would be
changed to one of slightly greater polarity in the hope that one more band will be eluted while
the others remain behind. If too large a jump in polarity is attempted, all the remaining bands
may come off at once. Therefore small systematic increases in solvent polarity should be
effected at each step. This is best accomplished not by changing solvents entirely but by
using mixed solvents.! For example, an appropriate quantity of hexane could be passed
through the column, followed by a quantity of solvent having the composition 95% hexane—
5% chloroform. Solvent mixtures containing 10, 15, 20, 40, and 80% chloroform could then
be used in succession, followed by pure chloroform. A similar series utilizing chloroform
with diethyl ether or acetone could then be employed. This technique has proved to be quite
efficient with regard both to column resolution and to time invested and is very commonly
employed in research laboratories. A rule of thumb to use in determining the amount of
solvent to pass through before changing to one of higher polarity is to use a volume equal to
approximately three times the packed volume of the column. There are exceptions, but this is
a reasonable suggestion in the absence of more specific knowledge.

In the following procedure, specific details for the preparation of a typical chromato-
graphic column are given, followed by an example of its use in separating the geometric
isomers of azobenzene, colored compounds whose separation can be followed visually.
Commercial azobenzene is mainly in the form of the anti-isomer, 1, which is orange, but it
contains a smaller amount of the syn-isomer, 2, which is yellow. The different colors of the
two isomers allow one easily to follow the progress of a chromatographic separation on a
column.

'Refer to Section 17.3, in which 2- and 4-nitrobromobenzene are separated by column chromatog-
raphy.
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/C{»HS
N=N N=N

/ AN
CeHs CeHs CeHs
1 2
anti-Azobenzene syn-Azobenzene

Pre-lab Exercises for Section 6.1, Column Chromatography, are found on page PL. 15.

EXPERIMENTAL PROCEDURE

DO IT SAFELY

Petroleum ether, bp 30—60°C, is highly volatile and flammable. Have no flames
in the vicinity during the preparation and development of the chromatographic
column.

A. Preparation of Column

Clamp in a vertical position a 50-mL buret with its stopcock closed but ungreased. Fill the
buret to approximately the 40-mL mark with petroleum ether (bp 30—60°C) and insert a small
plug of glasswool into the bottom of the buret by means of a long piece of glass tubing.
Introduce into the buret enough clean sand to form a 1-cm layer on top of the glasswool plug.
Slowly add 15 g of alumina to the buret while continually tapping the column with a “‘tap-
per’” made from a pencil and a one-holed rubber stopper. The agitation of the column while
the alumina is being sifted in assures an evenly packed column. With a little additional
petroleum ether, wash down the inner walls of the buret to loosen any adhered alumina.
Introduce a 1-cm layer of sand at the top of the column. Open the stopcock and allow the
solvent to drain just to the top of the upper layer of sand. The column should now be ready to
receive the sample.

B. Separation and Purification of anti-Azobenzene

Obtain 1-2 mL of a half-saturated solution of commercial azobenzene in petroleum ether (bp
30-60°C). Also obtain a small amount of the solid commercial azobenzene and accurately
determine its melting range. To a column prepared as described in part A using 15 g of
alumina, apply 1.0 mL of the azobenzene solution. The solution may be transferred to the
column with a pipet, allowing the solution to run evenly down the inside surface of the buret.
Open the stopcock and allow the liquid to drain to the top of the sand. In a like manner
introduce 1-2 mL of fresh petroleum ether to wash down the inner surface of the buret.
Again allow the liquid to drain to the top of the sand. Fill the buret with fresh petroleum
ether. Open the stopcock; as the solvent runs through the column, a broad orange band of the
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anti-isomer of azobenzene should be observed to move slowly down the column. A narrow
yellow band of the syn-isomer should remain very near the top of the column. Allow petro-
leum ether to run through the column until the orange band is eluted and collected at the
bottom of the column in a small Erlenmeyer flask. Remove most of the solvent by simple
distillation and then transfer the final 1-2 mL of the concentrated eluent to a small round-
bottomed flask. Attach the flask to an aspirator or house vacuum line in order to remove the
last small amount of solvent under evacuation. When the crystals of the purified anti-azoben-
zene are completely dry, accurately determine their melting point. The reported melting
point of anti-azobenzene is 68°C.

If desired, after the anti-isomer has been eluted from the column, the buret may be
refilled with methanol and the syn-isomer eluted from the column. Typically, however, an
insufficient amount of the syn-isomer is obtained for adequate characterization.

