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PREFACE TO THIRD EDITION

Tue favourable reception accorded to previous editions by reviewers,
students and practising organic chemists has encouraged the author to
undertake an exhaustive revision of the entire text in the light of the
numerous developments in practical organic chemistry since the book
was first written (1945-46). The net result has been an increase in the
length of the volume by some 150 pages, a figure which gives some indi-
cation of the new matter incorporated in the present edition.

It is impossible within the limitations of a short preface to give a de-
tailed list of the numerous changes and additions. Some of the more
important new preparations include : '

1. Chapter 111. 1-Heptene (IIL,10); alkyl iodides (KI-H,PO, method)
(I11,38) ; alkyl fluorides (KF-ethylene glycol method) (I11,41) ; keten (nichrome
wire method) (I11,90) ; ion exchange resin catalyst method for esters (I11,102) ;
acetamide (urea method) (II1,107); ethyl «-bromopropionate (III,126);
acetoacetatic ester condensation using sodium triphenylmethide (II1,151).

2. Chapter 1V. «-Chloromethymaphthalene (IV,23); benzylamine (Gabriel
synthesis) (IV,39); NN-dialkylanilines (from amines and trialkyl orthophos-
phates) (IV,42); «-naphthaldehyde (Sommelet reaction) (IV,120); «-phenyl-
cinnamic acid (Perkin reaction using triethylamine) (IV,124) ; B-nitrostyrene
(IV,129) ; g-bromonaphthalene and g-naphthoic acid (from 2-naphthylamine-1-
sulphonic acid) (IV,62 and IV,164); diphenic acid (from phenanthrene)
(IV,165).

3. Chapter V. Quinaldine (V,2); 2-methyl-, 2: 5-dimethyl- and 2-acetyl-
thiophene (V,8-V,10) ; 2 : 5-dimethyl- and 2 : 4-dimethyl-dicarbethoxy-pyrrole
(V,12-V,13) ; 2-amino- and 2 : 4-dimethyl-thiazole (V,15~V,16) ; 3 : 5-dimethyl-
pyrazole (V,17); 4-ethylpyridine (from pyridine) (V,19); n-amyl-pyridines
from picolines) (V,28) ; picolinic, nicotinic and fsonicotinic acid (V,21-V,22) ;
(ethyl nicotinate and B-cyanopyridine (V,23-V,24) ; uramil (V,25) ; 4-methyl-
(coumarin (V,28); 2-hydroxylepidine (V,29).

4. Chapter VI. Reductions with potassium borohydride (VI,11)}; Oppen-
auer oxidation (VI13); epoxidation and hydroxylation of ethylenic com-
pounds (VL,15); Arndt-Eistert reaction (VI,17) ; Darzens glycidic ester con-
densation (VL,18) ; Erlenmeyer azlactone reaction (VI,19);; Mannich reaction
(VL,20) ; Michael reaction (VI,21); Schmidt reaction (V1,23); Stobbe con-
densation (VI,24); Willgerodt reaction (VIL,25); unsymmetrical diaryls
(VI,27) ; syntheses with organolithium compounds (VI,28); syntheses with
organosodium compounds (VI,29) ; syntheses with organocadmium compounds
(VL,30); some electrolytic syntheses (VI,31); chromatographic adsorption
(VL,33) ; ring enlargement with diazomethane (V1,34).

5. Chapters VII-1X. Diazomethane (p-tolylsulphonylmethylnitrosamide
method) (VIL,20); Girard’s reagents “ T” and “ P’ (VIL25); pseudo-
saccharin chloride (VIL,26); 2 :2'-dipyridyl (VIIL13); ninhydrin (VIIL14);
3-indoleacetic acid (IX,14).

A new feature is tk2 account of the electronic mechanisms (in outline)
of the numerous reactions described in the text. Although some of these
mechanisms may be modified in the near future, it is hoped that the brief
treatment scattered throughout the volume will stimulate the student’s
interest in this important branch of organic chemistry. It will be noted
that many reactions are designated by name ; this may be undesirable
on pedagogical grounds but, in most cases, established usage and the
example set by the various volumes of Organic Reactions (J. Wiley) may
be put forward in justification.
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Chapter XII is concerned with Semimicro Technique. There can be
little doubt that preparations on a smaller scale than has hitherto been
customary have many advantages ; particular reference may be made to
cost, time and bench space, all of which are important factors in teaching
laboratories and also in training for research. Once the student has
mastered the special technique, no difficulty should be experienced in
adapting most of the preparations described in the book to the semi-
micro scale. A few examples of small-scale preparations are included
together with a suggested list of experiments for an elementary course.

Section A,7, ‘“ Applications of infrared and ultraviolet absorption
spectra to organic chemistry,” should provide a brief introduction to
the subject

It is regretted that the size of the volume has rendered the insertion of
literature references impossible : the Selected Bibliography (A,5) may
partly compensate for this omission. Section numbers are now included
in the headings of the pages—a feature introduced in response to requests
by many readers. The volume comprises virtually at least three books
under one cover, viz., experimental technique, preparations, and qualita-
tive organic analysis. It should therefore continue to be of value as a
one-volume reference work in the laboratory. Students at all levels will
find their requirements for laboratory work (excluding quantitative
organic analysis) adequately provided for and, furthermore, the writer
hopes that the book will be used as a source of information to supplement
their theoretical studies.

The author wishes to thank Dr. G. H. Jeffery, C. T. Cresswell, B.Sc.,
C. M. Ellis, M.Sc., Dr. J. Leicester and C. Kyte, B.Sc., for assistance with
the proof reading and for helpful suggestions; Dr. G. H. Jeffery for
invaluable assistance in numerous ways; and C. Kyte, B.Sc., and R.
Grezskowiak, B.Se., for a number of original preparations and also for
checking and improving many of the new experimental procedures.

Criticisms and also suggestions for improving the book are welcomed.

ARTHUR 1. VOGEL.

Woolwich Polytechnic, London, S.E. 18.
September 1955.

PREFACE TO FIRST EDITION

TuE present volume is an attenipt to give to students of practical organic
chemistry the benefit of some twenty years’ experience in research and
teaching of the subject. The real foundations of the author’s knowledge
of the subject were laid in 1925-1929 when, as a research student at the
Imperial College under the late Professor J. F. Thorpe, F.R.S., he was
introduced to the methods and experimental technique employed in a
large and flourishing school of research in organic chemistry. Since
that period the author and his students have been engaged inter alia in
researches on Physical Properties and Chemical Constitution (published
in the Journal of the Chemical Society) and this has involved the prepara-
tion of over a thousand pure compounds of very varied type. Many of
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the new procedures and much of the specialised technique developed and
employed in these researches are incorporated in this book. Further-
more, new experiments for the elementary student have emanated from
these researches ; these have been tried out with large classes of under-
graduate students over several sessions with gratifying success and have
now been included in the present text-book.

In compiling this book, the author has drawn freely from all sources
of information available to him—research notes, original memoirs in
scientific journals, reference works on organic chemistry, the numerous
text-books on practical organic chemistry, and pamphlets of manufac-
turers of specialised apparatus. Whilst individual acknowledgement
cannot obviously be made—in many cases the original source has been
lost track of—it is a duty and a pleasure to place on record the debt
the writer owes to all these sources. Mention must, however, be made
of Organic Syntheses, to which the reader is referred for further details
of many of the preparations described in the text.

The book opens with a chapter on the theory underlying the technique
of the chief operations of practical organic chemistry : it is considered
that a proper understanding of these operations cannot be achieved
without a knowledge of the appropriate theoretical principles. Chapter II
is devoted to a detailed discussion of experimental technique; the
inclusion of this subject in one chapter Jeads to economy of space, par-
ticularly in the description of advanced preparations. It is not expected
that the student will employ even the major proportion of the operations
described, but a knowledge of their existence is thought desirable for the
advanced student so that he may apply them when occasion demands.

Chapters III and IV are confined to the preparation and propertics
of Aliphatic Compounds and Aromatic Compounds respectively. This
division, although perhaps artificial, falls into line with the treaturent in
many of the existing theoretical text-books and also with the author’s
own lecture courses. A short theoretical introduction precedes the
detailed preparations of the various classes of organic compounds: it is
recommended that these be read concurrently with the student’s lecture
course and, it is hoped, that with such reading the subject will become
alive and possess real meaning. The partition of the chapters in this
manner provides the opportunity of introducing the reactions and the
methods of characterisation of the various classes of organic compounds ;
the foundations of qualitative organic analysis are thus laid gradually,
but many teachers may prefer to postpone the study of this subject until
a representative number of elementary preparations has been carried
out by the student. The division into sections will facilitate the intro-
duction of any scheme of instruction which the teacher considers desirable.

Chapters V-X deal respectively with Heterocyclic and Alicyclic Com-
pounds ; Miscellaneous Reactions ; Organic Reagents in Inorganic and
Organic Chemistry ; Dyestuffs, Indicators and Related Compounds ;
Some Physiologically-Active Compounds; and Synthetic Polyniers.
Many of these preparations are of course intended for advanced students,
but a mere perusal of the experimental details of selected preparations
by those whose time for experimental work is limited may assist to impress
them on the memory. Attention is particularly directed to the chapter
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upon Organic Reagents in Inorganic and Organic Chemistry. It is
always a good plan to set advanced students or adequately-trained
lJaboratory assistants on the preparation of those compounds which are
required in the laboratory for organic and inorganic analysis ; the result-
ing cost is comparatively low (for o-phenanthroline, for example, it is less
than one-tenth of the commercial price) and will serve to promote the use
of these, otherwise relatively expensive, organic reagents in the laboratory.

Chapter XI is devoted to Qualitative Organic Analysis. The subject
is discussed in moderate detail and this, coupled with the various Sections
and Tables of Physical Constants of Organic Compounds and their
Derivatives in Chapters III and IV, will provide a satisfactory course
of study in this important branch of chemistry. No attempt has been
made to deal with Quantitative Organic Analysis in this volume.

The text-book is intended to meet the requirements of the student of
chemistry throughout the whole of his training. Considerable detail is
given in those sections of particular interest to the elementary student ;
in the author’s opinion it is the duty of a writer of a practical text-book
to lay a secure foundation of sound experimental technique for the
beginner. The subject matter of the book is sufficiently compreheusive
to permit the teacher to cover any reasonable course of instruction. It
will be observed that the scale of the preparations varies considerably ;
the instructor can easily adapt the preparation to a smaller scale when
such a step is necessary from considerations of cost and time or for other
reasons. Quantities of liquid reagents are generally expressed as weights
and volumes : the latter refer to a temperature of 20°. The book will be
suitable for students preparing for the Pass and Honours (General and
Special) B.Sc. of the Universities, the A.R.I.C. and the F.R.I.C. (Organic
Chemistry). It will also provide an introduction to research methods in
organic chemistry and, it is hoped, may serve as an intermediate reference
book for practising organic chemists.

Attention is directed to the numerous references, particularly in
Chapter II on Experimental Technique, to firms supplying specialised
apparatus. The author has usually had first-hand experience with this
apparatus and he feels that some readers may wish to know the present
source of supply and algo from whom to obtain additional information.
It must be mentioned that most of the specialised apparatus has been
introduced to the market for the first time by the respective firms after
much development research and exhaustive tests in their laboratories.
A reference to such a firm is, in the writer’s opinion, equivalent to an
original literature reference or to a book. During the last decade or two
much development work has been carried out in the laboratories of the
manufacturers of chemical apparatus (and also of industrial chemicals)
and some acknowledgement of the great help rendered to practical organic
chemists by these industrial organisations is long overdue; it is certainly no
exaggeration to state that they have materially assisted the advancement
of the science. A short list of the various firms is given on the next page.

ARTHUR 1. VOGEL.

Woolwich Polytechnic, London, S.E. 18.
December 1946.
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CHAPTER 1
THEORY OF GENERAL TECHXNIQUE
THEORY OF DISTILLATION

1. Vapour pressure. If a liquid is admitted into a closed vacuous
space, it will evaporate or give off vapour until the latter attains a definite
pressure, which depends only upon the temperature. The vapour is then
said to be saturated. Experiment shows that at a given temperature
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Fig. 1,1, 1.

the vapour pressure of a liquid substance in contact with its own liquid

is a constant quantity and is independent of the absolute amount of liquid

and of vapour present in the system. The vapour pressure is usually
1
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expressed in terms of the height of a mercury column which will produce
an equivaleut pressure.

The vapour pressure of a liquid increases with 1ising teniperature. A
few typical vapour pressure curves are collected in Fig.1,1,1. When
the vapour pressure becomes equal to the total pressure exerted on the
surface of a liquid, the liquid boils, i.e., the liquid is vaporised by bubbles
formed within the liquid. When the vapour pressure of the liquid is the

~same as the external pressure to which the liquid is subjected, the tem-
perature does 110t, a8 a rule, rise further. Ifthesupply of heat is increased,
the rate at which bubbles are formed is increased and the heat of vaporisa-
tion is absorbed. The boiling point of a liquid may be defined as the
temperature at which the vapour pressure of the liquid is equal to the
external pressure éxerted at any point upon the liquid surface. This
external pressure may be exerted by atmospheric air, by other gases, by
vapour and air, etc. The boiling point at a pressure of 760 mm. of mercury,
or one standard atmosphere, may be termed the normal boiling point.

If the pressure on the surface is reduced, say by connecting the vessel
containing the liquid with a pump, the boiling point is Jowered ; the exact
value may be obtained by reference to a vapour pressure curve (see, for
example, Fig. 1,1, 1). 1t is therefore necessary to specify the pressure in
recording a boiling point : unless this is done, 760 mm. is understood.
Advantage is taken of the lower boiling point under diminished pressure
in the distillation of substances which decompose upon heating to the
boiling point under atmospheric pressure ; thus, ethyl acetoacetate, which
boils with decomposition at 180° under 760 mm. pressure, boils without de-
composition at 78° under 18 mm. pressure (usually written as 78°/18 mm.).
1,2. Calculation of the boiling point at selected pressures. One
sometimes requires the boiling point of a liquid at a pressure which is
not recorded in the literature. This can best be calculated from the
vapour pressure - temperature curve. For most practical purposes this
may be assumed to have the form :

B
logp =4 +T

where p is the vapour pressure, 7' is the temperature on the absolute
scale, and A and B are constants. If log p is plotted as ordinates against

1 N . .
q as abscissae, a straight line is obtained. Two values of p with the

corresponding values of 7 suffice. Values of p corresponding to any
absolute temperature or vice versa can be obtained from the graph. A

few typical log p-ql, diagrams, using the data from which Fig.1,1,1

was constructed, are shown in Fig.1,2,1; it will be seen that they
approximate to straight lines.

For distillations conducted at atmospheric pressure, the barometric
pressures are rarely exactly 760 mm. and deviations may be as high as
20 mm. To correct the observed boiling point to normal pressure
(760 mm.), the following approzimate expression may be used :

At = 0-0012 (760 — p) (¢ -+ 273),
where At is the correction in degrees Centigrade to be applied to the
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observed boiling point ¢, and p is the barometric pressure. For water,
alcohols, acids and other associated liquids, it is better to use the
expression :

At = 0-0010 (760 — p) (¢ + 273).

1,3. Superheating and bumping. If a liquid is heated in a flask by
means of a Bunsen burner and wire gauze placed below it, the formation
of bubbles of vapour at the lower surface of the liquid in contact with the
heated glass is facilitated by the presence of air dissolved in the liquid
or adhering as a film to the glass and by roughness on the surface of the

40

3of
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11=Acetone

10 | _1IT=Water
IV=_Bromobenzene
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1000
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Fig. 1, 2, 1.

glass. If a minute bubble of air is formed (this will be at atmospheric
pressure), it will serve as a nucleus for a larger bubble of vapour. At
the boiling point the liquid (at 760 mm. vapour pressure itself) will
deliver vapour in relatively large quantity to the air bubble. With the
heat supply at hand, the total pressure inside the bubble soon rises above
that of the atmosphere and is sufficient to overcome the pressure due to the
column of liquid; a vapour bubble is then expelled. Hence, if a source
of minute air bubbles or other nuclei is available in the liquid, boiling
will proceed quietly. If, however, the liquid is largely free from air and
if the walls of the flask are clean and very smooth, bubbles are formed with
greater difficulty and the temperature of the liquid may rise appreciably
above the boiling point ; it is then said to be superheated. When a
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_bubble does eventually form, the vapour pressure corresponding to the
temperature of the liquid far exceeds the sum of the pressures of the
atmosphere and of the column of liquid, hence vapour is evolved, the
bubble increases in size rapidly and at the same time the temperature
of the liquid falls slightly. These experimental conditions lead to
irregular ebullition and the liquid is said to bump.

Various methods are available for preventing, or at least considerably
reducing, bumping in a liquid. An obviéus method is to surround the
flask containing the liquid by a bath charged with a suitable fluid, the
temperature of which is not allowed to rise more than 20° above the boiling
point of the liquid. Bubbles of vapour may now rise from points around
the edge of the liquid and not only from the bottom of the flask. Further-
more, the danger of superheating is considerably reduced.

