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PREFACE 

.AN experience of teaching Physical Chemistry, extending 
over several years, has shown the author that unless the 
student actually performs physico-chemical experiments 
and verifies physico-chemical laws for himself in the 
laboratory, he is apt to regard the subject from too aca
demic a standpoint. He may become interested in its 
principles either for their own sake, or for the purpose of 
passing an examination, but he does not consider it 
necessary that he should concern himself with its prac
tical side. This, obviollsly, can only lead to a very 
one-sided and incomplete conception of the subject. 

This work has been written, therefore, to provide the 
student of Physical Chemistry with a guide, which shall 
enable him to carry out for himself the simpler physico
chemical operations. 

The lecture course on Physical Chemistry usually ex
tends over two or more sessions, and the division of the 
book into two parts will thus probably prove convenient 
in many institutions. The first part, dealing with statical 
experiments, furnishes laboratory work for the first year, 
and therefore treats of the simpler experiments, which 
include those suitable for students preparing for the mter
mediate B.Sc. examination, and also those suitaule for 
students in their first years' work for the Final B.Sc. 
examination. The second part deals with dynamical 
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VI PREFACE 

experiments, which are more difficult to carry out, and 
furnishes a second years' work suitable for students 
reading for the B.Sc., pass and honours, final examinations. 
Both parts of this work, it is hoped, will be fOllnd useful for 
students preparing for the examinations of the Institute 
of Chemistry. 

The experiments chosen have been, in most cases, per
formed by my own students, anel they do not demand 
any exceptional experimental skill. The two parts of the 
book are cntirely indcpendent of one another, although 
generally a knowledge of the subject-mutter of l'l1rt I. 
has been assumed in Part II. 

It is llot suggested that each student should earry out 
every experiment. It Illny 1e left to the teacher to make 
a suitable selection, and in many cases the experiments 
unuer a given heading lllight be auvantageollsly divided 
amongst the whole class, some doing one, others another. 
In this way each student will become acquainted with 
the whole. 

In conclusion I wish to acknowledge my indebtedness 
to Ostwald-Luther's Physilco-chcmische Jlfessungcn; to my 
colleague Mr. Holland Crompton, Lecturer in Chemistry 
at Bedford College, who, by much kindly criticism and 
advice, has considerably li::shtened the labour of writing 
this book, and who has lead both the manuscript and 
proof-shoets; and also to .l\J iss M. Walker for her assist
ance in correcting the proof-sheets. 

BEDFORD COLLEGE, 

(UN1VBRSl'ry OF LO~lJox), 

J. F. SPENCER. 



PREFACE TO THE SECOND EDITION. 

THE arrangement and method of treatment adopted 
in the first edition have been retained, but the text 
has beer! carefully revised, whereby errors have been 
corrected and ambiguous passages made clearer. Addi
tions have been made to the chapters on Molecular 
Weights in Solution and Spectroscopy. In the latter 
chapter the Hilger vYavc-Length Spectrometer has been 
described. It is hoped that these additions will have 
made the work more useful both to students and 
teachers. The author takes this opportunity of ex
pressing his thanks to those of his colleagues in other 
colleges who have pointed out errors and ambiguities 
in the previous edition. Thanks are also due to Mr. 
Twyman, of Messrs. Adam Hilger, Ltd., for the loan 
of blocks of the Wa\-e-Length Spectrometer. 

BEDFORD COLLEGE, 

(UNIVERSITY OF LONDON). 

March, 1921. 

J. F. SPENCER. 
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AN EXPERIMENTAL COURSE OF 

PHYSICAL CHEl\lISTRY 

CHAPTER I 

INTERPRETATION OF RESULTS 

PHYSICAL CHEMISTRY is a subject which deals with the 
inveHtigation of chemical problems hy the nwthods of 
pure physicfl. Its results are therefore always expr()ssed 
in numbers, which for the purposes of pure chemistry 
mUHt be interpreted into the language or chemistry. 

In only a very limited number of cases are these 
numbers the outcome of a single observation, more often 
they are obtained by a fleries of more or lefls compli
cated calculations, based on one or more experimental 
observations. 

Experimental results in physical chemistry, and 
indeed in any exact science, can only have their fullest 
value, when their prohable degree of accuracy is known 
and taken account of in all calculatiollf'l which may be 
based on them. The probable accuracy can only be 
known when due attention is paid to the exactitude or 
the various determinations, and when care if; taken to 
obviate, if possible, or at least to eHtimate any enol'S 
which may arise in the course of the observations. 

Errors may be roughly divided into two groups: 
Constant Errors and Accidental Errors. 

s.c. A 



2 PHYSICAL CHEMISTRY 

Constant Errors generally arise from the presence of 
some factor in an experiment, which is altogether un
suspected. by the observer, and which, consequently, cannot 
be taken into account by him. 'rhus, a series of careful 
determinations may be Illade of some physical property, 
and a value obtained, which varieR but little ill the 
several experiments; yet this value may be far removed 
from the true value of the selected property, because of 
an unsuspected constant source of enol'. 

Constant errors can only be identified as such, when 
the determination is carried out by a variety of rnethods, 
differing as far as possible in their nature and in the 
principles· underlying them, and uy using materials 
which have been prepared by ditferent processes or 
drawn from yariom; sources. 

Thus, prior to 1H92, many experienced investigators 
had determined the density of nitrogen, and were fairly 
agreed upon a value, yet, despite the fact that the utmost 
care had been lavished on their determinations, the value 
obtained was falRe. The reason was an unsuspected 
constant error, namely, the presence of argon in the 
atmospheric nitrogen which they had used. In 1892 
Rayleigh, in the course of a series of density determin
ations, found that atmospheric nitrogen was heavier 
than nitrogen obtained from other sources. This ob
viously pointed to a source of error in the dfiltermination 
of the density of nitrogen, and, on further investigation 
by Rayleigh and Ramsay, it was shown that all previous 
density determinations of nitrogen were too high, owing 
to the presence of argon, etc., in the material used for 
the measurements. 

Accidental Errors arise from inaccurate observation 
due to accidental conditions. Thus, in deterllliping 
weight, a figure may be wrongly copied down; in a 
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titration the burette may be wrongly read, or the end 
point misjudged owing to failing light, and many other 
obvious causes. Errors of this type are 'accidental, and 
with more Clue, and repetition of the determination a 
sufficient number of times, CL,n be entirely eliminated. 
When all constant errors have been removed, and when 
accidental errors have been guarded against, the results 
obtained are never quite accurate in the Htrictest Hense 
of the word. They are always associated with an error 
which is variable, but which cannot be removed, depend
ing upon the sensitiveness of the apparatus employed, 
the stability of the substances used, and the skill of 
the experimenter. These errors are classed together as 
Experimental Errors. 

The accuracy of experiments is, therefore, limited by 
the exactneHS with which the conditiolls cnn be detined 
and reproduced, by the sensitiveness of the apparatus 
employed, by the stability of the substances examined, 
and by the skill of the operator. 

These various causes of experimental error lead, in 
the course of a series of experiments, to a series 
of values which fluctuate nbout a mean value, repre
senting the most accurate that can be obtained by the 
stated conditions ot the experiments. The mean value 
is liable to be incorrect by an amount which can be 
calculated, and which is known as the probable error. 

Recording of Observations. In recording the result of a 
physical determination, just so many figures should be 
employed'as the sensitiveness of the apparatus, and the 
reliability of the materials, justify. Thus, if a substance 
be weighed on a rough balance, which is designed to 
weigh to 0'1 gram, it is useless to expresR the result to 
2 or :3 decimal places, and in the saUle way if a yolatile 
liquid be weighed in an open vessel, it is equally useless 
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to record the r('~mlt to more than 1 or 2 places of 
decimals, depending on the liquid, for the weight of such 
a liquid under such conditions cannot be defined more 
accurately than this, on account of its high vapour 
pressure anti consBquent evaporation, In entering a 
result into a note book, all the figures which have been 
determined, sn~jeet to the abuve mentioned restrictions, 
should he recorded, 

Thus, suppose a weight has been determined and 
found to he .5'870, in Ruch a caRe the last decimal figure, 
even thougll it iR zcro, should and must be written 
down, '1'he two nUlllhers, 5'87 and 5'870, although 
numerically equal, express very different results; 5'87 
states that the subRtance weighs more than .'j'f\6.5 and 
less than 5'1-)7.5; OIl the other hand, 5'870 "tates that 
the su bstance weighs more than 5'8695 and Jess 
than 5'S705, The llitt'erence between the two expres
sions heing, if the unit of weight is the gram, that 
the formm', .5,87, is accurate to the neareRt centi
gram, whilHt the latter, 0'870, is accurate to the nearest 
milligram, 

Calculations from the Results of Observations, In lI-l~ikmg 
calculations from experimentally determined numbers, 
it must always be remembered that the final result 
cannot he more accurate than the least accurate of the 
experimental lIu!llber,~, Thus, if several numbers have 
to be added together, e,g, 

15'8 
10'128 

3'8342 

29'76~~ 

a result is obtained which gives four decimal places, 
The last three places in this number are quite meaning-
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less, for the fin;t number, .1.')·H, has an apparent error of 
±0'05, and conseqaently the sum of the three numbers 
must he subject to the same erro)', The result in such a 
case should be expressed by 29'7, although ill practice it 
is adviHahie to rctftin the next figure, particuhuly if thp 
value has to be used for further calculatiollH. The same 
remarkH apply equally to multiplication and division. 
If, for example, the product of the two Hum bpI'S, l·;t~ 

and :i';')241, is rcquirerl, which we may aHHUllW bear the 
maximum error. ThiH, in the cal-;e of the former 
number will be 5 in 1320 or 0'4 per cent., and in the 
case of the latter 5 in :350000. On multiplyillg, the 
result must have an error of at least ()'4 pc)' cent., hence 
it is obviously absurd to cxpresH it aH 4'(j51~ 12, for thiH 
figure is inaccurate from its (lrigin to the exteut of 0'4 
per cent.. ThE' result of such multiplication is adE'lJuatcly 
exprmlscd by 4'65. All ealeulatiolls, therefore, should be 
made from num bel'S which colttain jUiit Sl) ItlallY rlecimal 
places as thc limits of accuracy "llow, and only in cases 
where theHe values have to Le used ill further calcula
tions s}louJd onc more figure, if a\'ailahk, bc admitted. 

Rounded JlUlltl)E~rS arc bmlt treakrl hy the Hhortened 
methods of multiplication and division, amI as these now 
form part of elementary arithmetical traiuing, they will 
not be considcred hcre. 

Use of Logarithms. Much time can nftpl1 I'e slwed in 
calculation if loga,riUlllls are useel, and if In,L:'arithms of 
thE' right number of deciwal places arc use.!, the result 
will be ohtaincd, automatically, to the salllE' degree of 
accuracy a" t.hc !t'ast accurate of tlll~ llumhct·s. Loga
rithms containing two decimal places more than the 
least accurate of the numbers s]wuld alwaYR be ufled. 
Thus, if the least aCCl1mte factor cntering into a cnlcu
lation is 3'758, then five-figure logarithms will gi"e the 
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result as accurate as that factor. The number 3'758 
may contain an error amounting to 5 in 37000, about 1 
in 7000, five-figure logarithmR have an error inherent in 
them of about 1 in 30000. Consequently the result will 
not be affected in any way by the use of logarithms. 
For most physico-chemical determinations, five-figure 
logarithm" arc "ufficiently accurate. Quantitative an
alyses may be calculated with four-figure logarithms, 
which have an inherent error of about 1 in :3000, but for 
density determination" of gaseH, seven-figure logarithms, 

\ which are accurate to about 1 in 1000000, ought to be 
employed. 