EXERCISES

1. Why is it preferable to use an ungreased rather than a greased stopcock on a buret used for
column chromatography?

2. Why should care be exercised in the preparation of the column to prevent air bubbles from
being trapped in the adsorbent?

3. Why is a layer of sand placed above the cotton plug prior to the addition of the column
packing material?

4. Why does syn-azobenzene move down the column faster when methanol is used?

5. Why does the proper technique for column chromatography involve changing from a less
polar to a more polar solvent rather than the reverse procedure?

6. Normally when increasing the polarity of the eluent, the increase is made gradually.
However, in the suggested procedure for the isolation of syn-azobenzene, pure methanol
is added directly to the column, rather than a mixture of petroleum ether—methanol. Why
is this variation from the normal technique permissible in this case?

*7. Explain why anti-azobenzene is less strongly adsorbed onto alumina than the syn-isomer.

6.2 Thin-Layer Chromatography

Thin-layer chromatography involves the same principles as column chromatography, and it
also is a form of solid-liquid adsorption chromatography. In this case, however, the solid
adsorbent is spread as a thin layer (approximately 250 ) on a plate of glass or rigid plastic.
A drop of the solution to be separated is placed near one edge of the plate, and the plate is
placed in a container, called a developing chamber, with enough of the eluting solvent to
come to a level just below the ““spot.”” The solvent migrates up the plate, carrying with it the
components of the mixture at different rates. The result may then be a series of spots on the
plate, falling on a line perpendicular to the solvent level in the container (see, for example,
Figure 6.3b). The retention factor (R,) of a component can then be measured as indicated in
Figure 6.3.
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Figure 6.3 Thin-layer chromatogram: (a) original plate; (b) developed chromatogram.

This chromatographic technique is very easy and rapid to perform. It lends itself well to
the routine analysis of mixture composition and may also be used to advantage in determin-
ing the best eluting solvent for subsequent column chromatography. However, it should be
borne in mind that volatile compounds (bp <~100°C) cannot be analyzed by TLC.

The same solid adsorbents used for column chromatography may be employed for TLC;
silica gel and alumina are the most widely used. The adsorbent is usually mixed with a small
amount of ‘‘binder’’—for example, plaster of Paris, calcium sulfate, or starch—to ensure
proper adherence of the adsorbent to the plate. The plates may be prepared before use, or
commercially available prelayered plastic sheets may be used. In either case, the plates or
sheets should be dried for an hour or more in an oven at 110°C before use. This procedure
removes moisture that is adsorbed on the adsorbent and produces a surface that is more
effective in adsorbing and separating the components of the mixture being analyzed.

The relative eluting abilities of the various solvents that may be used are the same as
those given in Section 6.1. It should be remembered that the eluting power required of the
solvent is directly related to the strength of adsorption of the components of the mixture on
the adsorbent.

A distinct advantage of TLC is the very small quantity of sample required. A lower limit
of detection of 10 ° g is possible in some cases. The spot of sample must be applied to the
TLC plate with care; it should not be large, for the same reason that the amount of sample
placed at the top of a column should not be too large. However, larger samples such as
0.5 mg may be used on larger TLC plates, which have thicker coats of adsorbent. In these
cases isolation of the components may be achieved by scraping the separated spots from the
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plate and eluting (extracting) them with an appropriate solvent. It is usually necessary to
repeat this process a number of times in order to obtain even several milligrams of material.
Such a procedure would offer a method of identification of the various components, how-
ever, because enough material could be collected to allow spectra to be obtained.

Often it is useful for the purpose of identification to run TLC chromatograms of knowns
and unknowns side by side. Other useful applications involve running multiple aliquots of
samples collected from a chromatographic column or samples taken from a reaction mixture
in order to follow reaction progress as a function of time.

Detection of spots on the chromatogram is easy for colored materials, and a number of
procedures are available for locating spots of colorless materials. For example, irradiation of
the plate with ultraviolet light will permit location of the spots of compounds that fluoresce.
Alternatively, the solid adsorbent may be impregnated with an otherwise inert, fluorescent
substance. Spots of materials that absorb ultraviolet light but do not fluoresce will show up as
black spots against the fluorescing background when the plate is irradiated with ultraviolet
light. Other detecting agents are more often used. These agents may be sprayed onto the
chromatograms, causing the spots to become readily apparent. Examples of detecting agents
used in this way are sulfuric acid, which causes many organic compounds to char, and
potassium permanganate solution. lodine is another popular detecting agent. In this case the
plate is placed in a vessel whose atmosphere is saturated with iodine vapor. lodine is ad-
sorbed by many organic compounds, and their spots on the chromatogram become colored
(usually brown). Since these spots usually fade, it is a good idea to circle the spots with a
pencil while they are still visible in order to have a permanent record of the chromatogram.