The procedure most frequently employed to prevent bumping of a
liquid during distillation under atmospheric pressure is to add a few
fragments of unglazed porous porcelain (often termred * porous pot,”
* boiling stones ”’ or ‘‘ boiling chips "—the term *‘ porous pot’’ will be
used frequently in this book).* These emit small quantities of air and
promote regular ebullition. It must be emphasised that the ‘ porous
pot ” is added to the cold liquid before distillation is commenced. Under
no circumstances should * porous pot ”’ be dropped into a liquid which
has already been heated to boiling : the sudden evolution of vapour
may result in spray and sometimes of a large proportion of the liquid
being ejected from the mouth of the flask. If the distillation has been
interrupted, it is recommended that two or three small fragments of
fresh * porous pot "’ be added before the heating is resumed ; the ‘ porous
pot ” initially added, from which the air has been partially removed by
heating, will probably be largely ineffective owing to their absorption

of the liquid on cooling.
A useful device to prevent bumping of liquids
during distillation consists of a glass tube, 2-3 mm.
in diameter, bent in a U-form with one arin some-
what shorter than the other; it should be long
enough to extend from the bottom of the flask for
a short distance into the neck in order that it should
remain in an upright position (Fig. I, 3, 1, ). If for
any reason a shorter U-tube is desired, a glass rod
may be sealed on as in Fig.1,3,1,b. The short
7 arm of the U-tube should be just above the level
of the liquid in the flagk, whilst the long arm should
(a) (b rest on the bottom of the flask just above the source
Fig. 1, 3, 1. of heat. With a large flask it is advantageous to
employ two or three U-tubes, the short arm of one
should be just above the fluid level at the start of the distillation ; the
short arms of the other U-tubes should be of differcnt lengths and below
the initial level of the liquid.

* The action of this and other anti.bumping devices (e.g., minute carborundum chips)
is dependent upon the fact that the transformation of a superheated liquid into the
vapour will take place immediately if a vapour phase (e.g., any inert gas) is introduced.

The effect may be compared with that produced by the introduction of a small quantity
of a solid phase into a supercooled liquid, e.g., of ice into supercooled water.
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Other aids for promoting regular boiling include the addition of the
following :—fragments of puniice stone or of carborundum ; small strips
of Teflon (a tetrafluoroethylene polymer) tape, ca. 3" wide, or of shredded
Teflon (the strip may be washed with an organic solvent, dried and re-
used) ; small pieces of platinum wire (use is made of the well-known
property of platinum in absorbing large quantities of gases); sufficient
glass wool to fill the flask and to rise 4-5 min1. above the surface of the
liquid ; long capillary tubes sealed at a point about 0-5 mm. froin the end
(the short capillary end is immersed in the liquid, thus filling the small
cavity with air, which is evolved in fine bubbles when the liquid is heated).

Tle boiling point of a pure liquid, if properly determined, has a definite

and constaut value at constant pressure, say, that of the atmosphere.
The boiling point of an impure liquid will depend to a large extent on the
phiysical nature of the impurities. If all the impurities are non-volatile,
the liqnid will have a constant boiling point and the impurities will reniain
belind when the liquid has been distilled. If, however, the impurities
are themselves volatile, the boiling point may rise gradually as the liquid
distils or it may remain constant at a particular stage of the distillation
due to the formation of a constant boiling point mixture of two or more
substances. The separation of liquids by distillation forms the subject
of the next Section.
1,4. Fractional distillation. The aim of distillation is the separation
of a volatile liquid from a non-volatile substance or, more usually, the
separation of two or more liquids of different boiling point. The latter
is usually terined fractional distillation. The theoretical treatment of
fractional distillation requires a knowledge of the relation between the
boiling points, or vapour pressures, of mixtures of the substances and their
composition ; if these curves are known, it is possible to predict whether
the separation is difficult or easy or, indeed, whether it will be possible.

At the outset it will be profitable to deal witli an ideal solution possess-
ing the following properties : (i) there is no lieat effect when the com-
ponents are mixed ; (ii) there is no change in volume when the solution
is fornied from its components ; (iii) the vapour pressure of each com-
ponent is equal to the vapour pressure of the pure substances multiplied
by its mol fraction * in the solution. The last-named property is merely
an expression of Raoult’s law, viz., the vapour pressure of a substance is pro-
portional to the number of mols of the substance present in unit volume
of the solution, applied to liquid-liquid systems. Thus we may write :

Pa = Kz, 1),
where p, is the vapour pressure of the substance and z, is its mol fraction
in the solution. Ifzx, = 1, 1.e., we are dealing with the pure substance A,
then p, = K = p,’, the vapour pressure of the pure substance at the
given temperature. Substituting this value in equation (1), we have :

Ps=Pi %a (2),

v.e., the vapour pressure of a component of a solution at a given temperature
is equal to the vapour pressure of the pure substance multiplied by its mol
fraction in the solution. This is anothier form of Raoult’s law.

* The mol fraction of any constituent in a mixture is defined as the number of mols,

or gram molecules, of thiat constituent divided by the total number of mols, or gramn mole-
cules, in the mixture.

2
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Let us consider a mixture forming an ideal solution, that is, an ideal
liquid pair. Applying Raoult’s law to the two volatile components A
and B, we have :

REY NER and Ps = Ps’ Tu (3).
The total pressure p will be :
P =1Ps+Ps =P Ta + P’ Ts.

The vapour pressures are proportional to the mol fractions in the vapour
phase, hence the composition of this phase will be given by :

Pa Ps

= - and Zp® = ———-

‘ Ps + Ps ® Ps -+ P8

The relative concentrations of either constituent, say B, in the vapour

and liquid phases will be :

LN S )
Tp Pa+Ps Ps
- 1 (4).

Ty + Z)A/ . Za
Ps

If p,’ = py’, x,°/xy is unity, since in the liquid phase x, + x; = 1.
If p," > p,’, the concentration of B will be greater in the vapour phase,
and if p,’ < p,’, it will be less.

This may, perhaps, be made clear with the aid of an example. Let us
assume that the two components A and B have vapour pressures of 60
and 100 mm. of mercury respectively, and that the mol fraction of A is
0-25 and of B is 0-75. Then for the solution :

Pa =025 X 60 = 15 mm. (Hg) and py=0-75 x 100 = 75 mm. (Hg).
The total pressure will be :
P = pa + ps = 90 mm. (Hg).
The composition of the vapour phase will be :
z," = 15/90 = 0-167 and xy’ = 75/90 = 0-833.

Thus a solution containing mol fractions of 0-25 and 0-75 of A and B
respectively is in equilibrium with a vapour containing 16-7 and 83-3 mol
per cent. of A and B respectively. The component B with the higher
vapour pressure is relatively more concentrated in the vapour phase
than in the liquid phase.

If the compositions of the vapour phase for various mixtures of the
same two components are calculated and plotted against the vapour
pressures, a diagram having the general features shown in Fig. I, 4, 1 is
obtained. The abscissae represent the composition of both the liquid
and the vapour phases, and the ordinates the total vapour pressure of the
liquid. The curve labelled vapour gives the composition of the vapour
in equilibrium with the solution having the vapour pressure corresponding
to the ordinate. Thus the liquid with composition [, and vapour pressure
p represented by the point m is in equilibrium with vapour of composition
l,’. Since the mixture is an ideal solution of the two liquids, the vapour
pressures are additive and the liquid vapour pressure - composition
curve AmB is a straight line. The composition of the vapour in equili-
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brium with the various mixtures is given by Am’B, falling below the
liquid vapour pressure -composition line. Figure I, 4,1 is therefore
the vapour pressure diagram for an ideal liquid pair. The diagram shows
clearly that the vapour in equilibrium with the ideal solution of two
liquids is richer in the more volatile component than is the solution ; it
follows, therefore, that the two comiponents could be separated by
fractional distillation.

Only a limited number of examples are known of mixtures which obey
Raoult’s law over the whole range of concentration and give straight
line plots of the vapour pressure (ordinates) against the composition
of the liquid expressed in mol fractions (abscissae). These include :—
n-hexane and =n-heptane at 30°; ethyl bromide and ethyl iodide
at 30°; n-butyl chloride and
n-butyl bromide at 50°; and B
ethylene dibromide and propy- F
lene dibromide at 85°. In most
cases, however, liquid pairs >
deviate from Raoult’s law. The X @
deviations may be either positive
or negative, i.e., the vapour
pressure may be either greater or
less than that calculated. If
both components exhibit positive
deviations (e.g., carbon disulphide
and acetone at 35°), the total
vapour pressure curve will be
greater than that calculated and
the curve passes through a maxi-
mum. If the two components
show negative deviations (e.g.,
acetone and chloroform at 35°), I
the total vapour pressure curve Mol fraction of B—>
will be less than that calculated <= Mol. fraction of A
and the curve will pass through a Fig. 1, 4, 1.
minimum. It can be shown that
when the vapour pressure is a maximum or a minimum, the composition
of the vapour is the same as that of the liquid with which itisinequilibrium.

The normal boiling point of a liquid is the temperature at which the
vapour pressure of the liquid is equal to the pressure of the atmosphere.
Hence for the study of fractional distillation it is better to construct a
diagram in which the boiling points are ordinates and the compositions
are abscissae at constant (i.e., atmospheric) pressure. In the vapour
pressure - composition curves the vapour pressure is plotted against the
composition at constant temperature, whereas in the boiling point-
composition curves the boiling point is plotted against the composition
at constant pressure. The two curves are similar in type except that
they are inverted (see Figs.I, 4,2 and I, 4,3 below). In the boiling
point - composition diagram two curves are obtained, one giving the
composition of the liquid and the other that of the vapour with which
it is in equilibrium at the boiling point. The vapour phase is relatively

Vapour Pressure of A
B
it

Vapour Pressure of B

VR WL TS .

P S
Q

o[- ae—-
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richer in the component which results in a lowering of the boiling point
when added to the mixture, or, alternatively, the liquid phase is richer
in the component which raises the boiling point. Three classes of curves
will be considered : those in which (1) the boiling point rises steadily
witl; change of composition from the more volatile to the less volatile
component, (2) the boiling point reaches a minimum, and (3) the boiling
point reaches a maximum.

(1) The boiling point increases regularly. The boiling point- com-
position diagram for such a system is shown in Fig. I, 4, 2 (the comple-
mentary vapour pressure - composition diagram is depicted in Fig. I, 4, 3
for purposes of comparison only). Let us consider the behaviour of such
a liquid pair upon distillation. If a solution of composition L, is heated,
the vapour pressure will rise until at the point [, it is equal to the pressure
of the atmosphere, and boiling commences at temperature ¢,. The com-

) SO frememnee ts

Temperature

A fooensy S e SR ¢

Pressure

R : H Vapaur
Boiling point curve

L lgud” :
100%A \4 Ve L L: 1005 8 1007, A 10078
Composition Composition
Fig. I, 4, 2. Fig. I, 4, 3.

position of the vapour first distilling is V,; it is richer in A, the lower
boiling point component, than was the original solution. As the boiling
proceeds, the residue becomes increasingly richer in B, the higher boiling
point component ; consequently the boiling point will rise, say, to ¢, and
the composition of the residue will gradually change to L,, whilst that of
the distillate (vapour) will change from ¥, to V,. Thus from a solution
of initial concentration L, a distillate is obtained of composition approxi-
mating to (V, + V,)/2 and a residue of composition L,. The distillation
has thus effected a partial separation of A and B, and it is clear that by
repeated distillation an almost complete separation of the two components
can be made. For this purpose, each fraction collected between suitable
temperature limits is redistilled ; with each fractionation the separation
of the two components is improved. It is evident that the greater the
slope of the boiling point curve, the greater is the difference in composition
between the liquid and the vapour; hence the greater the difference in
the boiling points of the two liquids forming the mixture, the more easily
can they be separated by distillation. '

In practice, it is usual to employ a fractionating column to reduce the
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number of distillations necessary for reasonably complete separation of
the two liquids. A fractionating column is designed to provide a con-
tinuous series of partial condensations of the vapour and partial vapori-
sations of the condensate and its effect is, indeed, similar to a number of
separate distillations. The effect of partial condensation will be evident
from Fig. I, 4,2. If the temperature of the vapour is lowered, it will partly
condense giving a liquid richer in B and leaving the vapour richer in A.
The vapour passing up the column will accordingly contain more of A than
did the vapour which left the boiling liquid. Similarly the liquid returning
to the flask will contain relatively more of the less volatile component B,

A fractionating colunin consists essentially of a long vertical tube
through which the vapour passes upward and is partially condensed;
the condensate flows down the column and is returned eventually to the
flask. Inside the column the returning liquid is brought into intimate
contact with the ascending vapour and a heat interchange occurs whereby
the vapour is enriched with the more volatile component A at the expense
of the liquid in an attempt to reach equilibrium. The conditions necessary
for a good separation are :—(i) there should be a comparatively large
amount of liquid continually returning through the column ; (ii) thorough
mixing of liquid and vapour ; and (iii) a large active surface of contact
between liquid and vapour. Excessive cooling should be avoided ; this
difficulty is particularly apparent with liquids of high boiling point and
may be overcome by suitably insulating or lagging the outer surface of
the column or, if possible, by surrounding it with a vacuum jacket or an
electrically heated jacket. Various types of laboratory fractionating
columns are described in Sections I11,15-11,18.

(2) Minimum boiling point. Typical boiling point- composition
curves for systems of this kind are shown in Fig.1, 4,4. If a solution of
composition L, is heated, the vapour pressure will rise until at the point /, it
is equal to the pressure of the atmosphere and boiling commences at ¢,.
The composition of the vapour first distilling is V,. As the boiling
proceeds the temperature rises from ¢, to ¢,, and during this period dis-
tillates with compositions ranging from V, to V, will be obtained. If
the distillate be redistilled, the vapour approaches the composition of the
minimum boiling point system, as can be seen from the figure. Hence
fractional distillation will result in a distillate of composition Ly, although
the final residue will approach A. Similarly, a solution of composition
L; when distilled commences to boil at [;’, i.e., at a temperature ¢, the
vapour (and therefore the distillate) will have the composition V,’. Asthe
distillation continues the composition of the vapour changes to V,” and
the liquid to L,”. Fractional distillation will, in this case, yield a solution
of composition Ly, and the residue will approach B. The liquid mixture
can then be separated only into the component present in excess (either
A or B) and the mixture of minimum boiling point. The liquid repre-
sented by Ly will distil over completely without change of composition
since at the boiling point the vapour has the same composition as the
liquid. Such systems which distil unchanged are called azeotropic
mixtures (Greek : to boil unchanged). The compusition and boiling point
of such constant boiling point mixtures vary with the pressure and
consequently they are not chemical compounds.
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Fig. I, 4, 4.

(1

Examples of azeotropic mixtures of minimum boiling point are collected

in Table I, 4, A.

TaBLE 1,4, A. AzeOTROPIC MIXTURES OF MiNiMmum Bomming PoiNT

B.r. oF % or A I
CoMPONENT A CoMpPONENT B AzZEOTROPIC | (BY WT.) IN,
MIXTURE MIXTURE |
Water, 100-0° Ethyl alcohol, 78-3° 78-15° | 4-4 i
Water, 100-0° isoPropyl alcohol, 82-4° 80-4° 12-1 i
Water, 100-0° n.Propyl alcohol, 97-2° 87-7° 28-3 |
Water, 100-0° tert.-Butyl alcohol, 82-6° 79-9° 11-8 !
Water, 100-0° Pyridine, 115-5° 92-6° ! 43-0
Methyl alcohol, 64-7° | Methyl iodide, 44-5° 39-0° ' 7-2
Ethyl aleohol, 78 3° Ethyl iodide, 72- 3° 63-0° 13 )
Methyl alcohol, 64-7° | Methyl acetate, 57-0° 54-0° 19
Ethyl alcohol, 78-3° Ethyl acetate, 77-2° 71-8° 31
Water, 100-0° Butyric acid, 163-5° 99-4° 18-4 |
Water, 100-0° Propionic acid, 140-7° 100-0° 17-7 !
Benzene, 80-2° cycloHexane, 80-8° 77-5° 55 i
Ethyl aleohol, 78-3° Benzene, 80-2° 68-2° 32-4 i
Ethyl alcohol, 78-3° | Toluene, 110-6° 76-7° 68 '
Methyl aleohol, 64-7° | Chloroform, 61-2° 53-5° 12-5 i
Ethyl aleohol, 78-3° | Chloroform, 61-2° ! 59-4° 7-0 ?
Ethyl alecohol, 78-3° | Methyl ethyl ketone, 79-6° 74-8° 40 ‘
i Methyl alcohol, 64-7° | Methylal, 42-2° 41-8° 18-2 !
E Acetic acid, 118:5° Toluene, 110-6° 105-4° 28 ;

(3) Maximum boiling point.
diagram is shown in Fig. I, 4, 5.

A typical boiling point - composition
By reasoning analogous to that given
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under (2), it is evident that fractional distillation of a liquid mixture of
composition L, will yield ultimately a specimen of almost pure A and a
residue of composition Ly, which will eventually distil unchanged. Simi-
larly, a liquid mixture of composition L," will give ultimately pure B
and a residue Ly,, which will itself distil unchanged. Thus distillation
will afford ultimately the coniponent present in excess of the constant
boiling point mixture and the constant boiling point mixture itself.
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Fig. I, 4, 5.

Examples of azeotropic mixtures of maximum boiling point are tabulated
below ; these are not as numerous as those of minimum boiling point.