An exceedingly uHeful instrument, based on logarithms, 
is found in the slide rule. ThiH, when of a length of about 
25 cms., has an accuracy of 0'2 per cent., and is therefore 
very convenient for many calculatiollf; which do not 
require more accurate treatment than the above men
tioned quantity. 

Influence of Errors on Results. It has already been 
noticed that all meaHurements are more or less inaccurate 
by an amount which can be determined. The influence 
of these errors on the final result still remains to be 
conRidered. If we measure a quantity x, which iR 
directly proportional to the magnitude m we wish to 
obtain, i.e. m oc x or m = kx, then the relative error in the 
valuc of 1n iH the same as the relati ve error in the 
determination of x. The absolute .error is, however, 
k times the error of measurement of x. 

If the error in the measurement of x iH given by dx, 
then 111 will contain an error elm, and the abHolute error 
will be expresseu oy kdx = cl1lt, whilst the relative error 
is given by 

dx elm 
=-, 

X 111, 
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As an example of this type of measurenient, we can 
consider the case of the determination of the pressure of 
a given volume of a gas from knowledge of its tem
perature. 

It is known that p if.. T, i.c. p = kT, where p is the 
pressure, and T the absolute temperature of the gas. 
Here, if the measurement of the temperature is inaccu
rate by 1 per cent., the pressure calculated will also be 
inaccurate to the same amount. 

'rl I' h' h ld 'f 1. k 1e same re atlOns IpS 0 I 1n oc -, ~.e. n1 = -; In 
x x 

this case the relative error is given by the expression 

dm dx ' 
= • 7n x 

and the absolute error by 
k 

dm= --2dx. 
x 

If, in such a caRe as the determination of the pressurp" 
from the volume of It ginn quantity of a gas, the volume. 
is measured with an error of ± 2 per cent., then the 
pressure will be defined to the same degree of accuracy. 

If the value to be determined is proportional to the 
square of the measured quantity, i.c. m = kX2, the relative 
error will be given by 

dm~ 2rlx 
--===-, 
1n x 

and the absolute error by 

dm = 2k;l:dx. 

The relative error here is twice as great as that of the 
experiment, so that if the inaccuracy in the experiment 
amounts to 0'1 per cent., the determined value will 
contain an error of 0'2 per cent. 
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Taking now a general ca:se where In = kxn, the relative 
etTor is given by 

rn x 

which mean:s that the relntin error of the calculated 
quantity i:s II times the experimental error. 

In a Reries of experiments it is well to consider the 
relationships ill which the mea:"mrClllents :stand to the 
desired result, and then, remClll bering that the final 
error is practically fixed by the least accuratc of the 
measnrclllcnh.;, prccautions can be taken to emmre that 
the least accurate measurement shall be determined 
sufficiently exactly to give It result of the desired 
accuracy. Fmther, a little consideration of this kind 
will often show that certain factors need not, be known 
aR cxnctly as it is possible to obtain them, and much 
time and labour will thereby be saved. 

Calculation of Mean Va,lues. It is possible to calculate, 
from a series of determinatiolls of a ginn (luantity, the 
most probable Illean value, and also the probable error 
aSRociated with that value, and with each individual 
determination. Thus, if 'ml , ?il z, 111:1 ,11"4' ... , etc., repre
Rent the valucR obtained in a scrips of 11 determinations 
of a given quantity, the mean value M ",ill be givcn by 
taking the arithmetic mean of the various determinations. 

M =)Hl +m2 + 1113+ m 4 + etc .. 
n 

It is unnecessary to add togethcr all the nUIll bel'S to get 
the meaJl, and is much easier generally to add together 
the quantities by whi.ch the yalut's differ from some 
whole nUlllber ill the immcdiate neighbourhood, and 
divide tIll' SUIll of these by the nUlllber of experimcnts, 
This giyes tho meaB divergcnee from the chosen whole 
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number, and on adding this Illean divergence to the 
whole number we get the mean value of the series of 
experimental result". 

Thus, if ?no representR a number lying ncar a series of 
experimental numbers m I , 1Il2' 111 3 , 1H 4 , etc., which differ 
from ?no by amountR dl' d2 • d3 , d4 • etc., then the mean 
value M will be given by the expreRsion 

+
dI +d2+d3+d4+etc. 

M=?no . 
n 

As an example, a series of temperature readings can be 
conRidered: IRo'IO, IR"'HI, lW·03. 17°'99, Ur·05. It will 
save calculation if the number chosen aR a proximate 
figure is the smallest of the series. Then the mean value 
will be given by 

170 '()H+ O'1l+O'19+~'04+0+0'06 
,) 

= 17°'99 + 00 '08 = 18°'07. 
The probable error of the determinations, and of the 
mean value stands in close connection with the mean 
value. 

The theory of pr()ha hilities teaches, that if (] represents 
the probable error of pach determination, and 61 ,°2,°3 ,°4 , 

etc., the amounts by which the yarious dderminations 
differ from the mean value. and n the number of deter
minations, then 

+ IJ~ + a;+ o~ +-a~ + etc. 
e= ~ J - (n-l) 

and the error of the Illean value 

E= + ~o; +J~+~o;~+J~ +etc .. 
- 11(1(-1) 

The example given ahove lllay be used to illustrate 
the method of calculation. From this we have 01 = 3, 
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62 = 11, 63 = 4, 64 = - 8, d5 = 2, The probable error m 
each determination is given hy 

+ !9+12Y+itrt ().J,-+-4 ) JS'3 + 7'2 
e=-\i----4-~-=:r . =_ , 

Hence fl, the probable error of each determination, is 
± 0°'072. This error can only be diminished hy making 
the conditions of experiment more f'xact; repetition of the 
experiment only serves to define the error more exactly, 
but not to diminish it. 

The probable error of the mean value iR given hy 

= + 19+I2f+~f(f+-6-4+4= + /214= +"'3 
E _ 'V 5 X 4 _ 'V 20 - .~ .. 

The mean value of the above determination lllUI:'t now 
be written 

18°'07 ± 0°'02:3. 

It is ohvious from the expression, tlwL the error of 
Hw mean "aInc may bo n~duccd to any amount by 
increaRing the num bf)l' of experiments sufficiently. ThuH 
the error llIay he re<luccd hy one Imlf, if the nUlllber of 
expcl'imcuLs is increascu to twenty. 



CHAPTER II 

DETERMINATION OF WEIGHT, VOLUME AND 
TEMPERATTJRE 

ALL physico-chemical operations entail the measurement 
of one or more of the factors, weight, volume and 
temperature. It is essential for the proper appreciation 
of the results of such determinations, that the apparatus 
employed, viz. balance, weights, measuring vessels and 
thermometers, should be examined, both as to their 
accuracy and the limits of their applicability: so that in 
the not unusual case of ,inaccuracies being discovered, 
the necessary corrections may be determined. The 
determination of the inaccuracies in the graduation of 
exact apparatus is termed calibration. 

1. Determination of Weight 
Of all physical properties, weight iH capable of 

meaHurement to the highest degree of accuracy, but the 
accurate definition of the weight of a substance can 
only be obtained when the weights employed have been 
carefully calibrated. Indeed, when weighing with care
fully calibrated weights and a well-adjusted balance, the 
error of weighing is almost always less than that arising 
from the variability of the substance in question, c.g. a 
small weighing bottle can be weighed to five decimal 
places, by using an ordinary chemical balance, but of 
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theRe the last place has probably no meaning at all, and 
the fourth placp. could probably not be reproduced to 
within one or two units, on reweighing the bottle after 
use. For accurate weighing it is necessary, before all 
things, that the halance should rest on a firm Rlab or bench 
which is uninfluenced by the vibrations of the building. 
This support is best obtained, when the laboratory is on 
the ground floor, by using slate Rlahs supported by 
pillars standing on concrete foundatiom~. Where the 
laboratory is Oll a higher level, the balance henches 
should be fixed by wall brackets to the main walls, i.e. 
those walls which are built up from the foundations of the 
building Balances should always he placed in a good 
light, hut never in such a pORition that rlirect sunlight or 
air currenb, will fall upon them. When the halance has 
been placed in position, it must be levelled and adjusted, 
so that its period of oscillation and sensitiYenesH are of 
the order required for the particular kind of work in 
which it is to he employed. 

The period of oscillation and Rensitiveness can be 
changed by raising or lowering a small metallic ball, 
"gravity hob," which is attached to the heam of the 
baJance hy a long vertical screw. Raising" the" gravity 
bob" raises the centre or gravity of the moving parts of 
the balancE', and RO increasE'" the stability. This in
creases the sensitiveness of the balance, hut at the same 
time also the time of oscillation. The sensitiveness of 
the halanee shoulrl therefore not be driven too far, but a 
medium one chosrn. Thc best results with the modern 
short-beam balances are those obtained with a senHitive
ness which is accompanied by a period of oscillation of 
6-10 seconds. 

Determination of the Sensitiveness of a Balance. Before 
using a balance for any purpose whatsoever, its zero 
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point must be determined, and this proceRs should be 
repeated from time to time, since the zero point is liable 
to change when the balance is in constant use. The zero 
point is the position in which the unloaded balance 
would come to rest if left swinging. To determine this 
point, the beam of the balance is released and allowed to 
swing freely without load. After one complete oscillation 
the extreme points on the scu,le reached by the pointer, 
both on the right and left of the middle point, are care
fully noted during two complete oscillationR. ThiR 
furnishes five readings, two on the one side of the 
middle point and three on the other side. The twith
metic mean of each set 01 readings is taken, nnd the 
mean values give the average swing on each side of the 
middle point. Should these two values be alike, the zero 
point of the balance lies at the middle of the Heale ; if this 
is not the case, then the zero point lies at the position 
given by one half of the difference of the mean pointl,. 
To avoid confusion, it is usual to designate the readings 
on the left of the middle point of the Hcale "negative," 
and those to the right" positive." 

Suppose, in the determination of the zero point, the 
following readings were obtained: 

Re"dings to the left. 

- 5'6, - [i'5, - 5'4. 
Mean - 5',5 

Readings to the right. 

+:1'8, +3'6 
+3'7 

. -5'5+3'7 
Zero pomt = 2 = - 0'9. 

This means that the zero of the balance lies 0'9 scale 
diviHions to the left of the middle point. Should the 
zero point be not more than two seale divisionl:l removed 
from the middle point, the balance lllay be tuled without 
further adjustment, but if the displacemellt of the zero 
is greater than this amount, adjustment UlUi:lt be made 
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by means 01 the metallic screw flag below the" gravity 
bob," or by the screws situated at the ends of the beam. 
Chemists, in ordinary analytical work, are accustomed to 
weigh to four places of decimals by moving the rider 
along the balance beam until swings of equal length on 
either side 01 the zero point are obtained. This method 
of weighing is long and tedious, and lilay be substituted 
by the method of weighing by oscillations with great 
saving of time. Before weighing by oscillations it is 
first necessary to determine the Rensitiveness of the 
balance for various loads. This is accomplished by 
placing weights, say 5 grams, on each pan, and deter
milling the point of rest by the method already described. 
Then the weights on one side are increased by one 
milligram, and the point of rest again determined, One 
half the difference between the two points gives the 
sensiti veness for that particular load. The process is 
then repeated for 10, 15, 20, 25, ... 50 gram loads, 
and the sensitiveness obtained in each case plotted al'\ 
ordinates against the loads as abi:;cissae to fOJ'lll a sensi
tiveness curve. Having prepared the curve, it is now 
possible to weigh by oscillations. 'rhe zero of the 
balance must be first of all determined, then the object 
to be weighed is counterbalanced by weights to the 
nearest milligram, and the point of rest determined. 