Under a given set of conditions (adsorbent, solvent, layer thickness, and homogeneity)
the rate of movement of a compound with respect to the rate of movement of the solvent
front, Ry, is a property of that compound. The value is determined by measuring the distance
traveled by a substance from a starting line (Figure 6.3). The property has the same signifi-
cance as retention time in a GC experiment.

Two experiments are presented here to demonstrate the TLC technique. The first is the
separation of syn- and anti-azobenzene isomers. Commercial azobenzene exists mainly in the
anti form, as mentioned in Section 6.1. The anti isomer, which is the more stable form, can
be isomerized to the higher-energy and less-stable syn-isomer by irradiating it with ultravio-
let light in the form of sunlight. The different colors of the two isomers allow a visual
identification of them, and by spotting a sample of the original material side by side with a
sample of irradiated material it is possible to assess the effectiveness of the irradiation in
producing the isomerization.

In the second experiment the pigments present in green leaves are separated. Leaves from
a variety of sources may be used, such as grass and various types of trees and shrubs, but
waxy leaves and ivy leaves are not suitable. The interested student may wish to perform this
experiment with more than one type of leaf and compare the results.

Another application of TLC is presented in Section 7.2. The diastereomers of
1,2-cyclohexanediol are separated. It may be worth mentioning that although these diastere-
omers have very similar physical properties and are difficult to separate by fractional crystal-
lization, they can be separated successfully by chromatography. On the other hand, it might
be valuable to demonstrate that the carvone enantiomers, which are purified by fractional
distillation of two naturally occurring essential oils (Section 7.5), cannot be separated by
chromatography. :



6.2 Thin-Layer Chromatography

There are various other opportunities to use TLC in analyzing the products of experi-
ments in this book, such as those in Sections 7.2, 17.3, and 27.2c, Part B.

Pre-lab Exercises for Section 6.2, Thin-Layer Chromatography, can be found on page
PL. 17.

EXPERIMENTAL PROCEDURE

A. Separation of syn- and anti-Azobenzenes by TLC

Obtain from your instructor a 10-cm strip of silica gel chromatogram sheet (without fluores-
cent indicator) and about 0.5 mL of a 10% toluene solution of commercial azobenzene. Place
a spot of this solution on the TLC plate about 1 cm from one edge and about 2 cm from the
bottom, using a capillary tube to apply the spot. The spot should be 1 or 2 mm in diameter.
Allow the spot to dry and then expose the plate to sunlight for one or two hours. Alterna-
tively, the plate may be placed beneath a sunlamp for about 20 min. After this time, apply
another spot of the original solution on the plate at the same distance from the bottom as the
first and leave about 1 cm between the spots. Again, allow the plate to dry.

A wide-mouth bottle with a tightly fitting screw-top cap may be used as a developing
chamber. Alternatively, a beaker covered with a watch glass may be used. Prepare a 9: 1 (by
volume) mixture of hexane: chloroform and place a 1-cm layer of this mixture in the bottom
of the developing chamber. Fold a piece of filter paper, as shown in Figure 6.4a, and place it
into the developing chamber, as shown in Figure 6.4b. Saturate the chamber with the vapors
of the solvent by shaking. This inhibits the evaporation of solvent from the plate during the
development of the chromatogram. The piece of filter paper helps maintain this saturated
state.

Place the chromatogram plate in the chamber, being careful not to splash the solvent onto
the plate. The spots must be above the solvent level. Allow solvent to climb to within about
1.5 cm of the top of the plate and then remove the plate and allow it to air-dry. Note the

Adsorbent

— Solvent front

Solvent
Spot

(a) (b)

Figure 6.4 TLC chamber.
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number of spots arising from each of the two original spots and compare the intensities of the
two spots nearest the starting point, which correspond to syn-azobenzene.

B. Separation of Green Leaf Pigments by TLC

DO IT SAFELY

Have no flames in the vicinity of petroleum ether when you use it to extract the
green pigments, as it is extremely flammable.