TasrLe 1, 4, B. AZeEOTROPIO MIXTURES OF MaxXxmmuM Bomwng PomNr

B.p, oF % o¥ B
COMPONENT A CoMPONENT B AZEOTROPIO | (BY WT.) IN

1 MIXTURE MIXTURE

I ——————— —————

' Water, 100-0° | Formic acid, 100-8° 107-1° 77-5

| Water, 100-0° Hydrofluoric acid, 19-4° 120-0° 37

. Water, 100-0° Hydrochloric acid, — 81-0° 108-6° 20-22

! Water, 100-0° Hydrobromic acid, — 73° 126° 47-6
Water, 100-0° Hydriodic acid, — 35° 127° 57-0 |
Water, 100-0° Nitric acid, 86-0° 120-5° 68 ,
Water, 100-0° Sulphuric acid, m.p. 10-5° 338° 98-3 i
Water, 100-0° Perchloric acid, 110-0° 203° 71-6 ‘
Acetone, 56 -4° Chloroform, 61-2° 64-7° 80
Acetic acid, 118-5° Pyridine, 115-5° 139-7° ! 65
Chloroform, 61 -2° Methyl acetate, 57-0° 64-8° 23
Phenol, 181-5° Aniline, 184-4° 186-2° . 58

| 1
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1,5. The breaking up of azeotropic mixtures. The behaviour of
constant boiling point mixtures simulates that of a pure compound,
because the composition of the liquid phase is identical with that of the
vapour pliase. The composition, however, depends upon the pressure at
whicl: the distillation is conducted and also rarely corresponds to stoichio-
nietric proportions. The methods adopted in practice will of necessity
depend upon the nature of the components of the binary azeotropic
mixture, and include :—

(1) Distillation with a third substance which alters the vapour pressure
ratios in the azeotrope. This method is of particular value in industry
for the production of absolute ethyl alcohol from the azeotropic mixture
containing 95-6 per cent. of alcohol or from aqueous alcohol. Upon the
addition of benzene and distillation through a suitable fractionating
apparatus, a ternary azeotropic mixture of water, alcohol and benzene
of minimum boiling poiut, 64-85°, and containing 7-4 per cent. of water,
18- 5 per cent. of alcohol and 74-1 per cent. of benzene passes over first,
followed by a second azeotropic miixturc of benzene and alcohol (b.p.
68-25°, containing 32-4 per cent. of benzene), and finally absolute ethyl
‘alcohol. By carrying out the fractional distillation under pressure, the
water content of the ternary mixture is increased.

~(2) Chemical methods may be employed if the reagent attacks only one
of the components. Thus quicklime may be employed for the removal
of water in the preparation of absolute ethyl alcohol. Also aromatic and
unsaturated hydrocarbons may be removed from mixtures with saturated
hydrocarbons by sulphonation.

(3) Preferential adsorption of one of the components may be used for
the same purpose. Charcoal or silica gel may be employed to adsorb
one of the constituents of an azeotrope in preference to the other. If
the adsorbate is readily recoverable, the process will have practical
applications.

(4) Fractional extraction may sometimes find application, since the
components distribute themselves in a different proportion in the solvent
(compare Section 11,44).

(6) Fractional crystallisation is occasionally employed. The mixture
is dissolved in a suitable solvent, the whole frozen, and then allowed
to melt slowly in a centrifuge in order that the successive fractions
may be removed as they are formed. The various melts are then
fractionally distilled. If necessary, the fractional crystallisation may be
repeated.

1,6. Steam Distillation. Distillation of a Pair of Immiscible
Liquids. Steam distillation is a method for the isolation and purification
of substances. It is applicable to liquids which are usually regarded as
completely immiscible or to liquids which are miscible to only a very
limited extent. In the following discussion it will be assumed that the
liquids are completely immiscible. The saturated vapours of such
completely immiscible liquids follow Dalton’s law of partial pressures
(1801), which may be stated : when two or more gases or vapours which
do not react chemically with one another are mixed at constant tempera-
ture each gas exerts the same pressure as if it alone were present and that
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the sum of these pressures is equal to the total pressure exerted by the
system. This may be expressed :

P=p+p+ - . . -+ .

where P is the total pressure and p,, p,, etc., are the partial pressures of
the components.

If a mixture of two immiscible liquids be distilled, the boiling point
will be the temperature at which the sum of the vapour pressures is equal
to that of the atmosphere. This temperature will be lower than the
boiling point of the more volatile comnponent. Since one of the liquids
is water, steam distillation at atmospheric pressure will result in the
separation of the higher boiling component at a temperature below
100°—a considerable advantage if the compound decomposes at or near
its own individual boiling point ; the process would also be useful for
separation from non-volatile or from undesirable (e.g., tarry) substances.
When a mixture of immiscible liquids is distilled, the boiling point of the
mixture remains constant until one of the components has been almost
completely removed (since the total vapour pressure is independent of
the relative amounts of the two liquids) : the boiling point then rises
to that of the liquid remaining in the flask. The vapour passing over
from such a mixture contains all the components in proportion by volume
to the relative vapour pressure of each.

The composition of the vapour can easily be calculated as follows :—
Assuming that the gas laws are applicable, it follows that the number of
molecules of each component in the vapour will be proportional to its
partial pressure, ¢.e., to the vapour pressure of the pure liquid at that
temperature. If p, and p, are the vapour pressures of the two liquids
A and B at the boiling point of the mixture, then the total pressure P is
given by :

P=p,+ps 1,
and the composition of the vapour by :
nyfns = pa/Ps @),

where n, and 7n, are the number of mols of the two substances in a
given volume of the vapour phase. But n, = w,/M, and n; = wy/M,,
where w is the weight of substance in a given volume of the vapour, and
M is the molecular weight. Hence :

w, My, M,p,

= 3).
wy Mgng, Mgpg (3)

The relative weights of the two components of the vapour plhase will be
identical with the relative weights in the distillate, i.e., the weights of
the two liquids collecting in the receiver are directly proportional to their
vapour pressures and their molecular weights.

Equation (3) indicatcs the great value of steam distillation, since the
smaller the product MM ,p,, the laiger is the value of w, Water has a
small molecular weight and a comparatively moderate vapour pressure,
so that its value of M ,p, is low. This permits substances of high mole-
cular weight and of low vapour pressure to be separated economically
on the technical scale. The following figures are given by 8. Young (1922).

2%
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R - b |
S MOLECULAR WT. | B.P ! 100° PER CENT. IN|
UBSTANCE My t il i Pp AT DISTILLATE
‘. N

Carvone 150 ‘ 230° ‘ 9 mm. ‘ 9-7

Geraniol 154 230° ! 5 min. 5-6

Anethole 148 235° ! 8 mm. 7-1
Eugenol 164 | 250° | 2 mm. ! 1-7 i
a-Santalol 228 i 301° | <1 mm. ; 0-5 i
N ) { [ !

As an examplé of steam distillatiorn,rlef, us consider bromobenzene
which has a normal boiling point of 155°.

The vapour pressures of water

and bromobenzene at different temperaturesare given in the following table.

i |
; VAPOUR PRESSURE ]
i N
TEMPERATURE |  WATER (p,) , BROMOBENZENE MIXTURE
: ; (ps) (P = pas + ps)
| ] o L
{
30° 32 mm. | 6 mm. 38 mm.
40° 55 mn. | 10 mm. 65 mm.
50° : 92 mm. ; 17 mm. 109 1nm.
80° ‘ 149 mm. i 28 mm, 177 mm.
70° : 233 mm 44 mm. 277 mm.
80° ‘ 3565 mm ' 66 mm. 421 mm.
90° : 525 mm i 98 mm. 623 mm.
95° i 634 mm. ) 118 mm. i 752 mm.
100° f 760 mm ‘ 141 mm, J 901 mm.
: : i

If we plot these as in Fig. I, 6,1 we find that the vapour pressure of the
mixture attains 760 mm. at a temperature of 95-3°; this is there-
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4

1oor Bromobenzene{bp/55") .

96°
Temperature in °C
Fig. I, 6, 1.

100°

fore the boiling point of the
mixture. At this temperature
P, = 641 mm. and p, = 119 mm.
The molecular weights of the two
liquids are 18 and 157 respec-
tively. Substituting these values
in equation (3), we have :

w, _ 641 x 18 __ 6-2
wy 119 x 157 ~ 10-0

Thus for every 6- 2 granis of water
collectedinthereceiver10-0Ograms
of bromobenzene are obtained (or
the distillate contains 62 per cent.
by wecight of bromobenzene) in
spite of the fact that bromo-
benzene has only 119/641 of the
vapour pressure of water at
the boiling point of the mixture.
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Similarly it is found that for chlorobenzene the boiling point of
the mixture (Tyipe.) is 90-3°, p, = 530, p, = 230, M, = 112-5, and
the distillate contains 71 per cent. of chlorobenzene by weight; for
iodobenzene, the boiling point of the mixture is 98-2°, p, = 712, p, =
48, M, = 204, giving a distillate containing 43 per cent. by weight of
iodobenzene. For aniline 7',,,,.. is 98-5°, p, = 717, p, = 43, M, = 93,
and the calculated value is 23 per cent. of aniline by weight: the
proportion found experimentally is somewhat lower because aniline is
appreciably soluble in water and the vapour pressure is slightly reduced.
1,7. Distillation with superheated steam. Consideration of equa-
tion (3) (Section I,6) indicates that the proportion of the higher boiling
point component in the steam distillate can be raised by increasing the

Fig. 1,7, 1.

vapour pressure of this component relative to water. This may be done
with superheated (or high pressure) steam.

The effect of superheated steamn may be illustrated by reference to
benzaldehyde, which boils at 178° at 760 mm. It distils with steam at
97-9° (p, = 703-5 mm. and p, = 56-5 mm.) and the distillate contains
32-1 per cent. of benzaldehyde by weight. If one employs steam super-
heated to 133°, the vapour pressure of benzaldehyde (extrapolated from
the boiling point - pressure curve) is 220 mm. : hence p, = 540 (water),
P, = 220 (benzaldehyde), and

w, 540 x 18 _ 41-7

ws 220 x 106 100
i.e., the distillate contains 70:6 per cent. of benzaldehyde by weight.
This compares with 31-4 per cent. with steam at 100° and one atmosphere.
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The use of superheated steam has the advantage that less condensation
takes place thus obviating the use of supplementary heat in the vessel
containing the substance; beyond this no advantage over steam used under
ordinary pressure will result so long as condensed water is present. Ifall
condensation of the steam is prevented (e.g., by surrounding the flask by
a bath of liquid at the same temperature as the superheated steam), the
higher temiperature of the superheated steam will result in an increase
in the proportion of the higher boiling point component in the distillate.

In practice superheated stcam is generally employed for substances
with a low vapour pressure (< 5-1 nin.) at 100°. Thus in the recovery
of the products of nitration or aromatic compounds, the ortho derivative
(e.g., o-nitrophenol) can be removed by ordinary steam distillation ; the

temperature may then be raised, and the para compound distilled. The
upper limit of temperature will of course be controlled by the stability
of the compound.

A convenient apparatus for distillation in superheated steam (due to
A. A. Morton) is shown in Fig. I, 7, 1. The Pyrex tube B, of 10 mm.
diameter or larger, is wrapped with a few layers of wire gauze and heated
with a wing-topped burner, the gauze being supported by a clamp to
prevent sagging of the tube at the high temperature ; C is a thermometer
and A is a trap for condensed water. The flask is heated in an oil bath to
approxiniately the same temperature as the superheated steam. It will
be observed that the superheater is close to the steam inlet tube, thus
reducing the cooling of the steam, before it enters the flask, to a minimum.
A commercial apparatus, constructed of metal (the Fisher superheater),
is shown in Fig. I, 7, 2,
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SOLUTIONS OF LIQUIDS IN LIQUIDS

L8. Partially miscible liquids. Critical solution temperature,
Some liquids are practically immiscible (e.g., water and mercury), whilst
others (e.g., water and ethyl alcohol or acetone) mix with one another
m all proportions. Many examples are known, however, in which the
liquids are partially miscible with one another. If, for example, water
be added to ether or if ether be added to water and the mixture shaken,
solution will take place up to a certain point ; beyond this point further
addition of water on the one hand, or of ether on the other, will result
in the formation of two liquid layers, one consisting of a saturated solution
of water in ether and the other a saturated solution of ether in water.
Two such mutually saturated solutions in equilibrium at a particular
temperature are called conjugate solutions. It must be mentioned that
there is no essential theoretical difference between liquids of partial and
complete miscibility for, as will be shown below, the one may pass into
the other with change of experimental conditions, such as temperature
and, less frequently, of pressure.

Three types of liquid/liquid systems are commonly encountered. The
first type (e.g., phenol and water) is characterised by increasing mutual
solubility with rise of temperature. Thus when phenol is added to water
at the ordinary temperature, a homogeneous liquid is produced. When
the concentration of the phenol in the solution has risen to about 8 per
cent., the addition of more phenol results in the formation of a second
liquid phase, which may be regarded as a solution of water in phenol.
If now the temperature is raised, the second liquid phase will disappear
and more phenol must be added to produce a separation of the liquid into
two layers. By increasing the amount of phenol in this way and observ-
ing the temperature at which the two layers disappear, the so-called
solubility curve of phenol in water may be determined. In a similar
manner the solubility curve of water in liquid phenol may be obtained,
and it is found that the solubility also increases with rise of temperature.
It is clear that since, with rise of temperature. the concentration of water
in the phenol layer and also of phenol in the water layer incteases, the
compositions of the two conjugate solutions become more and more nearly
the same, and at a certain temperature the two solutions become identical
in composition. The temperature at which the two layers become iden-
tical in composition and are, in fact, one layer is known as the critical
solution temperature (D. O. Masson, 1891) or the consolute tempera-
ture (W. D. Bancroft, 1894) of the system. Above this temperature the
two liquids are miscible in all proportions. Some experimental results
for the mutial solubility of phenol in water are plotted in Fig.I,8,1;
these lead to a critical solution temperature of 65-9° and a critical
concentration of 34-0 per cent. of phenol. Fig.I, 8,1 enables one to
predict the effect of bringing together phenol and water in any given
quantitics at any temperature. If the resulting mixture is represented
by a point in the area enclosed by the solubility curve, separation into two
layers will take place, whereas if the total composition of the mixture
and the temperature is expressed by a point lying outside the solubility
curve a clear homogeneous solution will result.
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Other pairs of liquids which exhibit an upper consolute temperature
are methyl alcohol- cyclohexane (C.S.T. 49-1°; critical composition
29 per cent. by weight of methyl alcohol); isopentane - phenol (63-5° ;
51 per cent. of isopentane); and carbon disulphide- methyl alcohol
(40-5°; 80 per cent. of carbon disulplhide).
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Fig. 1, 8, 1.

The second type of system is characterised by decreasing mutual solu-
bility with rise of temperature. As the temperature is lowered the
mutual golubilities increase and below a certain critical temperature the
two liquids become miscible in all proportions. A typical example is
triethylamine and water. The behaviour of this system with respect to
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0 10 20 30 40 50 60 70 80 S0 100
Per cent Triethylamine

Fig. 1, 8, 2.

concentration and temperature is shown in Fig.I,8,2; the critical
solution temperature is 18-5°. Other pairs of liquids which exhibit a
lower critical solution temperature are : diethylamine - water (C.S.T. 43°;
13 per cent. by weight of diethylamine) ; B-collidine - water (6°; 4 per
cent.) ; l-methylpiperidine - water (48°; 5 per cent.).

o
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The third type of system gives a closed solubility curve and therefore
possesses both an upper and lower critical solution temperature. The
first case of this type to be established was that of nicotine and water ;
the solubility curve is illustrated in Fig. 1, 8, 3. The lower and upper
consolute temperatures are 60-8° and 208° respectively ; below the
former and above the latter the two liquids are completely miscible.

24k One Liquid phase
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200
180}
1601
@
S
1404
E Two Liguid phases
g r20f
3
™ 10st
8}
60 T B ChGEEEEEEE LR 6
401+ One Liguid phase
— A 1 1 1 1 1 1

1
"0 10 20 30 40 50 € 70 8 90 100
Per cent Nicotine

Fig. 1. 8, 3.

It should be noted that the modern view is that all partially miscible liquids
should have both a lower and upper critical solution temperature so that all
such systems really belong to one class. A closed solubility curve is not
obtained in all cases because thé physical conditions under normal pressure
prevent this. Thus with liquids possessing a lower C.S.T., the critical tem-
perature (the critical point for the liquid - vapour system for each component,
t.e., the maximum temperature at which liquefaction is possible) may be
reached before the consolute temperature. Similarly for liquids with an
upper C.S.T., one or both of the liquids may freeze before the lower C.S.T. is
attained.

Many pairs of partially miscible liquids possess neither a lower nor an upper
C.S8.T. for reasons outlined in the previous paragraph. Thus consider the two
liquid phases from the two compouents water and diethyl ether. Upon cooling
the system at constant pressure, a point will be reached when a third phase,
ice, will form, thus rendering the production of a lower C.S.T. impossible.
Likewise, if the temperature of the two layers is raised, the critical point for
the ether-rich layer will be reached while the two liquid phases have different
compositions. Above the critical point the ether-rich layer will be converted
into vapour, and hence the system will be converted into a water-rich
liguid and an ether-rich vapour; the upper C.S.T. cannot therefore be
attained.
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A few systems with botli lower and upper critical solution teumperatures
are tabulated below.

SvsTEM (A,B) Lower C.S.T. ’ Upper C.S.T.
Water : 2-methylpiperidine . . . }l 79° | 227°
Water : 3.methylpiperidine .o 56° 236°
Water : 4-methylpiperidine . o 85° ’ 189°
Water : B-picoline . . . . 49° 153°
Water : aa-lutidine . . . 45° 164°
Glycerol : m-toluidine . . . . 7° 120°
l i

1,9. Influence of added substances upon the critical solution
temperature. For a given pressure the C.S.T. is a perfectly defined
point. It is, however, affected to a very marked extent by the addition
of quite a small quantity of a foreign substauce (impurity), which dis-
solves either in one or botl of the partially miscible liquids. Tlie deter-
mination of the consolute temperature nay therefore he used for testing
the purity of liquids. The upper consolute temperature is generally
employed for this purpose.

If the third substance dissolves in only one of the liquids, it is found
that their mutual solubilities are decreased and the C.8.T. is generally
raised. For exaniple, a concentration of 0-15 mol of potassium chloride
per litre of water raises the C.S.T. of the water - phenol system by about
12°; a similar concentration of naphthalene in the phenol produces a
rise of about 30°.