Suppose, for example, the zero of the balance is +0'5, 
and with a load counterbalanced by 1;",d~9i1 grams, we 
ha ve the mean oscillatiolls + ;j'(i and - :H~. 

The point of rest will be 

+5'6-3'8 
-- 2- ---= +0'9. 

The zero of the balance has therefore been displaced 

0'9 - O' 5 = 0'4 divisions. 
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From the curve we nlHl that the sensitiveness for a load 
of 15'k9 grams is U'; <.Ii visions per milligram. 

H 0'4 2~ '11' ence, r;g = 0" :; IIll Igrmll. 

The weight of the substance in question is therefore 
15'89322 grams. 

In most physico-chemical determinations one is con
cerned only with relative weights, amI therefore any 
difference in the lengths of the balance ar1l1s Heed not be 
con;;idered. But should at any time an absolute weight 
be reyuil'ed, then any inequality of this kind must be 
taken into consideration. A correct weight lllay be 
obtained from a balance with unequal arms by the 
method of double weighings. The method is as follows: 

A substance of true weight W iH placed on the left
hand pan uf the balance and exactly counterbalanced by 
'W granlH, it is then placed 011 the right-hand pan, and it 
is found that the weight 'W' is required tu coullter
balance it. 

If it be now assumed that the lengths of the right and 
left arms of the balance are Rand L respecti vely, we 
have, by taking muments about the point of suspension 
of the balance, the equations 

LW=R'Wand RW=LW'; 

from these expressions we obtain the ratio of the lengths 
of the balance arms 

~=~:. 
The absolute weight W is then obtaincll by multiplying 
the weight relluired on the right-haml pan to cuunter
balance the o~ject in question by the ratiu of the lengths 
of the balance arms, 

~.e. 
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Calibration of Weights. Most sets of weights, no 
matter how costly, will be found on calibration to be 
inaccurate. Hence for precise work it is necessary that 
they should be calibrated, i.e. the errors determined. 

The method described below for this purpose is due to 
Kohlrausch. A set of weights is made up of the follow
ing brass pieces: 50,20,10',10",5,2,1',1" and I'" grams. 
To calibrate these, the 50 gram weight is placed on the 
left-hand pan, and the other weights, which make up 50 
grams, are placed on the other pan. Should the two 
pans not balance, small weights are added to the lighter 
side to make the weight on both sides equal. 

ThuH, 50=20+ 10' +10" +5+2+1' +1" + 1'" +l mg. 
The weighing is then repeated, placing the 50 gralll 

weight on the right-hand pan and the other weights on 
the other plU1. The weights then are ph1celi thus: 

20+ 10' +10" +5+2+ l' +1" +1'" +1·mg.=50. 

This double weighing gives us the ratio of the lengths 6f 
the balance arms. 

R l-r - = 1+ ~- -~ 
L lOOOOO' 

and also 
50=20+10'+10" +5+2+1' +1" +1'" +Hr+l) mg.; 

if, for example, ,/'= 1'8 mg. and l= :z.;) mg., then 

50=20+10' + 10" +5+2+1' +1'1 +110 +2'15 mg., 

and the ratio of the Lalance arms is 

~ = 1'0000070. 

In the same way the 20 gram weight is compared with 
the 10' and Ht weights, the 10' with 10", the 10' with 
the 5, 2, 11, 1" and 1''', and so on until all the brass 
weights have been compared. The ratio of the length of 



WEIGHT, VOLUME AND TEMPERATURE 17 

the arms should be determined in each case. In this 
way a series of equations will be obtained which may be 
written thus; 

50= 20+ 10' + 10" +5+ 2+ l' + I" + 1'" +A 
:20 = 10' + 10" 

lO" = 10' 

5+2+ l' +1" +1'" = 10' 

where A, B, C and D represent the amounts by which the 
one side exceeds the other, and cOllst;quelltly Illay be 
either positive or negative in the equations. If a stan
dard weight is available, it may now be used to get the 
values of the other weights. But when, aH iR generally 
the case, a standard weight is not available, it is usual 
to assume that the BUIll of the whole of the weights is 
correct, i.e. 

50+20+ ]0' + 10" +5 + 2 + l' + 1" + 1'" = 100 grams. 

If now we substitute in this exprt'~sion the yalUtos of 
the various pieces in terms of anyone piece, say 10', we 
obtain 

100 gra1ll8= 10 x 10' +(A+ 2B+4C+2o). 

That iR, the error on the 10' piece is gi ven by 

S= -/0(100-10 x 10')= 110(A+2B+4C+2D), 

in this way the following values for the pieces are 
obtained, viz. 

10' = 10 grams - S, 
10" = 10 graIlls-S+C, 

5+2+ l' +1" +1'" = 10 grams-S+D, 
~O= 20 grams- ZS+B+C. 
50=50 grams-3S+A+B+2C+D 

A 
= 50 grams+]. 
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The smaller weights are treated similarly, using the 
determined value of 10' as the starting point in the 
calculation. When the whole of the pieces have been 
corrected in the above manner, we have a set of weights, 
the pieces of which are correct alllong themselves, and 
satisfactory for all purposei'; except abHolute determin
ations. Should such detenninations be required, it iR 
usual to compare one piece of the set with a standard 
weight, and calculate the absolute weights of the other 
pieces from it. 

Correction to Vacuum Standard 

A few phYRical determinations, such as the density 
and abRolute weight of a gas, require that the weight 
Dbtained HllOuld be reduced to vacuum standard. When 
a body iH weighed ill air it always weighs less than its 
true weight, by an amouut equal to the weight of the air 
it displaces. ThiH is due to the buoyancy of the air. 

If V C.c. repreHents the volume of the o~ject weighed, 
and d the weight of one cubic centimetre of air, then 
the weight of the air displaced is vd gramH, and the real 
weight of the object iH w+vd, where W represents the 
apparent weight. The volullle of the ohject weighed is 
obtained by dividing the apparent weight by its density. 

Hence we have the expreHsion 

W ( 0'0012) True weight=w+ s xO'0012=W 1+ S~· , 

where s is the density of the substance, and 0'0012 
the weight of 1 C.c. of ail' under averagt~ atmospheric 
conditions. A similar correction must be applied for 
the effect of the buoyancy of the air 011 the weights. 
If s' he the Ilensity of the weights, then an amoullt 
0'0012 
~ . w l1lU~t be suhtracted frolll the quantity above. 
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The true weight then becomes 

W(1+()'O~12)_w(0'O~~12), or W(1+Q~Q~12_~)~O~~1~). 

The brass weights .generally used IHwe a dellsity of 8'5, 
30 that the tinal expression hc'comes 

( 
0'0012 \ 

W 1 +-8· -()'(10014) grams. 

. (0'0012 \ A table of the correctIOn S --0'0014) m milli-

grams is given in the Appendix B. (Tn,ble X.). 
In very accurate determina.tions the weight is reduced 

to the va.lue it would have at a stallllnrd latitude, viz. 45°, 
!Iond also to sea level. The reader is referred to text-books 
JP Physics for the expressions used in this reduction. 

2. Determination of Volume 

The volume of liquidR is determined by meanR of 
flaRks, burettes, and pipettes, which are graduated to 
hold or deliver, a,s the case may be, definite volumes of 
liquids. Such apparatus, although sold as having definite 
capacity, should always be calibrated before use. '1'0 
determine the volume of any given piece of apparatus it 
is usual to weigh the alllount of water required to fill it 
up to the mark. In the case of the smaller measuring 
vessels mercury Rhould be used instead of water. The 
weight should then be reduced to vacuum standard, and 
the volume of one gram of water at the given telllperature 
be used to reduce the volume of the vessel to SOllle 
standard temperature, generally 15°. Generally, howeycr, 
this is not actually dOlle, hut the volume is obtained frolll 
tables which gi ve the true volUllleB at various tempera
tures of given apparent weights of water. 'rhe tables 
ltre prepared from ",eights obtained by the use of brass 
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weights in ail' under ordinary atmospheric conditions. 
For a table of such volume weight relations see Appendix 
B, '1'able I. 

It is preferable that mercury be used for calibrating 
small vessels, except in the case of vCi,sels which have 
sharp angles. Mercury, having a density of U~'6, gives a 
much larger weight with a correspondingly smaller error. 

If w is the weight of mercury rerluil'ed at a tem
perature to to fill a small flask of volume V, then for 
temperatures hetween 0° and lEIO the volume is given by 
the expreRsion 

v=0'07!i51(1 +0'000182t)W c.cms., 
where 0'000182 is the mean coefficient of cubical ex
pansioll of mercury between 00 and 180

, and 0'07251 is 
its specific volultle over the same range of temperature. 
A table giving the volume of an rtpparent gram of 
Mercury will be found in Appendix B. (Table I.). 

Calibration of Measuring Vessels 

(a) Mea8uring Flc(8k8. Measuring flasks are made to 
hold volumes of 1000 c.c., 500 c.c., 250 c.c., 200 c.C., 100 c.c., 
50 c.c. and 25 c.c., n,nd are provided with ground glass 
stoppers which fit into long, fairly narrow necks. '1'he 
graduation mark ought to be about one-third up the 
neck. To calibrate such a flask, it is thoroughly cleaned, 
dried and weighed. It is then filled to within 2 or 2 
cm. of the grarhmtion mark with distilled water, and 
allowed to stand in the balance room for about half an 
hour, so that it may acquire the temperature of the 
surroundings. It is then carefully filled to the 1nark, so 
that the under side of the meniscus and the mark 
coincide. and weighed. From the weight and temperature 
the yolume can then be calculated 1y llleans o.f Table 1. 
(Appendix B.). The larger flasks, viz. 1000 c.c., 500 c.c., 
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250 c.c. and 200 c,c., need only be weighrd to the nearest 
centigram, the othenl to the nearest milligram. Should 
it be found that a flask is very inaccurate, it is wisest to 
regraduate it. This iH done by gumming a strip of paper 
either above or below the original mark, as the volume 
is too small or too large, and weighing the water held in 
the flask up to the new mark. Then the volume between 
the two marks, which is obviomlly the difference of the 
two determined volumes, can be divided so as to give the 
position of the new graduation mark. 

For example, suppose the original mark represents a 
volume of 201'5 c.c., and a second mark 4 cm. lower 
down the neck represents a volume of 199'5 c.c. Then 
the true volume, 200 C.c., will be represented by a mark 

0'5 
2'0 X 4 = 1 cm. above the lower mark. 

The flask should then be filled to this mark and 
reweighed to confirm the previous measurements. 

(b) Pipettes. Pipettes are made having capacities of 
100,50, 25, 20, 10, 5, 2 and 1 c.c., and are designed and 
graduated either to deliver or withdraw the stated 
volumes of a liquid. Accurate work with pipettes 
depends upon several points which are not always 
observed. 

1. The top and bottom stems or the pipette should be 
fairly narrow, about 2 mm. internal diameter is a good 
average size for pipettes up to 10 c.c. capacity and 
3-3'5 mm. diameter for larger pipettes, tho pipettes 
usually supplied have much wider stems. 