Place in a mortar several fresh spinach leaves and a few milliliters of a 2: 1 mixture of
petroleum ether (bp 30-60°C) and ethanol, and grind the leaves well with a pestle. By means
of a pipet, transfer the liquid extract to a small separatory funnel and swirl with an equal
volume of water; shaking may cause formation of an emulsion. Separate and discard the
lower aqueous phase. Repeat the water washing twice, discarding the aqueous phase each
time. The water washing serves to remove the ethanol as well as other water-soluble materi-
als that have been extracted from the leaves. Transfer the petroleum ether layer to a small
Erlenmeyer flask and add 2 g of anhydrous sodium sulfate. After a few minutes decant the
solution from the sodium sulfate, and if the solution is not deeply and darkly colored,
concentrate it by evaporating part of the petroleum ether, using a gentle stream of air.

Obtain from your instructor a [0-cm X 2-cm strip of silica gel chromatogram sheet. Place
a spot of the pigment solution on the sheet about 1.5 cm from one end, using a capillary tube
to apply the spot. Avoid allowing the spot to diffuse to a diameter of no more than 2 mm
during application of the sample. Allow the spot to dry, and develop the chromatogram
according to the general directions given in the second paragraph of part A, but use chloro-
form as the developing solvent.

It is sometimes possible to observe as many as eight colored spots. In order of decreasing
Ry values, these spots have been identified as the carotenes (two spots, orange), chlorophyll a
(blue-green), the xanthophylls (four spots, yellow), and chlorophyll b (green).

Calculate the Ry values of any spots observed on your developed plate. Also, as an aid in
maintenance of a permanent record of the plate, draw to scale a picture of the developed plate
in your notebook.

EXERCISES

—

Which of the two isomers of azobenzene would you expect to be the more thermodynami-

cally stable? Why?

2. From the results of the TLC experiment with the azobenzenes, describe the role of sun-
light.

3. Ina TLC experiment why must the spot not be immersed in the solvent in the developing

chamber?

&

Explain why the solvent must not be allowed to evaporate from the plate during the
development.
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5. Why is anhydrous sodium sulfate added to the petroleum ether extract in part B?
6. Why is a spot of the original mixture put on the plate in part A?
*7. Explain why the Ry of anti-azobenzene is greater than the Ry of syn-azobenzene.

8. Two components, A and B, were separated by TLC. When the solvent front had moved
6.5 cm above the level of the original sample spot, the spot of A was 5.0 cm and that of
B was 3.6 cm above the original spot. Calculate the Ry for A and for B.

6.3 Paper Chromatography

Paper chromatography bears a resemblance to thin-layer chromatography (Section 6.2) but is
slightly different in principle. Small spots of the mixture to be separated are placed near the
bottom of a strip of paper; the end of the paper strip (but not the spot) is placed in solvent,
and as the solvent ascends the paper, the components of the mixture are separated into
individual spots (Figure 6.5). Paper chromatography involves distribution of the sample
between a polar liquid phase, normally water, which is strongly adsorbed on the cellulose
fibers of the paper, and an eluting solvent. It is thus an example of liguid-liquid partition
chromatography, essentially a multiple extraction process.

Compounds may be identified by comparison of their R, values (defined in Section 6.2).
Ry values are far more reproducible with paper chromatography than with TLC and thus are
more valuable in this application.

The great utility of paper chromatography (and TLC as well) is in the rapid analysis of
reaction mixtures rather than in separation of compounds on a useful preparative scale. The
minute quantities of sample required to accomplish an analysis and the ease and rapidity with
which qualitative analysis of reaction mixtures can be performed make this chromatographic
technique a valuable tool for the organic chemist and especially the biochemist.
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T

Paper
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Figure 6.5 A simple paper chromatography chamber.
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Chapter 6 Chromatography

The application of paper chromatography to the separation and identification of a-amino
acids is described in Section 26.2.

6.4 lon-Exchange Chromatography

lon-exchange chromatography is a special type of liquid-solid chromatography in which
strong ionic attractions are operative rather than the relatively weaker adsorption forces on
which ordinary column and thin-layer chromatography depend. Columns may be filled with
solid acidic material such as sulfonated polystyrene beads (Amberlite IR-120, for example),
which will donate protons to any bases in the liquid phase, so that separation of bases of
different strengths can be effected. Basic column material is also available in the form of
polystyrene beads containing free amino groups (Dowex 3, for example), which can be used
to separate mixtures of organic acids.

lon-exchange chromatography is considerably less wide in its applicability than other
forms of chromatography. It is useful in water-softening and in the production of de-ionized
water.

6.5 High-Pressure Liquid Chromatography

In classical applications of column chromatography, low flow rates of the mobile liquid
phase over the stationary solid phase are necessary for reasonable efficiency<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>