If the third substance dissolves in both liquids (and the solubility in
each of the liquids is of the same order), the mutual solubility of the
liquids will be increased and an upper C.8.T. will be lowered, as is the
case when succinic acid or sodium oleate is added to the phenol - water
system. A 0-083 molar solution of sodium oleate lowers tlie C.S.T. by
56-7°: this large effect has been applied industrially in the preparation
of the disinfectant sold under the name of ‘ Lysol.”” Mixtures of tar
acids (phenol 4 cresols) do not mix completely with water at the ordinary
temperature, but the addition of a small amount of soap ( = sodium oleate)
lowers the niscibility temperature so that “ Lysol” exists as a clear
liquid at the ordinary temperature.

An important application of the critical solution temperature is to the
determination of the water content in such substances as methyl and
ethyl alcohols. Here the system is usually the alcohol and a hydro-
carbon, such as n-hexane or dicyclohexyl; the water is, of course,
insoluble in the hydrocarbon. Thus, the methyl alcohol - cyclohexane
system has a C.S.T. of 45-5° and even 0-01 per cent. of water produces
a rigse of 0-15° in the C.S.T. The experimental details are given below.

For methyl alcoliol, two volumes of synthetic n-hexane, b.p. 68-6-69-0°
(uncorr.), and one volume of the alcohol to be tested are mixed and the
homogeneous mixture is cooled in ice until the appearance of a cloudiness.
A thermometer is placed in the solution, which is allowed to warm gradu-
ally to the temperature at which the second phase disappears. The
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temperature at which the solution just becomes homogeneous is taken
as the critical solution temiperature. The same result is obtained by
observing the temperature at which the second phase appears. The water
content may then be deduced with the aid of the following table, and
checked, if desired, by a deteriuination of tlie density (Section X1I,2).

Purrsy oF CH,OMH (9) C.S.T. e

, .
- S N — |

100-0 ‘ 36-55° 0-79578 ‘

99-80 3790 0-79634

99-65 ‘ 38-04 ; 0-79676

99-50 40-05 : 0-79718

99-35 41-00 0-79760

99- 05 43-00 0-79845

98- 69 45-00 0-79947

98-41 46-25 0-80026

98-01 48-05 0-80140

97-48 50-15 0-80292

97-13 51-10 0-80390

For ethyl alcohol, two volumes of dicyclohexyl * are mixed with one
volume of the alcohol, a thermometer is introduced, and the mixture
heated until it becomes clear. 'The solution is then slowly cooled, with
constant stirring, and the temperature is deterniined at which the opales-
cent solution suddenly becomes turbid so that the immersed portion of
the mercury thread of the thermometer is no longer clearly visible. This
is the C.S.T. The water content may then be evaluated by reference to
the following table.

' Pority or C,H,OH (¢ C.8.T. a3y
100-0 23-4° ! 0-78934
99.9 25-4 0-78966
998 27-3 ! 0-78997
99-7 29.2 ; 079028
99-6 31-0 ; 0-79059
99-5 32.8 ‘ 0-79089
99-0 41-0 : 0.79243
98-5 48-0 ‘ 0-79346

THEORY OF MELTING AND FREEZING

I,10. Melting point and vapour pressure. The melting point of a
crystalline solid is the temperature at which the solid begins to change
into liquid under a pressure of one atmosphere. TFor pure substances,
the change from the solid to the liquid state is quite sharp (within 0-5°),
hence the temperature is valuable for purposes of identification. More-
over, the melting point is considerably influenced by the presence of other

* This may be prepared by the catalytic reduction of pure diphenyl (see Section I11,150).
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substances, and it is therefore an important criterion of purity. If the
liquid is cooled, solidification will occur at the same temperature,* and
for a pure substance the melting point and freezing point are identical.
The freezing point is usually defined as the temperature at which both
liquid and solid can exist in contact with each other under a total pressure
of one atmosphere.

The reason for the constancy and sharpness of the melting point of a
pure crystalline solid can be appreciated upon reference to Fig. I, 10,1,
in which (a) is the vapour pressure curve of the solid and (b) that of the
liquid form of the substance. Let us imagine a vessel, maintained at
constant temperature, completely filled with a mixture of the above liquid
and solid. The molecules of the solid can only pass into the liquid and the
molecules of the liquid only into the solid. We may visualise two com-
petitive processes taking place : (i) the solid attempting to ““ evaporate *’
but it can only pass into the liquid, and (ii) the liquid attempting to
‘“ distil ” but it can only pass into the solid. If process (i) is faster, the
solid will melt, whereas if process (ii) proceeds with greater speed the
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Fig. 1, 10, 1.

substance would completely solidify. To decide which process is likely
to occur at a particular temperature, curve (@) must be superimposed
upon curve (b) thus giving curve (c). The rate of rise of vapour pressure
with temperature is greater for the solid than for the liquid, consequently
the two curves will intersect. At the intersection (and only at this tem-
perature), both solid and liquid can coexist ; this is therefore the freezing
point or melting point since these two constants are identical for a pure
substance. Provided the pressure is atmospheric, the temperature M is
an absolute constant. If the temperature is less than M, the liquid will
pass more rapidly into solid than the solid into liquid and hence the
substance will remain solid, whilst for temperatures greater than M the
solid, having the greater vapour pressure, will pass more rapidly into the
liquid phase. It is only at the temperature 3, ‘at which the vapour
pressures of the liquid and the solid are equal in magnitude, tnat the
rates of transforniation are identical and both liquid and solid can co-
exist, provided the temperature is maintained constant. As soon as the

* A liquid can sometimes be supercooled, i.e., the temperature can be reduced below

the freezing point without solid separating, but as soon as solid does appear the temperature
immediately rises to the true freezing point.
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temperature is raised even a fraction of a degree above M, the solid will be
completely converted into the liquid phase, assuming of course that suffi-
cient time is allowed for the transformation to take place. This is why the
rate of rise of temperature in the vicinity of the melting point must be
small (say, 1-2° per minute) for an accurate determination of this constant.
It is a well-known fact that substances like water and acetic acid can
be cooled below the freezing point : in this condition they are gaid to be
supercooled (compare supersaturated solution). Such supercooled sub-
stances have vapour pressures which change in a normal manner with
temperature : the vapour pressure curve is represented by the dotted
line ML'—a continuation of ML. The curve ML’ lies above the vapour
pressure curve of the solid and it is apparent that the vapour pressure of
the supersaturated liquid is greater than that of the solid. The super-
cooled liquid is in a condition of metastability. As soon as crystallisation
sets in, the temperature rises to the true freezing or melting point. Tt
will be observed that no dotted continuation of the vapour pressure
curve of the solid is shown ; this would mean a suspended transformation
in the change from the solid to the liquid state. Such a change has not
been observed nor is it theoretically possible.
I,11. Effect of impurities upon the melting point, Let us take a
specific example and examine the effect of the addition of a small quantity
of naphthalene to an equilibrium mix-
ture of pure solid and liquid «-naphthol
at the temperature of the true melting
point (95:5°) at atmospheric pressure.
The naphthalene will dissolve in the
liquid «-naphthol and, according to
Raoult’s law, the vapour pressure of
the latter will be reduced. Hence
a-naphthol will pass preferentially into
the liquid phase and, if the external
temperature is maintained at 95-5°, the
ultimate result will be the complete melt-

Vapour Pressure

ing of the solid a-naphthol; since melting S Temperature
requires heat and no heat is imparted to
the system, the temperature will fall. Fig. 1, 11, 1.

The effect can easily be interpreted by

reference to Fig. I, 11, 1. The initial state of the system is represented
by M. Upon the addition of a small amount of the second substance,
the vapour pressure of the liguid first falls to A. Now a solid phase
with vapour pressure M cannot coexist with a liquid phase with lower
vapour pressure A. The solid represented by M will therefore melt and
tend to pass into the condition expressed by A. However, in melting
heat is absorbed, and the temperature will consequently fall. Thus
the vapour pressures of the solid M and the liquid 4 will fall along
their respective vapour pressure curves, which will intersect at M,.
At M, equilibrium results and no further change will take place; here
solid «-naphthol and the solution of naphthalene in a-naphthol may
coexist indefinitely—this, it will be observed, is below the melting point
of the pure substance (a-naphthol). Further addition of naphthalene
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will result in the depression of the melting point of «-naphthol to points
represented by M,, M, etc.; the curve through these points indicates
the temperatures at which solid «-naphthol can coexist with solutions
of increasing naphthalene content. It is natural to enquire as to how far
the melting point may be depressed by additions of the second substance.
The limiting temperature My is known as the eutectic point : it is the
temperature below which not even the impure liquid can exist. Further
cooling merely results i both components solidifying completely.

A somewhat different method of plotting the results will help the
reader to appreciate the significance of the eutectic temperature. In
Fig. I, 11, 2 melting points are plotted against composition.* The curve
AC portrays the decreasing melting point of «-naphthol as naphthalene
is added up to a mol fraction of 0-605. The curve BC represents the
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Fig. I, 11, 2.

melting points of naphthalene with a-naphthol regarded as the * foreign
ingredient ”’ up to a mol fraction of 0-395 of a-naphthol. The curves
intersect at C giving a eutectic temperature of 61-0°.

1,12. System in which the solid phases consist of the pure com-
ponents and the components are completely miscible in the liquid
phase. We may now conveniently consider the general case of a system
in which the two components 4 and B are completely miscible in the
liquid state and the solid phases consist of the pure components. The
equilibrium diagram is shown in Fig. 1, 12,1. Here the points A and B
are the melting points of the pure components A4 and B respectively. If
the freezing points of a series of liquid mixtures, varying in composition
from pure A4 to pure B, are determined, the two curves represented by
AC and BC will be obtained. The curve AC expresses the compositions
of solutions which are in equilibrium, at different temperatures, with the
solid component 4, and, likewise, the curve BC denotes the compositions

_ * Frequently composition is expressed in mol fractions or in mol fractions x 100,
i.e., molecular composition X 100 (compare footnote to Section I,IV).
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of solutions in equilibrium with the solid B. At the point of intersection
of the two curves C, both solid components can exist in equilibrium with
a liquid solution of definite composition corresponding with the point C.
This point is called the eutectic point (Greek : easy melting), and repre-
sents the temperature and composition at which the system liquid - solid
A - solid B can exist in equilibrium ; in short, it gives the temperature
and composition of the system when both components crystallise out
simultaneously. This solid mixture is known as the eutectic mixture.
It has a fixed coniposition and melts and freezes, like a pure substance,
at a definite temperature. This temperature is the eutectic temperature
and is always the lowest freezing point of the whole series of mixtures
of A and B. The eutectic mixture is not, however, a definite chemical
compound because (i)
geparate crystals of the
two components can be
seenunder the microscope
and (ii) it rarely corre-
sponds to the exact com-
position of a simple
chemical compound ; itis,
in fact, an intimate
mechanical mixture or
conglomerate of the two
golid components. If a
liquid solution having a
composition represented ‘ _
bya point lyingto the left A+ Eutectic B + Eutectic
of the eutectic point C be
cooled, the solid com-  i007A 100% B
ponent A will crystallise 0.8 Composition %A
out (it is assumed that Fig. I, 12, 1.

supersaturation is ex-

cluded) when the temperature reaches the point on the curve AC corre-
sponding with the initial composition of the solution. If the cooling be
continued, more and more of the component 4 will separate and the compo-
sition of the solution will change in thedirection of C. When the composition
corresponding to the point C is reached, solid B, also, can crystallise out.
If withdrawal of heat from the system be continued, both solid 4 and solid
B will separate while the temperature remains constant. Since, according
to the phase rule (compare Section 1,20), the composition of the solution at
the point C must remain constant, it follows that the components 4 aud B
must crystallise from the eutectic solution in constant proportions. Ina
similar manner, if a liquid having a composition represented by a point
to the right of C be cooled, the solid B will separate and the composition
of the solution will change in the direction of C. At C, solid A will also
crystallise out, and the temperature and composition of the solution will
remain constant whilst the solid components crystallise out as a eutectic
mixture. If a liquid mixture of composition denoted by the eutectic
point C be cooled, no solid will separate until the eutectic temperature D
is reached and then the eutectic mixture will crystallise out.

Liquid

B+ Liqud

>

Temperature

A+ Liquid

o
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It is convenient, when dealing with mixtures, to call the temperature
at which the solid commences to crystallise from the liqnid, the freezing
point of the mixture, and to term the temperature at which the solid
mixture, begins to liquefy the melting point of the mixture. The com-
plete equilibrium diagram usually includes two curves, which are called
liquidus and solidus respectively. The liquidus (or liquidus curve) is the
temperature - composition curve of the liquid phase and is therefore the
freezing point curve ; it represents ‘‘ the beginning of freezing.” The
solidus (or solidus curve) is the temperature - composition curve of the
solid mixture and is therefore the melting point curve ; it corresponds to the
* beginning of melting ”’ on heating or to the ““ end of freezing ’ on cooling
the system. In Fig. I, 12, 1 the liquidus curve is ACB, whilst the solidus
curveis ADCEB. These curves divide the figure into regions which contain
the phases indicated in the diagram, and the composition of the system
represented by any point can be easily ascertained. Thus the point x
(Fig. 1, 12, 1) is a mixture of solid B ( = y) and liquid of composition z :
the proportion of liquid to solid is given by the ratio of the distance zy/xz.
I,13. Construction of equilibrium diagrams. It is interesting to
consider how a complete equilibrium diagram (including solidus and
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Fig. I, 13, 1.

liquidus curves) may be constructed. For simplicity, only the system
considered in the previous Section will be studied. The procedure is
known as the cooling curve method. When a pure substance is allowed
to cool slowly and the temperature observed at definite intervals of time,
a cooling curve may be constructed, e.g., ab in Fig. 1, 13, 1,i. 'When the
freezing point is reached, if supercooling is absent, solid will commence
to separate out and the temperature will remain constant until all the
liquid has solidified (bc in Fig.1,13,1,1). With further cooling of the
solid phase, the temperature will fall steadily as indicated by cd. If,
however, a solution is allowed to cool slowly and the cooling curve similarly
determined, a continuous curve ef (Fig. I, 13, 1, ii) is obtained as long a
the solution is entirely liquid. When a solid phase commences to form,
the heat of fusion will be liberated so that at the point f the rate of cooling

will be checked. Since the composition of the solution changes with the -

separation of the solid phase, the temperature will not remain constant
but will gradually fall until the eutectic is reached (fg). At the eutectic

I
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point both components crystallise out as a eutectic mixture and the
temperature remains constant until complete solidification has occurred
(line gh). After complete solidification of tlie mixture the fall in tempera-
ture of the system becomes uniform (line ki) until the room temperature
is reached. It is clear from what has already been said that the cooling
curve of the eutectic mixture will be similar to (i}—that of a pure sub-
stance. The points b, f and g at which a “ break ” occurs in the cooling
curve are called *‘ arrests ” or “‘ arrest points ’’ of the cooling curve.

The separation of the solid phase does not occur readily with some liquid
mixtures and supercooling is observed. Instead of an arrest in the cooling
curve at f’, the cooling continues along a continuation of ef* and then rises
suddenly to meet the line f'g which it subsequently follows (Fig. 1, 13, 1, iii).
The correct freezing point may be obtained by extrapolation of the two parts
of the curve (as shown by the dotted line). To avoid supercooling, a few small
crystals of the substance which should separate may be added (the process is
called ¢‘ seeding ’*) ; these act as nuclei for crystallisation.

Per cent A
100 80 60 40 20 0
@
o
] -
2 .
[N
Y
g -
13 -
R
\ Liquid
<,
b 2
e /
2 5
g o
K J? Lo
Solidus e
Fer cent A 100 80 60 40 20 0
Composition
(b)
Fig. I, 13, 2.

By constructing cooling curves for several mixtures of different com-
position, the total weight of the mixture being kept the same in each
case, a series of cooling curves may be obtained which may be employed
{or the construction of the equilibrium diagram. Thus in Fig. 7, 13, 2, a,
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the cooling curves obtained with various mixtures of the t..o components
A4 and B are shown. The first and last curves refer to pure 4 and pure B
respectively, whilst the other curves are for mixtures of 80 per cent. 4
and 20 per cent. B, 60 per cent. A anc 40 per cent. B, 40 per cent. A and
60 per cent. B, and 20 per cent. A and 80 per cent. B. By joining the
first arrest points (represented by crosses) the liquidus curve is obtained,
whilst the solidus curve is obtained by drawing a line through the second
arrest points (denoted by circles; see Fig. I, 13,2,b). In practice, it is only
necessary to plot the arrest temperatures against the composition, but
it is believed that Fig. I, 13, 2 brings out clearly the connexion between
cooling curves and the equilibrium diagram for the system under discussion,
and is therefore of considerable interest.

Another procedure, known as the thaw -melt method, is available for
the construction of equilibrium diagrams; it involves heating, ingtead of
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cooling, mixtures of known composition. This has certain advantages
over the cooling curve method, particularly in those cases where super-
cooling is serious and also where the quantity of material is limited. Let
us consider, for example, a system of composition represented by the
line ad (Fig.I, 13, 3), where d denotes the system completely solidified
and a the same system completely liquefied, i.e., above its melting point.
If the temperature of the solid expressed by d is slowly raised, no change
will occur until the point ¢, the eutectic temperature, is recached ; liquid
of composition C will then commence to form. As the temperature is
raised from ¢ to b, the quantity of liquid increases and its composition
changes from C to b; at b the last trace of solid is about to disappear
and above b the system is completely liquid. This forms the basis of the
thaw-melt procedure. A mixture of known composition—made by melt-
ing (to ensure thorough mixing), cooling and then powdering—is placed
in a wide capillary tube (of about 2 mm. diameter) and the powder well
pressed down with a thin glass rod or platinum wire so that the material
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occupies 3-5 mm. at the bottom of the tube.