2. They must be entirely free from grease; the preHence 
of grease is ascertained by filling the pipette with ,Yater, 
and allowing it to empty itself in the normal way. If 
drops of water are left adhering to the sides of the 
pipette it is greasy and must be cleaned. Grease may 
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be remov(,cl from a pipette by filling it with a hot 
solutioIl of chromic acid, madc by adding concentrated 
sulphuric acid to a solution of potassium bichromate. 
Greasiness is prevented by kceping pipettes, when not in 
use, standing in a tall cylinder of the above solution. 

3. Pipcttm; must alwaYfl be allowed to deliver in the 
Harne manner. The beflt mpthod is to hold the pipette 
almost verticaJly at the side of, but not touching, the 
vessel into which .it is being emptied, so that the liquid 
runs against the side. When all the liquid has run out 
the pipette point is touched against the wall of the vessel. 
A pipette should never be blown into, since thifl tends 
to make it greaflY, and the quantity of liquid blown 
out varies, depending on the time which ifl allowed 
to elapse before the blowing. A pipette should take 
about forty seconds to deliver its contents. If a pipette 
deliverH too quickly, the point should be closed somcwhat 
by holding it in a blowpipe flame for a few seconds. 

'1'0 calibrate a pipette a narrow strip of gummed paper 
is attached vertically along the upper stem, and a mark 
madc upon it in. what is judged to be about the correct 
position. rfhe pipette is then filled with distilled water 
up to this mark, and its contents delivered into a 
previously weighed stoppered bottle, and weighed. A 
second mark is then made on the paper strip, either 
above or below the original mark, as the first volume 
was too srrmJl or too large, and the weight of the volume 
of water contained up to the new mark is obtained. The 
true position is then calculated from the two volumes, as 
indicated above. The final position should always be 
veritied by weighing the contents up to that mark, and 
in a properly calibrated pipette the volume should not 
differ from the nominal value by more than 0'05 per 
cent. 
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Should the pipette be required to withdmw a definite 
volume of liquid. trw process of calihration ditfers Hlightly 
from the foregoing method. A stoppered hattIe is filled 
with water and weighed, and the pipette to be calibrated 
is filled from the bottle. The residue is then weighed, 
and the difference in the weights of the water gives the 
withdrawal volume of the pipette. Two positions must 
be determined on the stem, as in the laRt caRe, and the 
true position calculated from them. In using pipettes 
for the withdrawal of a definite volume of a liquid, care 
shouhl be taken that the point of the pipette is always 
immersed to the f;amc clepth. This enf;ures that the 
same amount of liquid always adheres to the outside of 
the pipette. It iH useful to etch a mark on the lower 
stem at the position to which the pipette must be 
immersed. A pipette used for withdrawal rnuHt always 
be dried before use. This is best done hy passing the 
pipette to and fro through a bunsen flame, and blowing 
a current of air through it the while from a bellows. 
Pipettes should never be dried by means of alcohol or 
ether, since these substances nearly always contain grease 
dissolved in them, which they leave in the pipette on 
evaporation. 

Having found the correct pm;itions of the graduation 
marks for a f;eries of flar:;kfl and pipettes, the marks must 
be etched on to the glass. This is done by coating the 
glass and paper strip with It thin layer of paraffin wax, 
and then, with a sharp knife, cutting It ring through the 
wax at the correct height. Hydrofluoric acid is then 
applied to the cut by lDeans of a pad of cotton wool; 
after a few minutes the excess of acid is washed away 
and the wax removed. 

(c) BU1'ette.s. These instruments are constructed to 
contain 50 C.c. of a ]i(luid, and are graduated in 110 C.c., SO 
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that they can be used to deliYer quantities of a 1iquid up 
to 50 e.e., measured to rio c.c. In addition to errors of 
graduation, there arises in the use of a burette an error 
of parallax, due to the eye being on tt dift'erent level from 
that of the meniscus. Errors of parallax can be avoided 
by pla,cing a small mirror at the back of the burette and 
taking the reading when the image of the eye and the 
meni"clls are hoth just visible. Shell bach burettes are 
often ul?ed ror avoiding errors of parallax. These 
burettes have a white vertical stripe running down the 
length of the back of the burette, and a narrower blue 

stripe runs down the centre of the 
white one. The height of the menis
CUR is very easily read, for the appear
ance of the blue stripe is similar to 
the diagram (Fig. 1), the point p being 

- - - -pUll' le\-e1 of the liquid. 
To calibrate a burette one may 

either run known volumes of water 
from the burette into a weighing 
bottle, and calculate the volumes from 
the weights, or what is far easier, use 

F,r.. 1. an Ostwald calibra,ting pipette (Fig. 2). 
This pipette, which has a volume of 2 c.c. between the 
markH a l111d b, is attached to the burette as indicated 
in Fig. 3. 

The burette is tben filled. up to the zero mark with 
distilled water, and the pipette up to the mark a. The 
trtp t is then carefully opened and the pipette slowly 
tilled to the llmrk b, the tap is then closed and the height 
of the water in the burette noted. The pinchcock p is 
then opened and the liquid run from the pipette until 
the meniscus stands at a. The process is then repeated 
until the burette is empty. The volume of the caJi • 

. ~-



WEIGHT, VOLUME AND TEMPERATURE 25 

brating pipette should always be checked by running 
two or three quantities of water into a stoppered weigh
ing bottle, and weighing them. In thi" way we have 
the true' volumes of variou" Recti om; of the burette. 
These corrections are made use of by calculating the 

b 

2 
c c. 

FIG. 2. FIG. 3. 

errors, and plotting them as ordinates against the 
burette readings as abscissae, 

Thus, if we have the following readings of the burette': 
Hl6, 3'98, 5'98, ~'02, 10'03, 11'99, 14'00, 16'01 

for a series of withdrawn qm1ntities 
2, 4, 6, 8, 10, 12, 14, 16, 

then the errors are 
+0'04, +0'02, +0-02, -0'02, -0-03, +0-01, 

±O'OO, -0'01, 
which must be aJded to the burette readings to give the 
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correct yalue. Fig. 4< represents it correction curye drawn 
from the values ab(we. Having madp a correction Clll'Ye, 
the value for any reading can he obtained, Attention 
must be paid to the time of outflow of a h~lrette; it 
should never be less than half It minute for 20 c,c., and 
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about haH a minute should elapse before the reading is 
taken. 

3. Determination of Temperature 
Temperature is measured by Ilwans of thermometers, 

and of thefi" there are four kinds. 1. Mercury thermo
meters (other liquills nl'e occasion!!)),)' .'lubstitnted for 
mercury for special purposes); 2. Gas thermometers; 
R Hesistance thermometers; and 4. TherIlloelectric ther
mometers. Of the fOUL' varieties, mercury thermometers 
arc in most general use, ga.s therlllometers are rarely 
used and only for very special purposes, and the other 
two are used for determining very high and very low 
temperatures. The mercury thermometer can be used 
up to 3500 under ordinary circumstances, but by filling 
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the thermometer tube above the mercury with either 
nitrogen or carbon dioxide it may be used up to 550°. 

A thermometer may be calibrated by one of two 
methods, either by comparison with a "normal" thermo
meter, or by determining a number of fixed points. 

To calibrate a thermometer by comparison with a 
normal thermometer: the two thermometers are placed 
side by side in a liquid bath and the temperature of the 
bath slowly raised. The readings of the two thermo
meterR are recorded every degree, and the errors plotted 
against the readings similarly to the method adopter! for 
burettes. When thermometers are newly made they 
change the position of their zero relatively quickly, 
consequently it is advisable to determine the zero of a 
new thermometer periodically by immersing it in melting 
icc, and to correct all readings by addition or subtraction 
of the amount of change. 

If the second method of calibration be adopted, the 
following liRt gives a series of fixed points which may 
be determined. The errors at these points are plotted 
against the readings as before. 

Fixed Point. 

Melting point of Ice, 
Transition point of NazCr04 10II20, 

" "Na2S04 1OH 20, -
" "NaBr2HzO, 
" "SrOlz 6HzO, 
" "Na3P04 12HzO, -
" "Ba(OH)z 8li20, -

Boiling )Joint of Water, -
" "Sn014,-

" " Aniline, 
" "Naphthalene, 
" "Mercury, 

Temperature. 

O"C. 
Ht'Rf) 
32"38 
50"37 
61"0 
7:3"4 
77°'9 
100"0+0'036 (P --760) 
114"2+0'028 (P- ,60) 
184°'2+0'051 (P -760) 
218"1 +0'058 (P -760) 
357"1 +0'075(P -760) 
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where P representfi the pressure in mm. under which the 
comparison is made. The transition points mentioned 
ahove arc apparent melting points, and the temperature 
should be taken during the melting, the mass being 
constantly stirred. 

It is not always possible to keep the whole of the 
mercury thread at the temperature of the hulb during 
a determination, some of the thread usually prqjects, and 
for an exact temperature a correction must be applied. 
If n is the num her of degrees of the thread expospd, and 
(3 is the coefficient of apparent expansion of mercury, 
T the temperature determined, and t the mean tempera
ture of the exposed thread, then the amount of the 
correction is given by 

n(3(T-t). 
Both the mean temperature and the coefficient of 

apparent expansion are difficult to obtain. As a rule 
0°'01 is added for each division exposed for temperatures 
up to 100°,0°'02 for temperatures between 100° and 200°, 
and 0°'07 for temperatures up to 500°. 

Resistance Thermometers. These thermometers possess 
many advantages over mercury thermometerR. They can 
be used over a very wide range of temperature, from 
- 245 0 to 1300°, with an accuracy of T\/; they never 
change their zero point, and there is no exposed thread 
to correct for. 

When metals are heated they change their reHist.ance 
to an electric current regularly as the t.emperature is 
changed, hence it is obvious that if the rate of change 
be known, it is possible to usc such metals to measure 
temperature. Experiment has shown that the reHistance 
of pure platinum varies with the temperature according 
to the equation 



WEIGHT, VOLUME AND TEMPERATURE 29 

where Ro represents the resistance at 0 0
, and a and (3 are 

constants. It is obvious that if the value of R t be 
determined at three temperatures, Ro' a and (3 will be 
known. Dewar and Fleming have shown that, at the 
absolute zero, the resistance of platinum is zero. Hence 
if two other well uelined terupemtures be chosen, e.,q. the 
melting point of ice and the boiling point of water, and 
the resistance determined at them, all the data necessary 
for calculating a and {oJ are known. The expressions are 

RlOO = Ro(l + (1 OO)a + (100)2 (3), 
0= R 273 = Ro(1- (27:l)a + (273)" (8). 

The values of a and (3 are ohtained by solving the ahove 
equations. 

A curve can now he constructed, showing the relation
ship hetween temperature and resistance, by calculating 
the values of Rt by inserting difiilrellt values 
of t in the general exprest-liou. The val nes 
of Rt are plotted as ordinates against the 
temperatures as abi,cisHae. 

A reHiRtance thermometer consists of a 
. b 

length of very thin pure platinum wire, a 

about a metre long, wound on a mica cross 
a (Fig. 5). The ends of the platinum are 
soldered on to thick copper leads b. '1'he 
whole is contained in a glass or quartz 
tube c, which if! fitted with a f!topper Ii 
throug'h which the leads paRR. The Rtopppr 
mURt be made of some material which will 
withstand the temperature to which it is to 
be su~jected, e.g. asbestos. 

'1'0 make a measurement, the copper ends 
of the thermometer are connected to one Fla, (0. 

arm of a Wheatstone bridge as indicated in Fig. o. The 
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thermometer is then immersed up to the stopper in the 
substance whose temperature is to be detcrmined. After 
\\'aitill~ [or fleveral minutes for the thermometer to 
take on the temperature, the resistance is measured. 

FlO. 6. 

Alongside the leads of the resistance thermometer a 
Silllilal' pair of leadH of the HaBle wire are placed, these 
are COllnected at the end nearest the thermometer, and 
are known as the compensator. 'l'he resistance uf the 
compensator is meaHured before and after the thermo
meter is placed in pm;ition. The object of this ifl to 
compensate for any change in the resiHtance due to 
change in the temperature of the lea(ls. 

If RI is the resistanee of the thermometer and leads at 
a temperature t, aud RI awl R2 the resiHttLllCe of the 
compensator before and after the thermumeter has been 
plat'ed ill pOflitioll, then the l'esiHtallce Rt must be 
reduced by an amount (Ri - R1) to give the correct 
resistance of the thermometer. The temperature can 
nmy be obtained from the resistance temperature 
curve, 
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Thermo-electric Thermometers or Thermocouples. If twc 
metals be joined together at both ends to form a loop, 
and one joint of the loop be heated, an electric current 
will flow round the circuit in one or other direction, 
depemliug on the nature of the metals. The electro
motive force of the current will depend upon the ditfer
ence of temperature between the two joints. '}'his 
principle haH been made use of in therIllo-electric 
therlllOllletenl. Two wires, of metals Huitably chosen 
to withHtallll the tempemtures to whieh they are to 
be expose(J, are soldered together at Olle end allu placed 
in a glass 01' silica tube. The free ends pas:; out at 
the end of the tube. Such an arrangement constituteA 
a thermo-electric thermollleter. The two free ends are 
conneeted to one arm uf a Wheatstone bridge, and the 
electrolllotive force tletc),llIined when the eouple is sub
jecteu tu different temperature:;. In these determinations 
it is all-important that the juillts of the free ends of the 
couple with the bridge Ahould be at the same temperature, 
and this temperature must be kllUWU, for the electro
motive force depends on the diHerence of the temperatures 
of t1w junctions. 

A couple lllust be calibrated, and a temperature 
electromotive force curve prepared, before it can be used. 
This is done by immersing it in substance8 of knuwn 
temperature, and mea~mrillg the electromotive fmce for 
each temperature. The difference in temperature between 
the connections of the eOllple and the bridge, and the 
couple itself, are plotted a8 ab8cissae against the elecho
moti ve force a8 ordinates. It is u8uaJ in ealibratillg a 
couple to plaee the connection with the bridge in a 
constant ternperatnn) bath. 

As fixed point8, those given already under the descrip
tion of mercury thermometers may be used, and ill 
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addition the following are reliable points for high and 
low temperatures: 
--------------~-------,-----------

Fixed Point. 

Boiling point of Oxygen, 
Melting point of Ether, -

" Nitrous Oxide, 
" "Sulphur Dioxide, 
" " Mercury, 
" "Cadmium, 

Boiling point of Sulphur, 
Melting point of Antimony, -

" "Gold, 

Temperature. 

-184°'2+0'051 (P -760) 
- 117°'6 
-102°'3 
-72°'7 
-38°'9 
+32C'7 
+444°'8+0'088(P-760) 
+630°'7 
+ ]064° 

-----r"---------~-----~-

Thermocouples are manufactured provided with a 
voltmeter iu which the usual scale is replaced by a 
temperature scale. This has been calibrated for the 
particular couple attached to it. Measurements by this 
type of instrument are not so accurate as those carried 
out as described above. Below is given a list of the 
couples in general use, together with maximum tempera
tures for which they lllay be employed. 

_----------------.. ------.--.-
l\Iaterials. Maximum Temperature. 

Platinum; 10 % Platinum Iridium Alloy, - 1700° 
Platinum; 10 % Platinum Rhodium Alloy, 17000 

Constantan; Iron, 10000 

Constantan; Copper, 8500 

Bismuth; Antimony, 2500 



CHAPTER III 

THERMOSTATS AND CONSTANT TEMPERATURE 
OVENS 

; 

THE results of most physical determinations are de-
pendent on the temperature at which they have been 
obtained. Consequently, it is necessary to maintain a 
steady temperature during the whole of the experiment, 
or at least during that part of it which is influenced by 
temperature. Constant temperatures are obtained by 
surrounding the vessels in which an experiment is being 
conducted, with some liquid or vapour whose temperature 
is known and constant. Such constant temperature 
baths are termed thermostats, and ror our purpose may be 
divided into two groups: (1) Those capable or furnishing 
a constant temperature for a comparatively short period, 
and (2) those which maintain a constant temperature for 
an indefinitely long period. 

1. Thermostats for Short Periods. The simplest and 
crudest form of thermostat consists of a large beaker or 
metal vessel filled with water, whose temperature is 
kept about the required point by a bunsen burner which 
is regulated by hand to. keep the temperature at the 
required point. A stirrer is placed in the vessel, and by 
constant stirring and careful regulation or the heating, a 
moderately constant temperature Illay be maintained for 
two or three hours. In many cases it is only necessary 
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to keep the temperature constant, the actual temperature, 
so long as it is known, being immaterial. Such a tem
perature may generally be obtained by using a large 
vessel of water which has stood in the room for some 
hours, it will generally have a temperature slightly 
below that of the room, but it will not vary much in the 
course or an hour or two. In the case of low tempera
tures, e.g. 0°, a constant temperature may be obtained by 
packing crushed ice round the experimental vessels, and 
leading away the water as quickly as it is formed by the 
melting ice. Other low temperatures can be obtained 
by placing the experimental vessels in a metal box 
which is surrounded by a concentrated solution of a salt 
which forms a cryohydrate. This box in its turn is 
surrounded by some cooling agent, which will produce a 
slightly lower temperature than the cl'yohydric tempera
ture of the salt in the inner box. The effect of the outer 
cooling is to lower the temperature of the solution in the 
inner box to the cryohydric point, where it remains 
stationary until all has solidified, thus cooling and 
maintaining the experimental vessels at the cryohydric 
temperature. Below are given a few salts, together 
with their cryohydric temperatures, which may be used 
for this purpose. 

------------------------------------
tlalt. 

Sodium 0hllll'ide, 
Ammollium Sulpha.te, 
Potassium Chloride, -
Potassium Nitrate, -

Cryohydric Temperature. 

- 2::2~ 

_ 17° 
~. 11° 

- 3° 

For high temperatures. good results Illay be obtained 
by using the vapours of liquids at their boiling points. 
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Such temperatures, it is true, depend on the barometric 
height, but for experiments lasting only a few hours this 
is unlikely to occallion any serious difficulty. A ther
mostat of this type may be made of either metal, glass 
or porcelain, as indicated in Fig. '7, fitted with a COll-, 
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FIG. 8. 

denser C. The inside veRsel A is filled with water or 
some other liquid depending on the temperature required, 
and this is heated by the vapour of the liquid in the 
outer vessel B. The experimental vcsselp, and substances 
are placed in the liquid in the vessel A, and so kept at a 
constant temperature. 

Another arrangement, depicted ill Fig. 8, lIlay be used 
when water or high boiling non-inflammable substances 
are used for heating. In this, the experimental vessels 
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are placed directly in the vapour itself) care being taken 
that they do not stand in such a position that the liquid 
from the condenser C falls upon them. s is a perforated 
shelf on which the vessels may be placed. 

For thermostats of the types mentioned ahove) the 
following liquids may be used: 

Liquid. 

Acetone, 
W"ater, 
Toluene, 
Aniline) 
Dimethylaniline) -
Quinoline, -

Boiling Point. 

560 

1000 

llO° 
1840 

1920 

2390 

For other forms of vapour baths see Ohapter VII. 
2. Thermostats for Long Periods. All thermostats 

required to maintain constant temperature for an in
definitely long period of time are fitted with devices 
for automatically regulating the temperature. Such 
thermostats consist of large rectangular metal tanks, 
coated outside with thick felt, and filled with some liquid, 
generally water, which is heated by a Rmall gas flame, 
whose height is automatically regulated. 

A useful form of temperature regulator is illustrated 
in Fig. 9. It consists of a large glass bulb A, connected to 
a stout-walled capillary tube B, which is in its turn con
nected to a wider tube C, at its upper end. 'J'his wider 
tube has a side tube 0, and is fitted with a rubber 
stopper, througl~which is placed a glass tube E, drawn 
out to a capillary. A tiny pinhole F is pierced in 
the wide part of E. The bulb EA iR filled with a liquid 
of fairly large coefficient of expansion, e.g. paraffin oil, 
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toluene, or a 20 pel' cent. solution of calcium chloride in 
water. To till A, the side tube D is closed with a piece of 
rubber tubing and a clip, C is then con
nected to a water-pump and the apparatus 
exham;ted: The tube connecting C to the 
pump is then closed by a pinchcock, and F 
that attached to D is dipped into the liquid C 

with which A is to be filled, and the clip 
opened. In this way a quantity of liquid 
is caused to rush into the bulb. The bulb 
is then placed in a vessel of hot water, 
and again exhausted, and the process 
repeated, until finally the bulb is entirely 
filled. 1'he capillary is then filled with 
clean mercury. The regulator is now 
placed in the thermostat, the tube E is 
connected to the gas supply, and D to the 
burner placed beneath the thermostat. As 
the temperature of the bath rises, the mer
cury will be driven up the capillary by the 
expanding liquid in A, until finally it reaches 
the end of E and closes the main gas 
supply. A small flame is maintained by 
the gas corning through the tiny hole F. 

FIG. P. 

As the htth cools down the mercury recedes, and the 
end of E is opened again, and the flame increases in 
size again. The position of the tube E, and the amount 
of mercury in c, must now be so regulated that E is 
just closed at the required temperature, i.e. the main 
gas supply is cut off' when the water of the bath has 
reached the deHired temperature. There are numerous 
varieties of temperature regulator, but as the principle 
involved is the same as that just described, it seems 
unnecessary to describe them individually here. 
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Should Lhe Lhel'lllof;btt be arranged for temperaturel" 
ahove 500

, it is necessary to have some arrangement for 
constantly adding water to compensate for the loss by 
evaporation. The well-known constant-level device used 
for water baths is quite suitable for this purpose. It 
consists of a wide llletal tube A (Fig. 10), which IS 

E 

c 

Fta.IO, 

soldered to the l-;i.1o of the thermo.stat, a.s inoicated in 
the diagram. A narrower tube B i.s titted into A, so 
that its upper end is level with the height of water 
required in the therlllostat. The lower end of B is con
nected to the waHte pipe. Water enterH the apparatUf; 
by the side tulle C, and should the level of the W!1.ter in 
the thermostat be below that of the tube B, then water 
will enter the thermostat until the heights are adjusted, 
and tlH:I1 the Htrealll frOIll the tap \Yill How away hy 
llleallS of B. 

A mueh Himpler device will, however, keep the level 
constant. This cUlll:iistH of a Illdal tube E (Fig. 10), 
soldered to the inside of the Uwrm(),~tat, and an outlet 
tubl~ F placed at the maximum level height. ThiH 
arrangement serves other purposes than the one just 
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mentioned. In the SUllllller months, when working at 
temperatures between 15°_25°, the atmospheric tempera
ture often exceeds that required in the thermostat, so 
that the temperature regulator is rendered ineffective. 
Under such circumstances it is uf\ual to lead in a stream 
of cold water. This can be done by the constant level 
arrangement above, and if the flame be left burning 
below the thermostat, and the stream be not too rapid, 
the combined heating and cooling will, with a good 
temperature regulator, just balance and keep the ther
mostat correct. This is particularly mlCflll in summer, 
for often the temperature of the atmosphere falls at 
night, and with thiH (louble arrangement of heating and 
cooling the temperature will be kept constant. 