29

The tube is then placed in

a well-stirred bath of a suitable liquid and the temperature slowly raised.
The temperature at which the first minute drops of liquid appear (i.e.,
at c), the so-called thaw point, is the eutectic temperature for the given

mixture.

The mixture is heated further and the temperature at which

the last trace of solid just disappears (i.e., at which the fused mass becomes
perfectly clear) is taken as the melting point (b).
melting points of other mixtures, as well as of the pure components, are
determined in the same way. Thaw points and melting points are then

plotted against composition.

The thaw points and

The curve obtained by joining the thaw

points is the solidus and that obtained by joining the melting points is
the liguidus. Only a pure substance, or a mixture having the composition
The thaw-melt
procedure demonstrates very clearly why an impure substance may melt

of the eutectic, melts sharply at a definite temperature.

over a considerable range of temperature.

The system (Section 1,12},

just studied in considerable detail, in which the components are completely
miscible in the liquid state and the solid phases consist of the pure com-
ponents, is very common with many pairs of organic and inorganic

substances. Iixamples are given in the following table.

A B EvuTecTIio

i ] i

{ «.Naphthol, m.p. 95-5° Naphthalene, m.p. 80° M.p. 61° !
Camphor, m.p. 179° Naphthalene, m.p. 80° | M.p. 32-3° '
Diphenylmethane, m.p. 27° | Naphthalene, m.p. 80° | M.p. 14°

i Benzoic acid, m.p. 122° Cinnamic acid, m.p. 133° ' M.p. 82°

! o-Nitrophenol, m.p. 44° p-Toluidine, m.p. ¢43° M.p. 15-5°

{ Antimony, m.p. 630° Lead, m.p. 327° M.p. 246°

| Bismuth, m.p. 271° Cadmium, m.p. 321° M.p. 146°

" Gold, m.p. 1063° Thallium, m.p. 303° M.p. 131°

1,14. System in which the two components form a compound

possessing a congruent melting point.
less frequently than that of Section 1,12, is of considerable interest.

This system, which occurs

The

equilibrium diagram depicted in Fig.I,14,1 (for benzophenone and
diphenylamine) is an illustration of a system in which the two components
form a compound possessing a congruent melting point, i.e., capable of
existing as a solid compound in equilibrium with a liquid of the same

composition.

and B that of diphenylamine (52-8°).

Point A is the melting point of benzophenone (47-7°)
When diphenylamine is added to

benzophenone, the freezing point is lowered along the curve AC. At
C (31-9°) there is the first cutectic point where benzophenone and the
addition compound {(C¢H;),CO.(C;H,),NH)} = D separate together as

a eutectic mixture.

point to a maximum at D (40-2°).

Further addition of diphenylamine raises the freezing
At D, the composition of the liquid

and solid phases are identical, and this maximum teniperature is therefore
In a similar
manner the freezing point of diphenylamine (B) is lowered by the addition
of benzophenone as indicated by the curve BE. The point ¥ is the second
eutectic point, where a eutectic mixture of diphenylamine and the addition

the congruent melting point of the addition compound.
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compound separates. Further addition of benzoplienone results in the
freezing point rising along £D to a maximum at D, the melting point of
the addition compound.

The liquidus consists of the curves AC, CDE and EB; the solidus
comprises the horizontal lines FCG and //EJ as well as the vertical
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Fig. I. 14, 1.

lines FA, JB and GD. The areas have the significance indicated in the
figure. The details of the plase diagram can be best understood and
the behaviour of various systems on cooling or heating readily predicted
by regarding it as composed of two diagrams of the simple eutectic type
(Fig. 1, 12, 1) placed side by side with the dividing line at DK. To the
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(a) (b)
Fig. I, 14, 2.

left of the dividing line the figure gives the equilibria of the two com-
ponent system A and compound D, whereas to the right of the line the
components may be regarded as D and B.

It is clear from the figure that the presence of a stable compound is
characterised by (i) a maximum point on the liquidus, (ii) a meeting
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point of the solidus and liquidus, and (iii) the existence of a eutectic
point on either side of the maximum. The melting point of the compound
may be above, below or between those of the two components. If the
compound is not completely stable but tends to decompose (dissociate)
into its components in the liquid state, the melting point will be lowered
by the products of decomposition. The shape of the middle branch of
the curve will therefore give a rough indication of the stability of the
compound. The greater the stability of the compound the sharper is
the maximum and, usually, the larger is the central branch CDE of the
curve as in Fig. I, 14, 2, a (e.g., phenol and picric acid). A flat maximum
and a small CDE curve indicate considerable decomposition of the addi-
tion compound into its components ag in Fig. I, 14, 2, b (e.g., naphthalene
and m-dinitrobenzene). Other examples of this system are collected in
the following table.

‘ 7
4 SuBsSTANCE A ‘ SUBSTANCE B Comrounp D EvuTrecTics
) 1 !
i = T l
! Phenol, | a-Naphthylamine, | 4B, m.p. 28-8° 16-0° (66-5 9% A).
| m.p. 40-4* m.p. 48-3° 24-0° (32 9 A)
. Phenol, . p-Toluidine, AB, m.p. 28-5° 8-0° (76 9% A),
i m.p. 40-4° m.p. 43° 19-9° (31 9 A)
' Phenol, Picric acid, AB, m.p. 83-1° 36° (94 9 A),
: m.p. 40+4° m.p. 122-5° 80-6° (42 9% A)
. a-Naphthol, " ‘p-Toluidine, AB, m.p. 53-7° 50-2° (60 9% A),
m.p. 93-9° m.p. 43° | 30-3° (19 9% A)
| |

I,15. System in which the two components form a compound with
an incongruent melting point, In this system the compound formed
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Fig. 1, 15, 1.
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is so unstable that it decomposes completely at a temperature below its
melting point, so that the solid cannot be in equilibrium with a liquid of
the same composition as itself—in other words, it has no true melting
point. Such a system is exemplified by benzene and picric acid : the
equilibrium diagram is shown in Fig. 1, 15, 1 (for clarity, the illustration
is not drawn to scale). The point A is the melting point of benzene,
B that of picric acid, and C that of the eutectic composed of solid benzene
and the addition compound (represented by the symbol 4,B,). The curve
CE is the equilibrium curve for the compound 4,B,—in the example under
consideration x = 1 and y = 1—with the submerged maximum at D.
The point D is not realised in practice because the compound decomposes
completely at E into solid picric acid and liquid benzene. The point E
is epoken of as the incongruent melting point of the compound (since the
composition of the liquid is not the same as that of the original compound)
or as the transition point. The curve EB represents the equilibrium
between solid B and the liquid. This system is rarely encountered among
compounds, but other examples are acetamide - salicylic acid and di-
methylpyrone - acetic acid ; it is, however, comparatively common in
alloy systems (e.g., gold - antimony, AuSb,).

1,16. System in which the two components form a continuous
series of solid solutions. In all the preceding examples the individual
components (4 or B or 4,B,) form separate crystals when solidifying from
the melt. - There are, however, a number of examples of the separation
of a homogeneous solid solution of 4 and B (or 4 and 4,B,, elc.).

Before studying the equilibrium diagrams of these systems, the significance
of the term solid solution must be made clear. A solid may dissolve com-
pletely in another solid to form a solid solution in a manner analogous to the
dissolution of one liquid in another to yield a liquid solution. The solid thus
obtained is perfectly homogeneous and has been called mixed crystals or
tsomorplous miztures; these two terms may suggest lieterogeneity and it is
therefore better to employ the expression solid solution, proposed by van’t
Hoff in 1890. The phenomenon is different from the process of ordinary
solution in a liquid since a liquid has no space lattice of its own. The formation
of a solid solution involves the structural dissolution of one solid by anotlier
crystalline solid : this process entails, particularly for inorganic compounds,
the spatial marshalling of the one in the other with respect to a definite space
lattice, and the resulting solid solution therefore beliaves as a single entity.
The physical properties of solid solutions are continuous functions of their
percentage composition. The conditions which must geucrally be satisfied
in the case of pairs of non-polar organic compounds are : (a} tleir chemical
constitution must be analogous, (b) their molecular volumes must be approxi-
mately equal, and (c) their crystal structurcs must be similar.

The general case of two compounds forming a continuous series of
solid solutions may now be considered. The components are completely
miscible in the solid state and also in the liquid state. Three different
types of curves are known. The most important is that in which the
freezing points (or melting points) of all mixtures lie between the freezing
points (or melting points) of the pure components. The equilibrium
diagram is shown in Fig.1,16,1. The liquidus curve portrays the com-
position of the liquid phase in equilibrium with solid, the composition of

el
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which is given by the solidus curve. The composition of the solid phase
changes continuously with that of the liquid from which it separates. It
is found experimentally, and can also be deduced theoretically, that at
any temperature the concentration of that component by the addition

Temperature

Solid Solution

100%A 0%A
[syA:] . 07.
t Composition 1007.8

Fig. I, 16, 1.

of which thie freezing point is depressed is greater in the liquid than in the
solid phase. It is evident from the figure that upon cooling a fused
mixture of two substances capable of forming solid solutions, the tem-
perature of solidification (freezing point) will not remain constant during
the separation of the solid, nor will the tempera-
ture of liquefaction (melting point) of the solid
solution be constant. Thus, for example, if a
liquid solution of composition a is allowed to
cool very slowly (so as to ensure equilibrium
conditions as far as possible), a solid of compo-
gition f will separate at b. As the temperature
continues to fall, more and more solid will be
deposited and, since the solid phase is relatively
richer in B, the liquid will become richer in A. :
The composition of the liquid will therefore d
pass along bg; the composition of the solid
will at the same time follow the curve fe. At Time
the point ¢, the last traces of liquid of compo- Fig. I, I6, 2.
sition g are jnst disappearing and solidification
is complete. The cooling curve will have the shape shown in Fig. 1. 16, 2,
solid commences to separate at b and solidification is completeatc. There
is no complete arrest, only a change in the rate of cooling during the
separation of the solid.

If a mixture of composition d is slowly heated (as in the thaw-melt

Temperature
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method), it will commence to melt at the temperature ¢ (i.e., the first
drops of liquid will appear) with the production of liquid of composition g.
Thereafter, as the temperature of the mass rises, more of the solid will
melt and the composition of the solid and liquid will change as represented
by the curves cf and gb respectively. Finally, when the temperature
has reached b, complete liquefaction will have occurred. The process
of melting or freezing thus extends over the temperature interval bc.
Examples of this system are p-naphthol, m.p. 122° - naphthalene, m.p.
80°, and «-monochilorocinnaniic aldehyde, m.p. 31-2°- a-monobromo-
cinnamic aldehyde, m.p. 69-6°.

Two other types of equilibrium curves are occasionally encountered
with the system of two components forming a continuous series of solid
solutions. These are shown in Figs. 1, 16, 3 and I, 16, 4. In the former
the freezing or melting curve passes through a minimum (examples:
p-chloroiodobenzene, mi.p. 57° - p-dichlorobenzene, m.p. 53°; naphtha-
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Fig. I, 16, 3. Fig. I, 16, 4.

lene, m.p. 80° - f-naphthylamine, m.p. 112°), and in the latter it passes
through a maximum (example : d- and l-carvoxime, m.p. 72°).

1,17, Mixed melting points. In the majority of cases the presence
of a *“ foreign substance ” will Jower the melting point of a pure organic
compound, This fact is utilised in the so-called mixed melting point
test for the identification of organic compounds. Let us suppose that an
unknown compound X is supplied which is suspected to be o-chlorobenzoic
acid since its melting point is 140°. This is tested for by intimately
mixing together approximately equal weights of X and an authentic
specimen of o-chlorobenzoic acid (4) and determining the melting point
of the mixture. If the melting point is still 140°, then X is o-chloro-
benzoic acid, but if the melting point is depressed by several degrees A4
and X cannot be identical. It is recommended that at least three mix-
tures containing, say, 10 per cent. X + 90 per cent. A, 50 per cent. X -
50 per cent. 4, and 90 per cent. X 4 10 per cent A be prepared, and the
melting points be determined. Alternatively, if time permits, the com-
plete melting point curve (i.e., the temperature at which the mixture
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liquefies completely) may be determined by the thaw point method
(Section I,13)—this will supply more information than mere evidence of
non-identity, should this be desired.

Cases may arise in which the melting poiut of certain mixtures are

higher than the individual components, e.g., if an addition compound of
higher melting point is formed (compare Fig. I, 14, 1) or if the two com-
pounds are completely soluble in the solid state forming solid solutions
(compare Figs. 1, 16,1 and I, 16, 4). Furthermore, for certain optical
isomers, e.g., d- and I-camphoroximes and for d and I-borneol, there is no
depression in the melting point, the freezing or melting points of all
mixtures being the same as the pure componeuts. It will be seen,
therefore, that the mixed melting point test, although of great practical
value, is not infallible and should accordingly be used with reasonable
regard to these possibilities.
I,18. System in which the solid phases consist of the pure com-
ponents and the components are only partially miscible in the
liquid state. In concluding the discussion on the theory of melting
and freezing, the system in which the two components are only partially
miscible in the liquid state and the solid phases consist of the pure com-
ponents will be considered. In all the previous cases the components
were completely miscible in the liquid state, but examples are known
(e.g., succinonitrile and water) where, over a limited range of concentra-
tion, the liquids are partially miscible and two liquid phases are formed.
The equilibrium diagram of a such a system is presented in Fig. [, 18, 1
(for the sake of clarity, this has not been drawn to scale; the salient
features have been exaggerated). Point A is the melting point of succino-
nitrile and B that of ice. If succinonitrile (4) is added to ice at B, the
freezing point will fall along BC, ice (solid B) separating ; ultimately
the temperature of the eutectic C (— 1:2°) will be reached. If the
temperature is now raised slightly so that the eutectic mixture just melts
and the addition of A4 is continued, the concentration of A in the solution
will increage (curve CD) and the solid phase in equilibrium with the
solutions denoted by C.D will be A (succinonitrile). At the point D (18-5°),
solid A melts and two liquid phases make their appearance. This is the
well-known phenomenon of melting under the solvent or the separation
of an “ oil ” during the recrystallisation of a pure substance from a solvent.
The compositions of the two liquid phases are represented by the points D
and E and there will be, in addition to the vapour, three phases present,
viz., A (the solid succinonitrile), solution of liquid 4 in B (water) and of
B in liquid A. The temperature ¢, is therefore a quadruple point (z.e.,
four phases coexist). The addition of more 4 will result in a change of
the relative amounts of the two layers—increased amount of Bin liquid 4,
decreased amount and eventual disappearance of liquid A4 in B—the
temperature remaining constant (DE). At E only one liquid phase is
present ; with further addition of A4, the equilibriumm temperature rises
as expressed by EA.

If the system represented by the point D be heated, the solid A will
disappear and two partially miscible liquids will remain. The curve
ETD is the ordinary solubility curve for two partially miscible liquids
(compare Section 1,8, Fig. 1, 8, 1). As the temperature rises, the mutual
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solubility of the two components increases until at the critical solution,
temperature T' (55-5°) they become miscible in all proportions. At all
temperatures above the curve BODTEA there is only one liquid phase;
at temperatures between D and 7', mixtures of total composition denoted
by points inside the area DTE will separate into two liquid phases.

The equilibrium diagram expresses in shorthand form the behaviour
of all mixtures upon heating or cooling. Thus, let us examine the effect
of cooling a homogeneous liquid mixture of composition expressed by
the point a. Two layers (conjugate solutions) commence to form at
b, the compositions of which are giveu by b and b’; with further cooling,
the compositions follow the curves bE and b'D respectively. When the
composition of the system as a whole is expressed by the point ¢, the
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compositions of the liquid layers are at £ and D : solid 4 tlien commences
to separate, the relative amount of the liquid layer richer in B (i.e., D)
increases and eventually the layer F disappears. The temperature
remains constant up to the point of the disappearance of the two layers.
Thenceforth the temperature falls gradually from ¢ to d, and the com-
position follows DC, solid A separating. At C, the eutectic point, the
other solid B deposits and the temperature again remains constant until
the liquid has disappeared. The solid mixture of A and B then cools
slowly along de. The behaviour of any other system to the left of the
curve AETD will be obvious from what has already been said ; systems
to the right of D behave normally like those of which the components are
completely miscible in the liquid state and the solid phases consist of
pure components (Section 1,12). For this reason the recrystallisation
of a substance which tends to ‘ melt under the solvent™ should be
confined to the area of composition to the right of the point D.
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Examples of solid - liquid systems with two liquid layers are given
below : the temperature ¢, is the temperature at which the two layers
separate or the quadruple point.

CoMPONENT A ComrONENT B ty
Water, m.p. 0° Acetanilide, m.p. 114° 83°
Water, m.p. 0° Succinonitrile, m.p. 54° 18-5°
Water, m.p. 0° Benzoic acid, m.p. 121° 98°
Water, m.p. 0° Phenol, m.p. 43° 1-7°
Benzene, m.p. 5° Resorcinol, m.p. 110° 95-5°

1,19. THEORY OF SUBLIMATION

The processes of distillation and sublimation are closely related.
There are three ways in which the vaporisation of a thermally stable
substance may take place on heating :—

(i) If the substance is liquid under ordinary conditions, it may boil at
a definite temperature depending upon the pressure.

(ii) If the substance is solid under ordinary conditions, it may first
melt at a definite temperature and, upon rise of temperature, boil like
an ordinary liquid.

(iii) If the substance is solid under ordinary conditions, it may volatilise
without melting, at a definite temperature depending upon the pressure.

The condensation of the vapour of a stable substance may, likewise,
take place in three ways :—

(i) There may be liquefaction only.