Despite all temperature regulators, the thermostat will 
be useless unletls constantly stirreu. For this purpose 

A 

FIn. 11. 

\ 

\ 
'\ 

\ 

numerous propeller-like iitirrers have been de\'ifle,l, 
which are driven eithpr afl in A (Fig. 11), hy a light 
vnne whose motive power is a tiny tiame, or by a motor 
UI'l in type B. 
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In very many determinations, liquids and solids require 
to be shaken at constant temperature for prolonged 
periods. This being the case, it is advisable that the 
thermostat should be fitted lip with an arrangement for 
shaking, which will at the same time serve as a very 
efficient stirrer. Fig. 12 illustrates a useful rotary 

c 

o 
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K 
K 

o 

'FlO. I~. 

shaker. Thi" "lides into grooves fitted on two parallel 
sides of the thermostat. It eonsists of two llletal bars A, 

whieh are held together hy two brnss rodR D. This 
framework just fit>; into the grooves on the >;ides of the 
thermo>;tat, and carries an axle K. To one end of the 
axle a pulley H is attached, and on either side of it are 
brass plates, cut into which are deep v-shaped notches. 
To each pt"Lir of notchCi:;, a wooden clamp w, actuated by 
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a thumbscrew FG, is attached. These serve to hold the 
bottles and flasks which are to be shaken. The axle and 
shaking arrangement are rotated by a belt passing round 
the pulleys Hand C. The pulley C is fixed on the same 
axle as a second pulley B, which is directly driven from 
a motor. The two Rcrews S represent an arrangement 
for changing the distance between C and H, and arc 
extremely useful for tightening the belt when it Ims 
worked ,;lack. 

A thermostat fitted up in the above way will give :t 

temperature which does not fluctuate more than l\i 0, but 
generally it may not be used above 100° C; If, however, 
water be substituted by a concentrated calcium chloride 
solution, it may be used for temperatures up to 150°. 
Temperatures higher than this are rarely, if ever, re
quired for long periods, and if they are, then it is 
advisnble to use a constant temperat.ure oven. 

High Temperature Ovens. \Vhen an electric current 
pasRes through a wire of high resil'ltance, it raises the 
temperature to an amount which may be determined by 
the amount of current passing, and the resistance of the 
wire. ThiR fact has been applied to the heating of ovellS 
for chemical purposes. For physico-chemical purpo~.;es, 
however, if this method of heating is to be of any use, it 
must be possihle to regulate the temperature. This is 
achieved in the following manner: A coil of ",ire of 
high rc~istance A (Fig. 1;)) comltituteH the heating part 
of the apparatus. rrhis is ,,'oum! round the oven, which 
may be of any shape £rOlll a long cylil1l1rical tube to It 

rpctangular box. (In tho figure it jl) repn·scntecl by a 
rectangular box B.] The wire must be inHulated with 
respect to its several coils, it is therefore usual to 
surround the oven with asbestos before tJle wire is wOllnd 
on. The wire i.~ then enclosed by 11 second metal box, 
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which iA Aimilarly coated with l1sbestm; to prevent 
excessi ve loss of heat. A temperature regulator C is fitted 
into the box. This differs from the regulator described 
before, in being entirely filled with mercury, it is in fact 
a thermometer which has a large bulb. A platinum 
wire L is fused through the bulb of the regulator to 
makt; electrical contaet with the mercury. A stout 
platinum wire M passes through the cork at the top of the 
regulator. The two wires M ami L are connected through 

'F 

R 

<Y~ _ _:__~I 

Fra. IS. 

a small battpry I)f 2-:{ accumulator cplls with a small 
eleckollHtgnet D, as showll in the diagram. The hel.ting 
coil A is connected through It variable resistance with a 
large battery, 01' with some other source of eurrnnt. The 
circuit is completed hy way of the cup of mercury G, a 
thick platinulll p()int H and the lever EH, as indicated in 
the diagram. The level is sllHpended on a fulcrum F, 

amI carries a sllIall piece of soft, iron E a~ one end, and 
in its normal position lies HO that the platinum point H 

is immersed in the mercury. \Vhen the current is 
switched on, and the oven begins to heat up, the mercury 
in the regulator expamb amI riHes in the capillary tuoe, 
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until it finally touches the platinum wire M. When this 
happens the electromagnet circuit is cOlllplete, and the 
soft iron E is drawn down to the magnet core. This 
withdraws the platinum point H from the mercury in G 

and thus breaks the main circuit, thereby cutting oft' the 
heat supply from the oven. When the temperature has 
fallen a little, the Illercury recedes in the regulator, and 
the electromagnet circuit is broken, thm; releasing E and 
again completing the main circuit. Any definite tempera
ture may be obtained in the oven by adjusting the 
amount of mercury in c and by regulating the position 
of M. An arrangement :-mch as that described is suitable 
for temperatures up to 350°. For higher temperatures a 
rod of metal may be used as regulator, which by its 
expansion sets the magnet in action in a way similar to 
the mercury regulator. 

Electric heating can obviously be adapted to water 
thermostats. The arrangement is practically the same 
as that descrihed above, the ordinary toluene regulator 
may be used, but the lower electrical connection is made 
through the stem and not through the bulb. The 
heating wire is placed round the hottoll\ of the thtw
Illostat on the inside, aw! immlated frOlll the metal hy a 
numher of porcelain studs which arc cemented to the 
bottolll. 
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BEFORE l))'Ol"('\'\lillg to .the description oI lllet.hmlH for 
determining· the density of gases, it \\ill be well to 
consider brieHy their manipulation. The first essential 
in the determination of the density of a g<1S lR tlmt it 
should be pure a.r.Jd dry. The question of the purity of 
gases cannot be dealt with here; information on this 
subject must be sought in works of reference on 
Chemistry. A few remarks, however, on the drying 
of gases may not be eutirely out of place. A gas 
is lllo"t effectually dried by passing it through eon
centrat"o. sulphuric acid followed by a considcrable 
length of pho:;;phorus pentoxide. These suhstances must 
obvi01lHly not be used for gases ,,,11ie11 reaet with them; 
tlH'y 1ll<1Y be used for most of the CommOlll'r gases, the 
chief exceptions ueillg ammollia, nitric oxide and sul
phmdted hydrogen. Ammonia SllOUlr! be dried by 
pasl-ling it slo\\" Iy t.ln·ough a long tub() of quicklime, or 
hariulll oxide. Nitric oxide nlHI I-lulpllllrdted hydrogen 
an' wmally dried hy 1i(l'wfying amI then di;.;tilling off 
the gnl-l from the moisture. Tlw pure g1tl-l haying been 
ohtained, it has next to be introd.lH~e(l i11to an cvaeuate(l 
bulb, in which it is ,yeighed. The bulb 11-1 cxli:wI-lted, and 
the gn" introduced by lllertnl-l of one or the many lIlereury 
pumps. Of these Uw one best suiteu to our purpose is 
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the Toepler pump, which is comparatively simple 1Il 

constructioll, and easily operated. 
Toepler Mercury Pump. The pump consists of a cylin

drical chamber or bfHrel A (Fig. 14), whieh is about 20 elll. 
long and about 5 em. (liallleier. 
The ends or the htrrel are 
tapered down to about 1'8 CIll. 

diameter, and the narrowed 
ends are joined by a tube B or 
about 1'5 cm. diameter. The 
joints between A and B must 
be made as acute-angled .as 
possible, otherwise there will 
be. great danger of breu,kil\g 
the pump wheu it is in opera
tion. A narrower side tube C 

is attached to B, this earries It 
glass valve 0, and is cOllllectt,d 
to a drying tube E which is 
filled with phosphorus pent-
oxide, amI elOl'Jed by a we11-
fitting three-way tap F. A 
stout-walled capillary tube G 

is attacllt'd to the top of tll(, 
pump chambet·, this should be 
about 80 crn. long, and bent 
at itA lower ('nd as iJl(iil'ated, 
so that any ga~ expelled frolll 
the pUlllp may be collected. 
A tube J, about 80 CIll. long' 
and 1':1 cm. dialllder, IN 

F 

J 

Fw.H. 

attached h) the lower ('lld of the pump 1ntrrel; this tuhe 
is made long so that, when the pUlllp ic> evacuated, t.he 
mercury will al\\"c1ys stand IJelow the junction of B with 
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the barrel. The capillary G dips into a small stout
walled dish K containing mercury, and the end of J 1& 

connected by a piece of thick-walled rubber pressure 
tubing, 150 cm. long, with a mercury reservoir M. The 
whole is attached to a suitable wooden stand, as indicated 
in the diagram. 

To use the pump, it should first be evacuated; this 
is effected by slowly raising the reservoir and thereby 
causing the mercury to rise and fill the barrel A, the side 
tube B and the tube c up to the valve. This will expel 
the air contained in those parts by way of the capmary. 
The reservoir is then cautiously lowered; thiH releases 
the valve D, and the air contained ill the drying tube 
rushes into the barrel by way of the side tube B. The 
reservoir is lowered until there is no mercury in the 
barrel, and then raised again to expel the contents 01" 
the barrel. This process is repeated until the pump is 
evacuated, i.e. until no bubhles of air are expelled from 
G on raising the reservoir and completely filling the 
barrel with mercury. Care must be taken during the 
first three or four strokes not to lower the reservoir too 
(juickly, otherwise the mercury may be driven violently 
against the top of the evacuated barrel by the incoming 
air. Further, when the pump is nearly exhausted, the 
reservoir should not be raised too rapidly, or the mercury 
lIlay be thrown violently agaillHt the top of the barrel 
and so break it. All taps and ground joillts connected 
with a mercury pump, and, indeed, with all apparatus 
used in connection with work on gases, should be kept 
well greased with a lubricant which is ftbsolutely non
volatile, and which does not react in any way with the 
gases it cOllies in contact with. Such a lubricant is the 
one proposed and used by Ramsay. It is made by heat
ing together on a sand bath a mixture of twenty parts of 
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soft indiarubber, ten parts of vaseline and one and 1t 

half parts of hard paraffin wax. The mass must be 
constantly stirred until it is homogeneous, it will then 
keep indefinitely. 

An improved and simplified form of Toepler pump has 
recently been described by A. von Anthropoff (Chem. 
Zeit. 1910, 34, 919). This pump differH from the older 
form chiefly in the design of the barrel and the /:lide 
tubes connected to the 
barrel. Fig. 15 illustrates 
the portion of the pump 
which has been changed. 
The barrel A is placed at an 
angle of 45° to the tube 
by which the mercury 
enters, and also to the tube 
carrying the valve B. The 
side tube connecting the top 
and bottom of the barrel 
has been done away with. 
The special advantage in 
this pump is that it is not 
so liable to breakage as the 
other form. As will l)e 
seen from the diagram, it F[(1.15. 

B 

is impossible for mercury to he thrown violently against 
the top of the PUlll}l, at the WOl"l:lt it can only hit the 
side of the oarrel, and here the hlow il:l not a direct one. 
Further, there are fewer joints, and the intermediary 
tube, which is the great weakness in HIl' origillal Toepler 
pumlJ, is lIot preHellt at all. 