(if) Liquefaction may take place first, followed by solidification.

(iii) The vapour may pass directly, without the intermediate formation
of a liquid, into the solid state.

The term distillation is applied to vaporisation and subsequent con-
densation according to (i) ; it should also be applied to (ii) since it is
really the liquid which is converted into vapour and is first formed by
condensation. Strictly speaking, the term sublimation should be applied
to changes according to (iii). However, in practice, a substance when
heated may first melt and tlien boil, but on cooling it may pass directly
from the vapour to the solid : the process is then also called sublimation.
Indeed the mode of vaporisation, whether directly from solid to vapour
or through the intermediate formation of a liquid, is of secondary import-
ance ; it is the direct conversion of vapour to solid which is really the
outstanding feature of sublimation in the laboratory.

To understand the conditions which control sublimation, it is necessary
to study the solid - liquid - vapour equilibria. In Fig. I, 19, 1 (compare
Fig. 1, 10, 1) the curve T'W is the vapour pressure curve of the liquid (z.e.,
it represents the conditions of equilibrium, temperature and pressure, for
a system of liquid and vapour), and 7'S is the vapour pressure curve of the
solid (i.e., the conditions under which the vapour and solid are in equili-
brium). The two curves intersect at 7' : at this point, known as the triple
point, golid, liquid and vapour coexist. The curve TV represents the

3
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temperatures and pressures at which the solid and liquid can be in
equilibrium, that is, it indicates the influence of pressure upon the melting
point. This curve meets the other curves at the triple point 7'.

The normal melting point of a substance is the temperature at which
solid and liquid are in equilibrium at atmospheric pressure. At the
triple point, the pressure is the equilibrium vapour pressure of the systein
(solid - liquid - vapour) and the temperature differs from the melting
point. The difference is, however, quite small—usually only a fraction
of a degree—since the line 7'V departs only slightly from the vertical
within reasonable ranges of pressure.

It is clear that if the vapour at a pressure below the triple point is
reduced sufficiently in temperature, it will condense directly to the solid
form, or, sublimation will ensue. In order that a solid may pass directly

into vapour without the inter-
v w  Mmediate formation of a liquid phase,
the pressure of the vapour must not
be allowed to exceed that of the
triple point. This can easily be
Liquid done if the vapour pressure at the
triple point is fairly high and con-
sequently the rate of vaporisation
will be considerable ; the conditions
are then favourable for the puri-
T fication of the solid by sublimation
at atmospheric pressure. Thus, if
eamphor (triple point, 179°; equili-
Vapour brium pressure, 370 mm.) is slowly
heated below 179°, it will vaporise
without melting and, if the vapour
is deposited on a cooled surface, the
pressure will be kept below 370 mm.
Temperature so that vaporisation will coutinue
Fig. 1, 19, 1. until the solid has disappeared.
Condensation takes place on the
cold surface directly as the solid because the pressure is below that at the
triple point.

If the triple point pressure of a solid is below one atmosphere, it will
melt if the heating is conducted rapidly so that the vapour pressure can
exceed that at the triple point. If camphor is heated in a closed space,
the vapour pressure increases and when the value of 360 mm. is reached,
the solid will melt ; further heating results in an increase in the vapour
pressure and the camphor will boil when the vapour pressure is 760 mm.

For substances with a moderate triple point pressure (e.g., benzoic
acid, 6 mm., m.p. 122°; naphthalene, 7 mm., m.p. 80° *), the simple
process described above for camphor will not give a satisfactory yield of
a sublimed product. Thus, for example, if naphthalene is heated it will
melt at T' (80°), and will boil when the vapour pressure is 760 mm. (218°) ;

Solid

Pressure

* For most practical purposes the temperature and pressure at the triple poiut may be
regarded as not differing appreciably from the melting point and the vapour pressure at
the melting point respectively.
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it will be necessary to maintain the compound at about this temperature
if any substantial quantity is to be completely converted into vapour.
Upon cooling the vapour, naplhithalene will deposit as a liquid until the
temperature 7' (I'ig.1, 19, 1) is reached (the vapour pressure is then
7 mm.) and thenceforth as a solid. To improve the vield of subliniate,
the pressure in the system must be reduced ; this may be done by exhaus-
ting the apparatus with a pump. In the present and similar cases, a
simpler procedure is to dilute the vapour witl an inert gas (carbon dioxide
ornitrogen). Thisdilution will reduce the partial pressure of the substance
and also simultaueously cool the vapour; the sublimed crystals are
collected in a cooling chamber, where they deposit usually in a finely-
divided form. True sublimation can occur only when the partial pressure
of the vapour of the substance is lower thau its triple point pressure.
Substances with low vapour pressures at their melting points can only
be satisfactorily sublimed under greatly diminished pressure.

Two cases of direct sublimation at atmospheric pressure are worthy
of mention. Hexachloroethane has a triple point temperature of 186°
and a triple point pressure of 780 mm. Complete sublimation can there-
fore be easily effected by merely heating to about 185° (the vapour pressure
is 760 mm. at 185°). The melting point of this substance is most satis-
factorily determined in a sealed capillary tube. The triple point tempera-
ture and pressure of carbon dioxide are — 56-4° and 5-11 atmospheres
respectively. This means that liquid carbon dioxide can only be formed
if the pressure exceeds 5-11 atmospheres. If liquid carbon dioxide,
from a cylinder, is allowed to escape into the air (best into a cloth bag
tied to the nozzle of the cylinder), it absorbs so much heat during the
rapid evaporation that part of it is frozen into a snow-like solid. Com-
mercially, the carbon dioxide *‘ snow ” is compressed hydraulically into
slabs of Dry Ice or Drikold. The solid evaporates comparatively slowly,
owing to its high latent heat (87-2 cal. per gram), its high density (1-56),
and the fact that it is surrounded by an insulating layer of heavy vapour.
The solid will pass directly into the gas since atmospheric pressure is
well below the triple point pressure. Solid carbon dioxide (Dry Ice;
Drikold) has the following advantages over ice as a refrigerant :—

(1) As already stated, it passes directly into the vapour.

(2) It can produce a lower temperatiure (— 78°).

(3) It occupies less space.

(4) It forms excellent freezing mixtures with many organic liquids,
e.g., with aleohol, — 72°; with ether, — 77°; and with chloroform, — 77°.

(8) It has a Ligher latent heat and a greater density producing an
over-all cooling effect which is about twice as efficient as ordinary ice.

120. THEORY OF THE ACTION OF DRYING AGENTS

Drying agents may be divided broadly into (a) those which combine
with water reversibly and (b) those which react clieniically with water by
a non-reversible process giving rise to a new water-free compound.
Sodium, calcium carbide and phosphorus pentoxide belong to the latter
class and will be discussed in Section 11,39.
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To appreciate the action of a drying agent of class (), let us imagine
some anhydrous copper sulphate in an evacuated vessel provided with a
pressure gauge, and water is allowed to enter slowly ; the temperature
is assumed constant at 25°. The results may be best expressed by means
of a vapour pressure - composition diagram (Fig.,20,1). The initial
system is represented by the point A4 ; the pressure will rise along AB
unti] the monohydrate CuSO,,H,0 commences to form at B.
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At this point the system has three phases (CuSO,; CuSO,,H,0; H,0 vapour)
and the number of components is two (anhydrous salt ; water). Hence by the
phase rule, P+ F =C+ 2, de.,, 3+ F =242, or F =1. The system is
consequently univariant, in other words, only one variable, e.g., temperature, need
be fixed to define the system completely ; the pressure of water vapour in equili-
brium with CuSO, and CuSO,,H,0 should be constant at constant temperature.

As more water vapour is absorbed by the system, the pressure remains
constant along BC until the anhydrous salt is completely converted into
the monohydrate. The conversion is complete at C' : the pressure then
rises along CD until the trihydrate is formed at D. Two solid phases
(CuS0,4,3H,0; CuSO,,H,0) are now present and the pressure remains
constant until all the monohydrate is transformed into the trihydrate at
E. The pressure again rises to ¥, and when it attains the value denoted
by F, the pentahydrate commences to form and the system has a constant
pressure until all the trihydrate has passed into the pentahydrate at G.
The same curves are obtained if copper sulphate pentahydrate is dehy-
drated at constant temperature (25°) : here the powdered crystals of the
pentahydrate are contained in a vessel and the water vapour is gradually
removed by means of a pump. The pressure remains constant along GF
whilst the pentahydrate is being converted into trihydrate ; at F only
the trihydrate is present. A sharp drop in pressure to E then occurs
and along ED the trihydrate passes at constant pressure into the mono-
hydrate. This change is complete at D, the pressure falls again to C,
at which point dissociation of the monohydrate to the anhydrous salt
oceurs. This transformation is complete at B, and, with the complete
removal of the water, the pressure drops to almost zero at 4.
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It is evident froin these results that three equilibria are to be considered,
vz, =—

CuSO, + H,0—=CuSO,H,0; 0-8 mm.at 25° (i)
CuSO,H,0 + 2H,0 =CuS0,3H,0; 5-6 mm. (ii)
CuS0,,3H,0 + 2H,0 == CuS0,,5H,0; 7-8 mm. (iii)

Furthermore, it is the system, Hydrate I/Hydrate IT (or Anhydrous Salt),
that possesses a definite pressure at a particular temperature ; this is
independent of the relative amounts, but is dependent upon the nature
of the two components in equilibrium. It is incorrect, therefore, to
speak of the " vapour pressure of a salt hydrate.”

Similar results are obtained at other temperatures, e.g., at 50°, the
above three systems give equilibrium vapour pressures of 4-5, 30-9 and
45-4 mm. respectively. There is some evidence for the existence of a
tetrahydrate CuSO,,4H,0, but this does not affect the general nature of
the change described above. At temperatures higher than about 102°,
the pentahydrate is unstable and CuSO,3H,0 is the first stable
hydrate.

We may now understand the nature of the change which occurs when
an anhydrous salt, say copper sulphate, is shaken with a wet organic
solvent, such as benzene, at about 25°. The water will first combine to
form the monohydrate in accordance with equation (i), and, provided
sufficient anhydrous copper sulphate is employed, the effective concen-
tration of water in the solvent is reduced to a value equivalent to about
1 mm. of ordinary water vapour. The complete removal of water is im-
possible ; indeed, the equilibrium vapour pressures of the least hydrated
system may be taken as a rough measure of the relative efficiencies of
such drying agents. If the water present is more than sufficient to
convert the anhydrous copper sulphate into the monohydrate, then
reaction (i} will be followed by reaction (ii), i.e., the trihydrate will be
formed ; the water vapour then remaining will be equivalent to about
6 mm. of ordinary water vapour. Thus the monohydrate is far less
effective than the anhydrous compound for the removal of water.

Magnesium sulphate is a useful drying agent as can be seen from the
following table of equilibrium vapour pressures of the various possible
systems at 25° ;

MgSO, + H,0 =MgSO,H,0 ; 1mm.
MgSO,H,0 4+ H,0 ==MgS0,,2H,0; 2 mm.
MgSO,,2H,0 + 2H,0 = MgS0,,4H,0; 5 mm.
MgSO,,4H,0 + H,0 = MgSO0,,5H,0; 9 mm.
MgS0,,5H,0 + H,0 = MgS0,,6H,0; 10 mm.
MgS0,,6H,0 + H,0 == MgS0,,7H,0; 11-5 mm.

Another valuable drying agent of general application is anhydrous
calcium sulphate, marketed under the name of * Drierite.”” It is rapid in
its action, but has only a limited drying capacity because it forms the
hydrate 2CaSO,,H,0 and thus combines with only 6-6 per cent. of its
weight of water. The vapour pressure of the system :

2CaS0, + H,0 = 2CaS0,,H,0
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is only 0-004 mm. at about 25°. The residual water content is therefore
very low, and the substance may be employed for drying alcohols, esters,
ketones, acids, ete. If the water content of the organic substance is
somewhat high, a preliminary drying with another desiccant such as
anhydrous magnesium or sodium sulphate, which can absorb a higher
proportion of water, is recommended.

A rough method for comparing the drying powers of the common
desiccants consists in passing moist air over the drying agent maintained
at a constant temperature and then determining the residual moisture
with phosphorus pentoxide—the most efficient drying agent known.
Some results, due largely to Bower (1934), are tabulated below.

REsipDUAL WATER VAPOUR PER LITRE OF AIR aT 30-5°

RESIDUAL RESIDUAL
MaTsRIAL WATER (MG.) ] MATERIAL WATER (MG.)

Na,S0,, anhydrous ! 12 Mg(ClO,),,3H,0 0-03
CuS0,, anhydrous | 2.8 Silica gel . 0-03
CaCl,, granular * < 1-5 KOH, sticks 0-01
CaCl,, technical : | ALO, . . {  0-005

anhydrous t - ' 1-25 | CaSO,, anhydrous |  0-003
ZnCl,, sticks , 1-0 H,S0, . i 0-003
Ba(Cl0,),, a.nhydrous ; 0-8 CaO . ' 0-002
NaOH, sticks ‘ 0-8 Mg(CIO,),, ?
CaCl,, anhydrous i ! anhydrous 0-002

(fused) . . 0-4 i BaO . 0-0007
H,80,,95% . . ! 0-3 ; g

* Approximate composition : CaCl,,H,0. t Approximate composition : 4CaCly,H,0.

As a rough approximation it may be assumed that one mg. of water
contained in one litre of gas at 25-30° exerts a 1 mm. partial vapour
pressure. Obviously, the lower the residual water content or the vapour
pressure, the more intense is the ultimate drying capacity of the substance.

The vapour pressures of the various hydrate systems increase with
temperature (compare the figures for the three copper sulphate - water
systems of equations (i), (ii) and (iii) at 25° and 50° already given). It
follows, therefore, that the efficiency of desiccants decreases with rise of
temperature and, indeed, at high temperatures certain desiccating agents
may actually undergo dehydration. Thus the vapour pressures of some
calcium chloride - water systems exceed atmospheric pressure at higl
temperatures, as can be seen from the following table.

VaroUR PrESSURE oF CaLcioM CHLORIDE SYSTEMS

TEMPERATURE PRESSURE (MM.) Sorip PHasks
—55° 0-0 | Ice — CaCl,6H,0
+29-2° 5-7 1 CaCl,,6H,0 — B CaCl,4H,0
29-8° 68 . CaCly,6H,0 — « CaCly 4H,0
38-4 7-9 } g CaCl,4H,0 — CaCl,,2H,0
175-5° 8420 i CaCly,2H,0 — CaCl,,H,0

e A D,
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It follows that liquids of high boiling point should not be distilled from
drying agent systems which have appreciable vapour pressures. An
extreme case of this action is the dehydration of oxalic acid dihydrate
by distillation over toluene or over carbon tetrachloride.

I,21. Deliquescence and efflorescence. A substance is said to
deliquesce (Latin : to become liquid) when it forms a solution or liquid
phase upon standing in the air. The essential condition is that the vapour
pressure of the saturated solution of the highest hydrate at the ordinary
temperature should be less than the partial pressure of the aqueous
vapour in the atmosphere. Water will be absorbed by the substance,
which gradually liquefies to a saturated solution; water vapour will
continue to be absorbed by the latter until an unsaturated solution,
having the same vapour pressure as the partial pressure of water vapour
in the air, is formed. In order that the vapour pressure of the saturated
solution may be sufficiently low, the substance must be extremely soluble
in water, and it is only such substances (e.g., calcium chloride, zinc
chloride and potassium hydroxide) that deliquesce.

In the British Isles the atmosphere is normally about two-thirds
saturated and the partial vapour pressure of a well-ventilated laboratory
is 12-14 mm. at about 20°. The vapour pressure of calcium chloride
(CaCl,,6H,0 - CaCl,,4H,0) at room temperature is about 4 mm., that
of the saturated solution about 7-8 mm., and 100 grams of water will
dissolve 74-5 grams of the hydrate at 20°; it is therefore deliquescent.
Sodium and potassium hydroxides possess similar properties. Copper
sulphate pentahydrate, on the other hand, is not deliquescent as the
vapour of the saturated solution is about 16 mm. at 20° and that
of the CuSO,,6H,0 - CuS0,,3H,0 system is considerably less than this
(see Fig. I, 20, 1).

A salt hydrate is said to effloresce (Latin : to blossom) when it loses
water and falls to a powder upon exposure to the atmosphere. EfHores-
cence will occur when the vapour pressure of the hydrate system is
greater than that of water vapour in the atmosphere; dehydration
will then occur in the effort for equilibrium to be attained between
the hydrate system and the surroundings. A good example is washing
soda, Na,CO,,10H,0, which gives off water vapour with the production
of the monohydrate, Na,CO;H,0. Other examples are the systems
containing N1,80,,10H,0 and Na,HPO,,12H,0. )

It must be emphasised that deliquescence and efflorescence are
relative properties, since they depend upon the actual presence of
water vapour in the atmosphere, which varies considerably with place
and time.

A substance is said to be hygroscopic when it attracts moisture from
the atmosphere. All deliquescent compounds are consequently hygro-
scopic, but there are many hygroscopic substances which absorb water
vapour without deliquescing. Most dry substances, particularly it in a
fine powder form, are slightly hygroscopic. Substances which are
commonly regarded as hygroscopic include quicklime and cupric oxide.
The term is also applied to liquids: thus concentrated sulphuric acid,
abgolute methyl and ethyl alcohols, and deuterium oxide (“ heavy
water ”’) have hygroscopic properties.
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1,22, EXTRACTION WITH SOLVENTS

The process of extraction with solvents is generally employed either
for the isolation of dissolved substances from solutions or from solid
mixtures or for the removal of undesired soluble impurities from mixtures.
The latter process is usually termed washing.