To exhaust a Lulo or uther piece of apparatus, it is 
connneeted to one of the tulles of thl' three-way tap, 
either oy fusing the tubes together, or by means of a 
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pIece of thick-walled rubber tubing which is well 
wired on. If the latter method be adopted, the two 
glass tnhl~s must be brought together so that they touch. 
HtLving :tttached the applLratus, the tap is opened so 
that there is connection with the interior of the pump, 
and the process of evacuation proceeds as already 
indicated. The appamtwl may now be filled with gas 
while still tLttached to the pump. If the gas is easily 
obtained, the genemtor or ga;;-holder may be directly 
cOllnected to the free end of the pump tap. Precautions 
must be taken for ensuring that the gas is dry, and that 
all connecting tubes are free from air. General directions 
cannot be given to meet every case, and they must be 
devised be[ol'e proceeding with the experiment, to meet 
the special eOllditions. Having connected the pump 
with the gas supply, the tap is opened, and hhe gas 
adlllitted into the pump barrel. The stop-cock is then 
turned so that connectiOll is made with the exhausted 
piece of apparatus. The gas will rush into it, atmo
;;pheric pressure being obtaine(l by raising the mercury 
rescrvoir until the height;; of the mercury in the pump 
banel and the reservoir are the same. The tap of the 
pump is then closed, and al;;o the tap of the apparatm; 
which has been filled \Viti) ga;;. 'fhe apparatus Illay 
then be detached from the pump and weighed. 

If the gas to be examined CtLl! only be obtained in 
smalllluantitics, and is contained in a small tube stand
ing over mercury, it may be introduced into the pump 
by fusing on to the free tube of the pump tap a piece 
of stout capillary tubing bent all ill Fig. 16. The end 
of this tube is drawn out to a point and sealed. The 
tube it-! then exhausted and placed ill a deep mercury 
trough, ~tnd the tube ('ontaining the gall iH brought ovel' 
it, Then the cl1pil];u',Y i;; raised until it reaches the 
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top of the tube, and its point is broken I)ff by pressing 
it against the side. The tap is then opened. and the gas 
enters the pump, followed by mercury, 
which is allowed to enter until the ~ 
stopcock is passed. The gas eall now \, ". <'" 
be driven iuto an exhausted bulb as 
described above, 

Puriilcation of Mercury. It is important 
in working with pumps and gases, that 
the mercury used should be pure aml 
dry, otherwise it will leave a "tail" 
which will dirty the pump aml lllay 
affect the gases which cOllie in contact 
with it. For the purpose of purification 
we may divide the impurities of mercury 
into two groups: FIG. 16. 

(i) Metals which are more electro-positive than mercury, 
e.g. Zinc, Iron, Copper, etc. 

(ii) Metals which are less electro-positive than mercury, 
e,g. Gold. 

1. Renwual of Metals ?nore elect'l'o-positive than 111e,'
C'l.wy. One of the simplest methods for the removal 
of these impurities is to place the mercury in a wide 
Drechsel bottle, cover it with a solution of mercurous 
nitrate containing a few drops of nitric acid, and draw 
a current of air through for several hours, by meaIlS of 
a water pump. 

Equally efiective and simple is the method which 
consists in placing about 250 grams of mercury in a 
stoppered bottle with a little mercurous nitrate, and 
shaking in a mechanical shaker for several hours. The 
stopper of the flask must be well wired on in this 
method of treatment. 

When the mercury has been treated by one of the 
s,c. D 
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former methods, or if it is not very impure, it may 
be obtained quite pure by allowing it to run down 
a long column of mercurous nitrate solution. The 

apparatus for this treatment con
sists of a long wide tube A (Fig. 17), 
to whose lower end a capillary 
tube of 1 mm. bore, and bent as in 
the diagram, is attached. The tube 
is mounted on a wooden stand, 
and a funnel B, which is drawn 
out to a fine point, is placed at the 
top of the tube. The funnel causes 
the mercury to flow in a fine stream 
of drops. By this method the 
mercury flows from the capillary 
pure and dry. 

2. Removal of lJ:[etalsless elecb'o
pos'it'ive than liferc1t7'Y. Metals 
which are less electro-positive than 
mercury can only be removed by 
distilling the mercury; this, under 
ordinary circumstances, is a very 
disagreeable process. Dunstan and 
Dymond (Phil. lvIag. 1890, p. ;367) 

FIG. 17. have, however, described a piece of 
apparatus by meanFl of which mercury can eaflily aml 
safely be distilled ill a Toricellian vacuum. 

The apparatus consiflts of a Jena glass tube 750 mm. 
long, and hi cm. wide, A (Fig. lK). At the top of 
this tube a stout bulb B, of 500 c.c. capacity, iH blown. 
(l'his tube is filled with mercury aBd stands in a glass 
trough c, to ~mch a depth that the lmlb is half filled 
with mercury. A capillary tube D, also filled with 
mercury, passes through a rubber stopper E in the botton) 
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of the mercury trough, and right up the tube B, so that 
about 3 cm. project into the bulb A. 'fhe capillary 
tube is bent as indicated in the ~G 
figure. The bulb A is surrounded by " _,...-... "' 
a ring burner F, and protected from 
the direct action of the flame by a G 

cone of asbestos G; it is also covered 
by a layer of asbestos. When the 
bulb is heated, the mercury evaporates 
quietly under the reduced pressure, 
and passes down the capillary, from 
which it drips into the bottle K. 
Fresh mercury for distillation is added 
to the trough c. The mercury used 
for diRtillation must be dry, free 
from metals more electro-positive 
than. mercury, and from solid im
purities. Some of the metals 
more electro-positive than mercury, 
e.g. zinc, are distinctly volatile, con
sequently distillation would not effect 
a purification. Mercury may be 
freed from solid impurities by filter
ing it through chamois, or through 
a filter paper which has a tiny K 
pinhole in its point. IHoisture ean ~'lG. 18. 

best he rellloved frolll mercury by placing it ill :L stearn 
oven for several hours. 



CHAPTER V 

DETERMINATION OF DENSITY 

THE conceptions of Density and Specific Gravity are 
often somewhat confused in their application, it will be 
well, therefore, at the outset to define these quantities. 

1. Absolute Density, this is generally known simply as 
density. The density of a substance is the m:1S" of unit 
volume. 

2. Specific Gravity is the ratio of the density of a 
substance at any temperature to the lknsity of water 
at 4 c. 1'he term specific gravity is only applied to 
liquids and solids. 

3. Relative Density is the ratio of the density of a 
substance at a given temperature to that of a standard 
substance at the same temperature. 

The standards for relative density determinations are 
not the same lor gases as for liquids aml solids. 

For gases, hydrogen is the standard of relative density, 
although in many cases air is used. It is obviously 
incorrect to use a sub"tance of variable composition as 
a standard, and consequently alll'elative gaseous density 
determinations should be made with hydrogen :J.fl the 
unit. In making relative dem;ity determinations of 
gases, it is essential that the pressure of the gas and the 
standard of comparison should be the same. It is not 
necessary that this should be the normal pressul'e, i.e. 
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760 mm. of mercury, for under moderate pressure changes 
all gases are equally affected. 

The standard used for determining the relative density 
of liquids is water, so that the relative density of a solid 
or liquid at to may be expressed by 

The density of the substance at to 
The density of water at to . 

In phYRical chemiRtry we olten express our rlensity 
determinations in functions of the density, e.g. Specific 
Volume, Atomic Volume, and Molecular Volume. 

The Specific Volume is the volume occupied by unit 
weight of a substance, i.e. it is the reciprocal of the 
specific gravity. 

Molecular Volume is the volume occupied by the mole
cular weight of a suhstance in grams. 

Atomic Volume is the volume occupied by the atomic 
weight of an element in grams. 

Thus, if d he the speeific gravity, v the Ilpecific volume, 
m the molecular volume, a the atomic volume, A the 
atomic weight, and M the molecular weight of an 
element, the following expressions give, in equation 
form, the relationships of the various factors: 

1 
d=-, 

v 
vA=a, vM = 'In. 

In recording a density determination it IS wmal to 
express the tOlllperature at which it has been deter
mined, and in the case of relative density and specific 
gravity, the standard from which it has been obtained. 
Thus, for solids and lilluids, O!5 indicates that the specific 
gravity was measured at 25° and the standard was water 
at 4°; for gases o( H = 1) means that hydrogen was the 
standard in this case. rfhe densities of gases are always 
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obtained from volumes reduced to normal conditions, i.e. 
0° and 760 mm. 

1. Density of Solids 

In this section only those methods will he considered 
which are in general use for chemical purposes, for a 
description of other methods, the student is referred to 
text books on Mechanics. 

The volume of a solid is never determined by measure
ment of its axial dimensions, for it is only very rarely 
that the form of a solid is sufficiently simple and regular 
to allow of oven a moderately accurate computation of 
its volume heing made by this method. 

The volume of a solid is determined by measuring 
either the weight or the volume of a liquid displaced 
by it. 

Before proceeding to determine the volume of a solid, it 
must be carefully examined to Hee that there is neither 
air bubbles nor" mother liquor" locked in the intf'rior. 
Should thASC he found, it must he powdered and, in the 
case of the presence of "mother liquor," pressed between 
filter paper..., and then left to stand in the air for several 
hours. 

(i) Burette Method. The simplest method of determin
ing the denHity of a solid is to place a small weighed 
portion of the :;ubstance into a burette containing a 
measured quantity of a liquid, which neither dissolves 
nor has any action on the solid substance. The liquid 
will then give a different reading on the burette scale. 
The difference hetween the initial and final burette 
readings gives the volume of the solid. 

If w is the weight of the substance and v its volume, 

then "'!!_ = density. 
v 
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(ii) Specific Gravity Bottle Method. A second method, 
useful for finely powdered subRtances and Rmall crystalR, 
entails the usc of a specific gravity bottle. This is a 
wide-necked bottle, shaped as in Fig. 19, fitted with a 
perforated stopper 8, and having a capacity 
of 50 C.c. or 25 c.c. The bottle is carefully 
cleaned and filled with freshly boiled distilled 
water, or other liquid if water is unsuitable 
for the determination. The stopper is then 
im;erted, taking care that no strain is pro-
duced in the glass and th~t no ail' bubhles 
remain. The bottle is then dricd and placed 
in the balance case, ,and after standing 
there for half an hour it- if) weighed. A 
known weight of the f)ubstance whof)e FIG. 19. 

s 

density is to be determined is now placed in the bottle. 
The Rtopper iR again inserted and the bottle re-weighed. 
When adding the solid, great care must be taken to 
remove all air bubbles which may be adhering to it. 
This is best carried out hy placing the hottle in boiling 
wat,er aR long as bubbleR are given off, then it iR removed, 
cooled, and completely filled with the liquid. The stopper 
is inserted as hefore, and the bottle allowed to stand for 
about an hour in the balance case, and re-weighed. 

If w is the weight of the solid, w' the weight of the 
bottle filled with water, and w" the weight of the bottle 
containing water and solid, then 

the relative density = ..... -'!". --. __ ' . 
w+w'-w" 

For most purposes this expression gi \-es a reRuit 
accurate enough for the required o~ject, but for more 
exact work the value must be reducvd to water at 4° 
and vacuum standard. 

If N is the density of water at the temperature of 
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the experiment to, and 0'0012 the mean density of all', 

then the corrected expression is 

Density = w +;--:... w" (N - 0'0012)+0'0012. 

Should the substance to be measured react with, or he 
soluble in water, then a liquid of known density which 
is without action on the solid must be chosen, e.g. benzene, 
alcohol, or aniline. 

The formula for calculating the density thel! becomes 

Density = (\ji+-~;l_ W")' 

where W is the weight of the Rubi,tancc, w' the weight of 
the hottle and liquid, w" the weight of the bottle, liquid 
and solid, and <l the density of the liquid. 