The theory of the process can best be illustrated by considering the
operation, frequently carried out in the laboratory, of extracting an
organic compound from its aqueous solution with an immiscible solvent.
We are concerned here with the distribution law or partition law which,
states that if to a system of two liquid layers, made up of two immiscible
or slightly miscible components, is added a quantity of a third substance
soluble in both layers, then the substance distributes itself between the
two layers so that the ratio of the concentration in one solvent to the
concentration in the second solvent remains constant at constant tem-
perature. It is assumed that the molecular state of the substance is the
same in both solvents.* If ¢, and c, are the concentrations in the layers
A and B, then, at constant temperature :

cifcs = constant = K.

The constant K is termed the distribution or partition coefficient.
As a very rough approximation the distribution coefficient may be
assumed equal to the ratio of the solubilities in the two solvents.
Organic compounds are usually relatively more soluble in organic
solvents than in water, hence they may be extracted from aqueous
solutions. If electrolytes, e.g., sodium chloride, are added to the
aqueous solution, the solubility of the organic substance is lowered,
i.e., it will be salted out: this will assist the extraction of the organic
compound.

The problem that arises in extraction is the following. Given a limited
quantity of the solvent, should this be used in one operation or divided
into several portions for repeated extractions in order to secure the best
result ? A genera] solution may be derived as follows. Let the volume,
v ml., of the aqueous solution containing w, grams of the dissolved
substance be repeatedly extracted with fresh portions of s ml. of the
organic solvent, which is immiscible with water. If w, grams is the
weight of the solute remaining in the aqueous phase after the first
extraction, then the concentrations are w,/v g. per ml. in the aqueous
phase and (w, — w,)/s g. per ml. in the organic solvent layer. The
partition coefficient K is given by :

w, /v

(wy —wy)ls
Kv
or w, = W, th'l"’é

* For a theoretical treatment involving association or dissociation in one solvent, see,
for example, S. Glasstone, Text Book of Physical Chemistry, Second Edition 1947, p. 737
(Van Nostrand ; Macmillan).
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Let w, grams remain in the aqueous layer after the second extraction,
then :

gl N

(w, — w,)/s
Kv

or Wy = W) K——.m
Kv \*?
= (g 1)
Similarly if w, grams remain in the aqueous layer after the nth extraction:
Kv \»
wa = w7 1) ().

We desire to make w, as small as possible for a given weight of solvent,
i.e., the product of » and s is constant, hence n should be large and s
small ; in other words, the best results are obtained by dividing the
extraction solvent into several portions rather than by making a single
extraction with the whole quantity. It must be emphasised that the
expression deduced above applies strictly to a solvent which may be
regarded as completely immiscible with water, such as benzene, chloroform
or carbon tetrachloride ; if the solvent is slightly miscible, e.g., ether, the
equation (1) is only approximate, but is nevertheless useful for indicating
the qualitative nature of the results to be expected.

Let us consider a specific example, viz., the extraction of a solution of
4:0 g. of #-butyric acid in 100 ml. of water at 15° with 100 ml. of benzene
at 15°. The partition coefficient of the acid between benzene and water
may be taken as 3 (or 4 between water and benzene) at 15°. For a
single extraction with benzene, we have :

$ x 100

Wy = 4(m) —1-0g

For three extractions with 33-3 ml. portions of fresh benzene :

. $ X100 ¢
w”—4m'3ﬁ)—0 5g.

Hence one extraction with 100 ml. of benzene removes 3-0 g. (or 75 per
cent.) of the n-butyric acid, whilst three extractions remove 3-5 g. (or
87-5 per cent.) of the total acid. This clearly shows the greater efficiency
of extraction obtainable with several extractions when the total volume
of solvent is the same. Moreover, the smaller the distribution coefficient
between the organic solvent and the water, the larger the number of
extractions that will be necessary.

The above considerations apply also to the removal of a soluble im-
purity by extraction (or washing) with an immiscible solvent. Several
washings with portions of the solvent give better results than a single
washing with the total volume of the solvent.

3



CHAPTER II
EXPERIMENTAL TECHNIQUE

1I,1. COMMON ORGANIC LABORATORY APPARATUS

It will be useful at the very outset to introduce the student to the
apparatus that is commonly employed in the organic laboratory. Whether
he will personally handle all the types of apparatus to be described will,
of course, depend (i) upon the duration of the course in practical organic
chemistry and (ii) upon tlie facilities provided by the laboratory. Never-
theless, it is deemed advantageous that the student should, at least,
know of their existence.

Flasks. Various types of flasks are shown in Fig. 11,1, 1, a—e.

I

(a) b () (d) (e)
Fig. 11, 1, 1.

(a) Flat-bottomed flask (the so-called Florence flask) with vial mouth.
The sizes vary between 50 ml. and 40 litres.

(b) This is similar to (&) except that it is provided with a ring neck,
which increases the mechanical strength, prevents breakage when a
stopper is inserted, and provides a means for wiring a stopper in place.
The upper rim is ground flat.

(¢) Round-bottomed flask. The common sizes range between 25 ml.
and 50 litres.

(d) Round-bottomed flask with short ring neck (the so-called bolt-
head flask). This is widely used, particularly in advanced work, and
possesses the advantages given under (b). The common sizes range

between 50 ml. and 20 litres.

[ (e) This is the familiar Erlenmeyer or conical
flask. The common sizes range between 25 ml.
and 6 litres.

Beakers. The usual Griffin form with spout,
Fig.11,1,2,a, are widely used. Sizes between
30 ml. and 6 litres are available. The tall form
without spout (Fig. II, 1, 2 b) occasionally finds
¥ig. 11, 1, 2. application in organic laboratories.

46
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Distilling flasks. Fig.II,1,3,a is the ordinary distilling flask.
The sizes vary between 25 and 5,000 ml.

(b} is the so-called Claisen flask, a distilling flask with two necks; the
thermometer is placed in the neck carrying the side arm. Sizes vary
between 25 ml. and 2,000 ml. Tt is of particular value in distillations
where foaming or bumping occurs, and is widely employed in distillations
under diminished pressure.

(c) is identical with (b) except that it is provided with a second long and
indented neck (which is essentially a Vigreux column—see Section 11,15).
It is sometimes termed a Claisen flask with fractionating side arm.

In (d) the side arm outlet extends a short distance into the long neck
of the flask, thus preventing any vapour which has been in contact with
cork or rubber stoppers from condensing and flowing down the side arm.

Q) (b (d)
Fig. I1, 1, 3.

(C)
It is usually employed for those liquids which attack cork or rubber
stoppers.

Condensers, The various types in common use are shown in
Fig. 11,1, 4, a-h.

(a) is a typical Liebig condenser, which consists of an inner glass tube
surrounded by a glass jacket through which water is circulated. The
inner jacket is fitted into the outer jacket by means of rubber stoppers ;
rubber tubing, formerly used, is less durable and is not recommended.

(b} is an all-glass Liebig condenser of similar design to (a); the jacket
is sealed to the condenser tube. Two convenient sizes of condensers,
suitable for general use, have jackets of 20 and 40 cm. length.

In the Pyrex glass West condenser greater efficiency of cooling is
obtained by having a light-walled inner tube and a heavy-walled outer
tube with a minimum space between them. .

(c) is the inner tube of a Liebig condenser. It is used as an air-con-
denser when the boiling point of the liquid is above 140-150°.

(d) is an all-glass Allihn condenser. The condensing tube is made with
a series of bulbs ; this increases the condensing surface and lessens the
resistance to the passage of vapours when the condenser is employed for
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refluxing, i.e., for condensing the vapours issuing from the flask so that the
liquid continuously flows back again.

(e) is a typical double surface condenser (Davies type). It is far more
efficient than any of the preceding types and the jacket is usually shorter.

—

(-

(q) (b) ©) (d)

Q\\\UH\\HHU!

© (") ® (h)
Fig. 11, 1, 4.

(f) is an efficient spiral condenser of the Friedrich type. The hot
vapours can be introduced either at the side or the bottom, thus permitting
the use of the condenser either for condensing vapours from another
reaction vessel or for ordinary reflux purposes.

(9) is a coil condenser provided with an internal glass coil or spiral.
In a modification there is both an internal spiral as well as an outer cooling
_jacket.
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(k) is a Dewar type of reflux condenser. It is usually charged with a

freezing mixture, e.g., Dry Ice mixed with alcohol or acetone.
Funnels. Various kinds of funnels are depicted in Fig. I, 1, 5, a—f.

\/QX%P

(q) (b

N
f

() (e) ()

Fig. I1, 1, 5.

(a) is the ordinary 60° filtration funnel. It is convenient in many
operations to employ funnels with a short stem (0:5-1 cm. long) as in (b).

(c), (d) and (e) are examples of separatory funnels. Type (c) is the
globular form and is the most widely used ; (d) and (e) are the Squibb
(pear-shaped) and cylindrical separatory funnels respectively. The
funne] (f) is similar to (c) except that it is provided with a device immedi-
ately below the tap which enables the liquid to be added dropwise, the
rate of addition being visible even when the stem of the funnel is immersed
ma liquid : it is termed a dropping funnel.

Hot water funnels. Three varieties of hot water funnel are illustrated
in Fig.11,1,6. Type (a) consists of a double-walled copper jacket to

.n'?l

R

(b) b (c)

Fig. I1, 1, 8.
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house the funnel ; it is mounted on a tripod. The space between the
walls is almost completely filled with water, and the water may be heated
to any desired temperature below 100° by directing the flame of a Bunsen
burner on to the side tube. Type (b) consists of a coil made of copper
or lead tubing of about 10 mm. diameter forming a 60° cone ; this will
therefore accommodate any funnel. Hot water or steam is passed through
the coil, hence it is very suitable for the filtration of inflammable liquids.
The funnel may also be used for * cold filtrations ”’ by circulating cold
water through the coil. Type (c) is an electrically heated funnel and is
provided with a constant level device. Electric heating mantles (see
Section I1, 57) for both 60° glass funnels and Buchner funnels are commer-
cial products.

Funnels for filtration by suction. These are illustrated in Fig.
11,1,7,ay.

(a) (b)

(d) ()

Fig. I1, 1, 7.
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(a) is a Buchner funnel ; it is made of porcelain and has a perforated
porcelain plate to support a filter paper. A Buchner funnel (and other
funnels described below) is used in conjunction with a filter or suction
flask, into which it is fitted by means of a rubber stopper as in (c); the
flask is attached by means of thick-walled rubber tubing (* pressure
tubing ') to a water suction pump.

(b) is a modification kiiown as a Hirsch funnel. This has sloping sides
and is designed to deal with a smaller amount of precipitate than the
Buchner funnel. The smallest size will accommodate filter papers
3-4 mm. in diameter.

(d) is a substitute for the Hirsch funnel. It consists of an ordinary
glass funnel fitted with a Witt plate (e), which is a perforated porcelain
plate 1-4 cm. in diameter, upon which a filter paper can rest. The great
advantage of (d) is that it is possible to see whether the apparatus is clean ;
with porcelain funnels it is impossible to inspect the lower side of the
perforated plate.

(f) is a “slit sieve ” funnel. It is constructed entirely of glass
(Jena or Pyrex) and therefore possesses obvious advantages over the
opaque (porcelain) Buchner or Hirsch funnel.

(9) is a sintered glass funnel, and is available in a number of porosities
(coarse, medium and fine).

Multi-necked flasks. Fig.Il, 1,8, a, illustrates a typical three-
necked flask. This has numerous applications in organic chemistry ;
for many operations, the central aperture carries a mechanical stirrer,
and the two side apertures a dropping funnel and a reflux condenser
respectively.

(d) \ j
‘O) i © el

Fig. 11, 1, 8.

(b} and (c) are alternative forms of two-way addition tubes. These
normally have an overall length of 16-20 cm., and the openings have an
internal diameter of 24-25 mm.

(d) is a three-way addition tube. The addition tubes are usually
inserted into wide-necked flasks (e.g., bolt-head flasks).

(e) is a special form of three-necked flask (sometimes termed a Grignard
flask), which is particularly suitable for any reaction (eg., the
Grignard reaction) where components of widely different densities are to
be mixed.
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Spatulas, Stainless steel, nickel and porcelain spatulas are available
commercially. Some of these are shown in Fig. 11,1, 9; (a) is a spatula
with a flexible stainless steel blade and is provided with a wooden handle ;
(b) is a nickel spatula and has a turned-up end to facilitate the handling

i “.
(a) (b) (C) (d)
Fig. II, 1, 9.
of small quantities of material ; (c) is the scoop-type of nickel spatula * ;
and (d) is a spatula in porcelain.
Miscellaneous apparatus. Two forms of adapters (or adapter

tubes) are illustrated in Fig. 11,1, 10,a and b ; these are generally used
to facilitate the delivery of a distillate from a condenser to a receiver.

=\

(a)

(b) (<) (d)
Fig. II, 1, 10.

Two forms of the so-called calcium chloride tubes (also termed drying
tubes, straight form) are shown in (¢) and (d); these are filled with
anhydrous calcium chloride or with cotton wool (previously dried at
100°), and are attached by means of a stopper to a flask or apparatus
containing substances from which moisture is to be excluded,

AT b e e

g

* Supplied by the Fisher Scientific Company.
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11,2, CLEANING AND DRYING OF GLASSWARE

All glassware should be scrupulously clean and, for most purposes,
dry before being employed in preparative work in the laboratory. It is
well to develop the habit of cleaning all glass apparatus immediately
after use ; the nature of the “ dirt ”’ will, in general, be known at the
time, and, furthermore, the cleaning process becomes more difficult if
the dirty apparatus is allowed to stand for any considerable period,
particularly if volatile solvents have evaporated in the meantime.

The simplest method, when access by a test-tube brush is possible, is
to employ a commercial household washing powder containing an abrasive
which does not scratch glass (e.g., ““ Vim,” ** Glitto,” ete.). The washing
powder is either introduced directly into the apparatus and moistened
with a little water or else it may be applied to the dirty surface with a
wet test-tube brush which has been dipped into the powder ; the glass
surface is then scrubbed until the dirt has been removed. The operation
should be repeated if necessary. Finally, the apparatus is thoroughly
rinsed with distilled water. If scrubbing with the water-washing powder
mixture is not entirely satisfactory, the powder may be moistened with
an organic solvent, such as acetone.

Excellent results are obtained with warm 15 per cent. trisodium phos-
phate solution to which a little abrasive powder, such as pumice, has
been added. This reagent ig not suitable for the removal of tars.

The most widely used cleansing agent is the *‘ chromic acid *’ cleaning
mixture. It is essentially a mixture of chromic acid (CrQ;) and con-
centrated sulphuric acid, and possesses powerful oxidising and solvent
properties. Two methods of preparation are available : —

(1) Five grams of sodium dichromate are dissolved in 5 ml. of water
in a 250 ml. beaker ; 100 ml. of concentrated sulphuric acid are then
added slowly with constant stirring. The temperature will rise to
70-80°. The mixture is allowed to cool to about 40° and then transferred
to a dry, glass-stoppered bottle.

(2) One hundred ml. of concentrated sulphuric acid, contained in a

- 250 ml. Pyrex beaker, are cautiously heated to about 100°, and 3 grams

of sodium or potassium dichromate gradually added with stirring.
Stirring should be continued for several minutes in order to prevent the
resulting chromic acid from caking together. The mixture is allowed to
cool to about 40°, and transferred to a dry, glass-stoppered bottle. The
chromic acid mixture prepared by shaking excess of sodium dichromate
or of finely-powdered potassium dichromate with concentrated sulphuric
acid at the laboratory temperature is not as efficient as that prepared
by method (1) or (2); it is, however, useful for cleaning glassware for
volumetric analysis. The mixture has powerful oxidising and solvent
properties ; its exhaustion is readily recognised by the change in colour
from reddish-brown to green.

Before using the chromic acid mixture for cleaning, the vessel should
be rinsed with water to remove organic matter and particularly reducing
agents as far as possible. After draining away as much of the water as
practicable, a quantity of the cleaning mixture is introduced into the
vessel, the soiled surface thoroughly wetted with the mixture, and the
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main quantity of the cleaning mixture returned to the stock bottle.
After standing for a short time with occasional rotation of the vessel to
spread the liquid over the surface, the vessel is thoroughly rinsed succes-
sively with tap and distilled water. If a black solid, probably consisting
largely of carbon produced by overheating the contents of the apparatus,
remains after the abave treatment, it is recommended that a small volume
of the reagent be introduced into the flask and the latter gently and
evenly heated with a free flame until the acid commences to fume.. Under
these conditions, most carbonaceous matter is oxidised.

The procedure whereby a litile alcohol is rapidly added to the vessel, supported in
the fume chamber and containing some concentrated nitric acid, although generally
preceded by a short period of induction, may be extremely dangerous and should not
be used. Under no circumstances should concentrated nitric acid be added to ethyl

alcohol—a violent explosion may result.
Satisfactory cleaning may often be achieved by rinsing the vessel with a few ml.

Y

@
of benzene, draining well, thoroughly
wetting the soiled surface with concen-
trated sulphuric acid, then pouring out
= and washing well with distilled water.
It must be emphasised that there is
no universal cleaning mixture. The
student must take into account the
nature of the substance to be removed
and act accordingly. Thus if the resi-
L due in the flask is known to be basic in
character, dilute hydrochloric or sul-
Fig. 11, 2, 1. phuric acid may dissolve it completely ;
simijlarly, dilute sodium hydroxide
solution may be employed for acidic residues. If the residue is known to dissolve
in a particular inexpensive organic solvent, this should be employed.

Small glass apparatus may be dried by leaving it in a steam oven or
in an electrically-heated oven maintained at 100-120° for one to two
hours. Most organic apparatus is too bulky for oven drying and, more-
over, is generally required soon after washing : other methods of drying
are therefore used. All these methods depend upon the use of a current
of air, which should preferably be warm. If the apparatus is wet with
water, the latter is drained as completely as possible, then rinsed with a
little methylated spirit, followed, after draining, with a little ether ;
alternatively, the apparatus may be rinsed with a little acetone. It is
convenient to have two bottles labelled METHYLATED SPIRIT FOR
WASHING and ETHER FOR WASHING if the alcohol-ether method
of drying is used for rinsing out the apparatus. If acetone rinsing is
employed, the bottle should be labelled ACETONE FOR WASHING.
After rinsing with the organic solvent, the subsequent drying is most con-
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eniently done with the aid of the warm air blower shown in Fig. 11,2, 1.
; consists of an inexpensive commercial hair drier * mounted on a retort
and ; a cork carrying a wide glass tube (about 10 mm. in diameter)
fitted into the air orifice and securely wired into position. The air
last is controlled by a three-way combination switch : witli one setting
f the switch the apparatus blows air at the laboratory temperature,
ith another setting it blows hot air, and with a third setting the blower
-switched off. The apparatus, moist with organic solvent, is held (or
ipported) over the glass tube and cold air is first passed through for a
inute or two, and this is soon followed by hot air until the apparatus is
woroughly dry.

A less satisfactory method of drying after the washing with the organic
lvent is to pass a stream of air from a blowpipe bellows (foot or electric-
ly operated) into the vessel through a long wide glass tube. When
ost or all of the solvent has evaporated, a length of the glass tube may
e heated in u flame, thus introducing warm air into the vessel to complete
1e drying.

[,3. USE OF GORK AND RUBBER STOPPERS

Two points must be borne in mind when selecting a cork stopper. In
1e first place, the cork should be examined for freedom from flaws ;
nless corks of the highest quality are employed,
1ey are liable to have deep holes, which render them
seless. In the second place, the cork should origin-
ly fit as shown in Fig. /I, 3, 1, a and not as in b.
, should then be softened by rolling in a cork press
r by wrapping it in paper and rolling under the foot.
To bore a cork, a borer should be selected which
'ves a hole only very slightly smaller than that
esired. The cork borer is moistened with water or
lcoho!l or best with glycerine ; it is convenient to
eep a small bottle (ca. 26 ml. capacity) containing glycerine, IFig.
11, 3, 2, for this purpose. The borer is held in the right
hand and the cork in the left hand. The hole is started
at the narrow end with a continuous rotary motion. Be-
ginners should bear in mind that the borer is a cutting
instrument and not a punch, and on no account should
it be allowed to burst its way through the cork because
the borer, upon emerging, will almost invariably tear the
surface of the cork. It is a good plan to examine the
— borer from time to time as it advances through the cork
- to see that it is cutting a straight hole, Boring should be
- stopped when it is half through the cork 1 and the tool

(Q) 1)}
Fig. I1, 3, 1.

J removed from the hole. The cork plug is pushed out
) with the aid of the solid metal rod supplied with the set
ig. I1, 3, 2. of borers, and the remainder of the hole is bored from

* An excellent and inexpensive hot air drier (** A.M. Industrial Type Blower '') is manu-
ctured by Bylock Electric Ltd., Ponders kEnd, Enfield, Middlesex.
t With a little experience this can usually be accomplished in one operation without
1e necessity of stopping to see whether a straight hole is being cut.
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the other end. If the holes are carefully aligned, a clean cut hole
is obtained. Experienced laboratory workers frequently complete the
whole boring operation from one side, but beginners usually tear the
edges of the cork by this method, which is therefore not recommended,
A well-fitting cork should slide over the tube (side arm of distilling flask,
thermometer, lower end of condenser, etc.) which is to pass through it with
only very moderate pressure. The bored cork should be tested for size ; if
it is too small, the hole should be enlarged to the desired diameter with a
small round file. When the correct size is obtained, the tube is held near
the end and inserted into the cork. The tube is then grasped near the cork
and cautiously worked in by gentle twisting. Under no circumstances
should the tube be held too far from the cork nor should one attempt to
force a tube through too small an opening in a cork;
neglect of these apparently obvious precautions may
result in a severe cut in the hand from the breaking
of the glass tube.

For consistently successful results in cork boring,
a sharp cork borer must be used. The sharpening
operation will be obvious from Fig. 11,3, 3. The borer
is pressed gently against the metal cone, whilst slight
pressure is applied with the ‘‘ cutter ”’ 4 at B; upon
slowly rotating the borer a good cutting edge will be
obtained. If too great pressure is applied either to
the borer or to the ‘ cutter,” the result will be un-
satisfactory and the cutting circle of the borer may be
damaged. To maintain a cork borer in good condition,
it should be sharpened every second or third time
it is used.

7 Rubber stoppers are frequently employed in the
laboratory in “ vacuum distillation "’ assemblies (com-
pare Section 11,19); for distillations under atmospheric
pressure bark corks are generally used. Many organic
liquids and vapours dissolve new rubber stoppers
slightly and cause them to swell. In practice, it is
c—————— found that rubber stoppers which have been previously
Fig. I1, 3, 3. used on one or two occasions are not appreciably
T attacked by most organic solvents, owing presumably
to the formation of a resistant surface coating. To bore a rubber stopper,
it is essential to employ a very sharp cork borer of the same size as the
tube to be inserted into the hole. The borer is lubricated with a little
glycerine (Fig. 1, 3, 2) and steadily rotated under only very slight pressure.
The operation requires a good deal of patience and time and frequent
lubrication may be necessary ; if too much pressure be exerted on the
borer, a hole of irregular shape and diminishing size will result.

The insertion of a glass tube into a rubber stopper or into rubber
tubing is greatly facilitated by moistening the rubber with a little
glycerine. After some use rubber may stick to glass and great care must
be taken not to break the glass tube when removing it. Frequently the
exertion of gentle pressure on the rubber stopper by means of the two
thumbs whilst the end of the tube (or thermometer) rests vertically on
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the bench will loosen the stopper; this operation must, however, be
conducted with great care. Another method is to slip the smallest
possible cork borer, lubricated with a little glycerine, over the tube, and
to gradually rotate the borer so that it passes between the stopper and
the glass tube without starting a new cut.

114. CUTTING AND BENDING OF GLASS TUBING

Many students tend to forget the practical details learnt in elementary
courses of chemistry ; they are therefore repeated here. To cut a piece
of glass tubing, a deep scratch is first made with a triangular file or * glass
knife.”” The tubing is held in both hands with the thumbs on either side
of the scratch, but on the side opposite toit. The tubing is then *“ pulled ”
gently as though one wanted to stretch the tube and also open the scratch.
A break with a clean edge will result. The cut edge must then be rounded
or smoothed by fire polishing. The end of the tube is heated in the
Bunsen flame until the edges melt and become quite smooth ; the tube
is steadily rotated all the time 8o as to ensure even heating. Overheating
should be avoided as the tube will then partially coliapse.

600D BEND ﬂ B8AD BEND

[ & — bd = ol
(b) (c)
Fig. I1, ¢, 1.

A “ batswing *’ or “fish-tail ” burner is generally used for the bending
of glass tubing. The tube is held with both hands in the length of the
flame (Fig. 11, 4, 1, a) so that 5-8 cm. are heated : the tube must be slowly
rotated about its axis so as to heat all sides equally. As soon as the glass
is felt to be soft, it is bent to the required shape. This is best done by
removing it from the flame and allowing one end to fall gradually under
its own weight, whilst being guided so that it is in the same plane as the
rest of the tube. The glass must never be forced, otherwise a bad bend
with a kink will be obtained as in Fig. 11, 4, 1, c.

11,5. HEATING BATHS

For temperatures up to 100°, a water bath or steam bath is generally
employed. The simplest form is a beaker or an enamelled iron vessel
mounted on a suitable stand; water is placed in the vessel, which is
heated by means of a flame. This arrangement may be used for non-
inflammable liquids or for refluxing liquids of low boiling point. Since
numerous liquids of low boiling point are highly inflammable, the presence
of a naked flame will introduce considerable risk of fire. For such liquids
a steam bath or an electrically-heated water bath, provided with a con-
stant-level device, must be used. If the laboratory is equipped with a
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gteam service, it is convenient to have a number of baths, fitted with a
series of concentric copper or lead rings in order to accommodate various
gizes of flasks, mounted on lead-covered benches; the steam supply
enters near the bottom of the bath and is controlled by a cock outside it.
If the laboratory has no external steam supply, the electrically-heated
water bath, depicted in Fig. I1, 5, 1, is equally serviceable. The bath is
of copper, has a diameter of 20-25 cm., and is fitted with an all-metal
constant-level device. It is heated by means of a hot plate * in which
is incorporated a three-heat (* high,” ‘“ medium ” and “‘low ”’) switch.
Any size flask may be supported with the aid of the set of concentric
copper or lead rings. The temperature of the water in A is controlled
PLAN

SWIVEL JOINT CONSTAN!
SIDE ELEVATION LEVEL REGULATOR

= Y

Fig. II, 5, 1.

by the three-way switch on the hot plate and by the rate at which water
is allowed to enter the bath A4 ; it is recommended that the thick-walled
rubber tubing connecting the water tap with the constant level device B
be securely fixed at both ends with a turn or two of copper wire.

For temperatures above 100°, oil baths are generally used. Medicinal
paraffin may be employed for temperatures up to about 220°. Glycerol
and di-n-butyl phthalate are satisfactory up to 140-150°; above these
temperatures fuming is usually excessive and the odour of the vapours
is unpleasant. For temperatures up to about 250° * hard hydrogenated
cotton seed oil, m.p. 40-60°, is recommended : it is clear, not sticky and
solidifies on cooling ; its advantages are therefore obvious. Slight dis-
coloration of the “ hard ” oil at high temperatures does not affect its

* A suitable enclosed-type hot plate (  boiling ring ™) is supplied by Belling and Co. Ltd.
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value for use as a bath liquid. The Silicone fluids, e.g., MS 550 *, are
probably the best liquids for oil baths, but are at present too expensive for
general use. The MS 550 fluid may be heated to 250° without appreciable
loss and discoloration. Oil baths should be set up in the fume cupboard
wherever possible. A thermometer should always be placed in the bath
to avoid excessive heating. Flasks, when removed from an oil bath,
should be allowed to drain for several minutes and then wiped with a rag,.
0Oil baths are generally heated by a gas burner. Some form of internal
electrical heating may be employed by advanced students ; a commercial
heater embedded in ceramic material and sealed in metal may be supported
near the bottom of the bath : the heat input is conveniently controlled by
a variable transformer.

Higler teniperatures niay be obtained with the aid of baths of fusible
metal alloys, eg., Woods metal—4 parts of
Bi, 2 parts of Pb, I part of Sn, aud 1 part of
Cu—melts at 71°; Rose’s metal—2 of Bi, 1
of Pb and 1 of Sn—has a melting point of 94°;
a eutectic mixture of lead and tin, composed
of 37 parts of Pb and 63 parts of Sn, melts
at 183°. Metal baths should not be used at
temperatures niuch in excess of 350° owing to
the rapid oxidation of the alloy ; this oxidation
may be reduced by employing a small com-
mercial glue pot (Fig.II,, 2), the outer pot
containing the metal alloy. Before heating,
the beaker should be held in a large luminous
flame until it is covered with a deposit of
carbon, which prevents the fused metal from
adhering to the beaker; the same result is
obtained by coating the beaker with graphite. Fig. 11, 5, 2.

The beaker and thermometer should beremoved

from the metal bath before the latter solidifies. Metal baths have the
advantage that they do not smoke or catch fire; they are, however,
solid at the ordinary temperature and are usually too expensive for
general use.

A satisfactory bath suitable for temperatures up to about 250° may be
prepared by mixing four parts by weight of 85 per cent. ortho-phosphoric
acid and one part by weight of meta-phosphoric acid; the mixed com-
ponents should first be heated slowly to 260° and held at this temperature
until evolution of steam and vapours has ceased. This bath is liquid at
room temperatures. For temperatures up to 340°, a mixture of two parts
of 85 per cent. ortho-phosphoric acid and one part of meta-phosphoric
acid may be used : this is solid (or very viscous) at about 20°.

A shallow metal vessel containing sand, the so-called sand bath,
heated by means of a flame, was formerly employed for heating flasks and
other glass apparatus. Owing to the low heat conductivity of sand, the
temperature control is poor; the nse of sand baths is therefore not

* Supplied by Midland Silicones Ltd., 19 Upper Brook Street, London, W. 1; also

by Imperial Cliemical Industries Ltd., 149 Park Lane, London, W. 1. An equivalent
product is available from Dow.Corning, U.S.A.
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recommended for routine work in the laboratory. It may occasionally be
employed where high temperatures are required, e.g., in tliermal decom-
position ; as a rule, graphite or nickel shot is preferable for this purpose.

(b)

Fig. 11, 5, 3.

An air bath may be readily constructed
by the student from a commercial circular
tin can (that from tinned fruit or food is
quite suitable), and is very satisfactory for
most work involving the heating of liquids
of boiling point above 80° (or below this
temperature if the liquid is non-inflammable).
The top edge of the can is first smoothed and
any ragged pieces of metal removed. A
series of holes is then punched through the
bottom, and a circular piece of asbestos
(about 2-3 mm. thickness) of the same dia-
meter as the can inserted over the holes.
The body of the can is then wrapped with
asbestos cloth which is bound securely in
position by two wires near the top and bottom

of the canrespectively. A piece of asbestos board (2-4 mm. thickness) of

diameter slightly larger than the top of the can
is then obtained and a hole of suitable diameter
made in its centre; the asbestos is then cut
diametrically. The two halves, which constitute
the cover of the air bath, will have the shape
gshown in Fig. 11,5, 3,b. The diameter of the
hole in the asbestos lid should be approximately
equal to the diameter of the neck of the largest
flask that the air bath will accommodate. The
air bath, supported on a tripod, is heated by
means of a Bunsen burner : the position of a
distilling flask, which should be clamped, is
shown in Fig. I1, 5, 3, a. The flask should not,
as a rule, rest on the bottom of the bath. The
student is recommended to construct three air
baths for flagks of 50, 100 and 250 ml. capacity.
The advantages of the above air bath are: (1)
simplicity and cheapnessof construction ; (2)ease
of temperature control ; (3) rapidity of cooling
of the contents of the flask effected either by
removing the asbestos covers or by completely
removing the air bath; and (4) the contents of
the flask may be inspected by removing the
agbestos covers.

One of the disadvantages of oil and metal
baths is that the reaction mixture cannot be
observed easily; also for really constant tem-

B

Fig. 11, 5, 4.

peratures, frequent adjustment of the source of heat is necessary. These
difficulties are overcome, when comparatively small quantities of reactants
are involved, in the apparatus shown in Fig. I1, 5, 4 (not drawn to scale). A
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liquid of the desired boiling point is placed in the flask A. The liquid in 4
is boiled gently so that its vapour jackets the reaction tube BC ; it is con-
denged by the reflux condenser at D and returns to the flask through the
siphon E. Regular ebullition in the flask is ensured by the bubbler F.
The reaction mixture in C may be stirred mechanically. It is convenient
to have a number of flasks, each charged with a different liquid ; changing
the temperature inside C is then a simple operation. A useful assembly
consists of a 50 ml. flask 4 with B19 joint, a vapour jacket about 15 cm.
long, a B34 joint at B, and a B19 or B24 joint at D.

The following liquids may be used (boiling points are given in parentheses) :—
chlorobenzene (132-3°) ; bromobenzene (155°) ; p-cymene (176°); o-dichloro-
benzene (180°); aniline (184°) ; methyl benzoate (200°); tetralin (207°);
ethyl benzoate (212°); 1:2: 4-trichlorobenzene (213°); ‘sopropyl benzoate
(218°) ; methyl salicylate (223°) ; n-propyl benzoate (231°) ; diethyleneglycol
(244°) ; n-butyl benzoate (250°); diphenyl (255°); diphenyl ether (259°);
dimethyl phthalate (282°) ; diethyl phthalate (296°) ; diphenylamine (302°);
benzophenone (305)° ; benzyl benzoate (316°).

Electric hot plates may also. be employed for heating. These should
be of substantial construction and be provided with three-way switches.
The diameter of the heavy cast-iron top may vary between 5° and 10”.
It is usually advisable to interpose a sheet of asbestos board between the
metal top and the vessel to be heated, particularly if the contents of the
latter are liable to ‘‘ bump.”

IL6. COOLING BATHS

It is often necessary to obtain temperatures below that of the labora-
tory. Finely-crushed ice is used for maintaining the temperature at
0-5° : it is usually best to use a slush of crushed ice with sufficient water
to provide contact with the vessel to be cooled and to stir frequently,
For temperatures below 0°, the commonest freezing mixture is an intimate
mixture of common salt and crushed ice : a mixture of one part of common
salt and three parts of ice will theoretically produce a temperature of
about — 20° but, in practice, the ice salt mixtures give temperatures of
— 5° to — 18°. Greater cooling may be obtained by the use of crystalline
calcium chloride ; temperatures of — 40° to — 50° may be reached with
five parts of CaCl,,6H,0 and 3-5-4 parts of crushed ice.

If ice is temporarily not available, advantage may be taken of the
cooling effect attending tlie solution of certain salts or salt mixtures in
water. Thus a mixture produced by dissolving 1 part of NH,CIl and
1 part of NaNO, in 1-2 parts of water causes a reduction in temperature
from 10° to — 15° to — 20°; 3 parts of NH,Cl in 10 parts of water from
13° to — 15°; 11 parts of Na,S5,04;5H,0 in 10 parts of water from 11°
to — 8°; 