(iii) Method of Floating Substances. Neither of the 
above-mentioned methods entirely removes the possi
bility of error arising from contained air and mother 
liquor, and since these impurities can only make a 
solid specifically lighter, the fonowing method almost 
entirely eliminates errors of this nature. 

A wide-necked tap funnel is cleaned, drier! ~1I1d ahout 
half filled with a dense liquid which has no action on 
the subsbUlee to he determined, and in which thtl suh
stance will float. Then a number of earefully chosen 
crystals or pieces of the suhstance arc added to it; they 
will all 110at on the surface. A sec-ond liquid of density 
leRs than that of Ole Rohd, and which mixes with the 
first liquid, is slowly added and well shaken, so that 
a homogeneom; li'luid is ohtained. After one or two 
additions, several of the crystals will slov,;]y sink, i.e. 
their density is slightly greater thaIi the density of 
the liqui(1 mixture. The heavier liquid is then added 
drop by drop, until the densest and, consequently, the 
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pllrPHt cr~'Htal;; jUHt remain sllfipml!lcfl in thc liquid, 
i.e. they have the sallle dellsity as the liquid. When 
this is tho case the ]i([11id is run oft' and its density is 
determined. For nwthod HCC next scction of this chapter, 

The following liquids axe suita.b1r\ fill' this method of 
determination: 

---,---------- -

I,iquid. Densit,y. 

-_ --------- ----- - ---- -- \---------

l\lethylE'IlC Iodide, -
Bromoform, 
Methylene Bromidp.
Ethylene Dibromide, 
Ethyl Iodide, 
Alcohol, -
Benzetle, -
Ether, 

ExrEHI~IE.\'TS 

3':r.l4 
'2'()O 

2'4$)0 
2'1(; 
1'93 
(1'1'06 

O'89fJ 
0'736 

(i) [)I!lerm 1/11' fhl' j)f'II"ily 4 C'(t.!C'~jll(/" Choose RevEmd 
crystals or ea,lesprtr of SHl'h ~t size that they \vil1 eaRily 
Hlip into a burett0. EXHl1Ji1l0 them \yith 11 JeuR, and 
discard thoRc which contain bubbles of occlndeQ gal', 
\Veigh the erystals eho,'iell, to th(; ncarest milligram, amI 
slip them into n hUl'ettf' half full of water, the height 
of which haR hecn previou;;ly rcad. Measure the new 
height, and from the volume of the crystals thus detpl'
mined, calculate the denRity. 

(ii) Detl?1'lnil1e the Density (!/ P{~r'l'l> Q,rilll', Wt'igh a 
sman specific gravity bottle full of distilled water. Then 
pour out half the contents and add an H.lOcurately weighed 
quantity (about 5 grams) of ferric oxide. Place the 
bottle and contents in a bath of boiling water until all 
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adhering air bubbles have been expelled, cool, and com
pletely fill the bottle with distilled water. Place in the 
balance case, and after it has stood for an hour,re-weigh. 
From the weighings calculate the density of ferric oxide 
(1) without corrections, (2) with corrections. 

(iii) Determine the density of Crystallised Copper StLl
ph ate. Examine a number of crystals of copper sulphate, 
and pick out about It d07.en which appear to be quite 
homogeneous. Place thcm in a dry separating funnel 
of about 200 c.c. capacity, and pour on to them ahout 
30 C.c. of hromoform. Then C('trefully add absohite 
alcohol in small quantitics, sbaking or Rtirring after 
each addition, until onc or more of the crystals sink. 
Now add bromoform, with continued Rtirring or shaking, 
until the del1Rest crystal just floatR in the liquid. The 
liquid and ery.'lt,als now have tlJe same density. The 
liquid must now be run off, and its density determined 
at the same temperature as that at which the experiment 
haR hf'en carried out. The density of the liquid gives 
the density of the crystalH. 

2. Density of Liquids 
For approximate purposes thc density of li'luidR is 

obtained by means of hydrometen:;, which are graduated 
on the stem to give direct density readings. Such 
methods are far too inexact for physico-chemical 
purposes. 

The density of a liquid is most easily and accurately 
obtained by mcanR of a specific gravity bottle or a 
pyknometer. The Perkin form of the pyknometer if; 
perhaps the easiest to manipulate; this consists of a 
glass bulb A (Fig. 20) fitted with two tubes ct and b of 
medium-walled capillary tube of about L5 mm. bore, 
the one a being drawn out to a point and the other 
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slightly constricted at d; above d it slllall bulb C IS 

blown. A ring is etched round the tube at d to fix the 
capacity. There is, then, between the point of thc pipette 
and the constriction at d, a definite volume, which may 
be determined. The ends of a and b arc provided with 
two small glass caps j, which should always be put on 

f 

A 

FlO. 20. 

when the pipette is being weighed or is standing in the 
balauce case. The pyknometer iR cleaned by washing 
with a bichromate and sulphuric acid mixture, and then 
distilled water. To dry it, alcohol iR drawn through, 
and finally re-distilled ether. The last traces of ether 
are removed by blowing air through it from a bellowR. 
Pyknometers should never be heated to dry them, for 
this occasions slight volume changes which do not at 
once disappear when the vessel is cooled. 

To make a determination, the pyknometer is first 
weighed empty; this is best accomplished by hanging it 
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to the balance beam hy a loop of platinum wire. It is 
then filled with freiihly-boiled distilled water by l1ipping 
the point under the water and sucking gently at a piece 
of rubber tubing attached to the other end. When filled, 
it is allowed to stand in a thermostat for about twenty 
minutes, so that the temperature of the water may be 
known. 

When placed in the thermostat, the pyknometer should 
be slightly tilted, so that the water flows away from the 
point into the bulb e. When it has taken on the tem
perature of the bath, the water must be adjusted so that 
it exactly fills the pyknometer between the point and 
the mark d. This is done by bringing the pyknometer 
to the level position again, when the water will flow 
back to the point, and the excess may be removed by 
holding a, piece of filter paper to the point until sufficient 
has been withdrawn. Should too much be withdrawn, 
it may be replaced by brillging' a drop of water on a 
glass rod into contact with the point, and again tilting 
the pyknometer; the drop will then be drawn in by 
capillary attraction. When the quantity or water is 
exactly adjusted, the pyknometer is tilted so that the 
water leaveR the point and enters the bulb; this preventR 
loss of liquid during drying. The vessel is then carefully 
dried, the caps are placed on (t and b, and it is put in the 
balance caRe. Since the pyknometer will not stand by 
itself, it is usual to stand it in a narrow beaker. After 
half an hour has elapsed it is weighed. Several deter
minations of the weight of water contained in the 
pyknometer should be made, and the mean weight used 
in subsequent calculations. 'rhe water is now removed, 
and the pyknometer dried, and filled with the liquid 
whose density is to be determined, and the process. 
repeated. 
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r If w be the weight of water and w' the weight of the 
I second liquid held by the pyknometer, then the relative 
~ ·density of the liquid compared with water is given by 

dt=w' 
t W' 

or, compared with water at 4°, 

w' 
d;o= W .d

" 
where d t is the density of water at C. For absolute 
determinations this must be reduced to vacuum standard. 

dt _ w' d _(O'0012(W\ -W») 
4°-W' t W . 

A table of the demlity of watt~r at vat'ious tempera
tum., will be found ill Appendix H. (Table lI.). 

Determination of Density at the Boiling Point. The 
determination of the densities of liquids can be carried 
out at all temperatures below the boiling point, by the 
method described above, but tho method re<Juires slight 
modification if the density is to be determined at the 

fl boiling point. 
~ The method is due to Ramsay and Lot-hal' Meyer. 
L The pyknometer consists of a thin-walled glass bulb A 

, (Fig. 21) of about 2'5 c.c. capacity, which is fitted with a 
single capillary tube B, bent tUl in the diagram. The 
pyknometer is filled with liquid in the following way: 
a stout-walled tube C (Fig. 21), fitted with a side tube 
o and a ruboer stopper E, is half tilled with liquid, and 
the pyknometer, supported by a wire F, is placed so that 
it just dips below the surface. The tube 0 is then 
attached to a water pump <LlId partially exhausted. On 
allowing air to re-enter the apparatus, by opening the 
tap G, some of the li<luid runs into the pyknollleter. 
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The process is repeated several times until the bulb is 
almost full. 'fhis method of filling is adopted ill clean
ing the pipette, and ill the determination of its volume. 

A B 

Fro. 21. 

Having almost filkd the pyknometer with the liqnirl 
whose density is to be determined, it is suspended by n, 

platinum wire in It wide-necked bulb A (Fig. 22), so that 
it is just above the liquid in the bulb. The bulb contains 
the same liquid as the pyknometer. The tube is fitted 
with a side tube B, to which a condenser c is nttached. 
A thermometer t, supported by a rubber stopper, is 
placed with its bulb on It level with the pyknometer 
bulb. The liyuid in the bulb is then raised to the boiling 
poiut and kept there until the pyknollleter [l,ud its con· 
tents have attained the temperature of the boiling liquid. 
'rhe hpatillg causes the liquid in the pyknometer to 
ex.lJalld ltl\d gradually till the whole vessel, the excess 
being ex.pelled frolll the tip. Whell the pyknometer has 
aClfuired the temperature of the buth, i.e. when no mort' 
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liquid is expelled from the tip, it is withdrawn and 
cooled quickly, so that the liquid in the capillary is 
withdrawn into the bulb, leaving 
behind any drop which may be 
hanging on to the point. The 
pyknometer is placed in a beaker 
and allowed to Rtand in the balance 
case for half an hour, after which it 
is weighed. 

Since the volume of the pykno
meter changes with temperature, we 
require to know the coefficient or 
cubical expansion of glass, before the 
density can be calculated from the 
measurements. 1'0 determine thiR, 
the weight of the pyknometer filled 
with air, and with water at two 
different temperatures is required. 

A 

FHl. 22. 

If WI and w t l'epreflellt the weights of water containeu 
by the pyknometer at tI O and t._/, r.lI and d2 the ueIlHity 
of water at the two temperatures reHpecti vely, and "1)1 

and 'vz the cOl'l'c:-;pouding volumes, then 
'W W., 

'VI = d l and v2 =-d-'" 
l,. 2 

The difference in the YOlllllle of the pipette at tlw two 
telllperaturetl is g-i yen by 

:3a(tz - tt) = V 2 -1JI , 

where l{ is the eoetticient of cubical uxp1tnsion of glass. 

Since 

wu Imve 

If T represents the the liquid whose 
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density is being- determined, then the volume of the 
pyknometer at the boiling poillt is 

vT = Vj + :3 u (T - t1) 

= ~~ + i1u(T - t1). 
(1'1 

10 
Ht'll(,p d

T
= __:r can he determined whore d

T 
aJl(l wT 

'UT 

represent the density and weight of the li'luid at the 
boiling point Frolll d

T
, the mulceular and specitie 

volullles of the liquid ('"til be readily calculated. 
1 

Sp(~citic VolUllle = a;' 
M 

Molecular Volume = ~l--' 
( T 

where M represents tIl(' molecular weight. 

b 

. c 

A 
a 

llud tilled, than 

The df'tt'l'I11illation of the density 
of cL liqui,l Llt the boiling point is 
Illore easil}: carried out, i1' a pykno
met,,!, devised by CrolllPton is used 
instuad of the Ramsay l'Orlll. This 
instrument com;ists of a bulb A 

(Fig. ~:n, of about 5 c.c. capacity, 
fitted with twu side tubes a and b . 
The one (J., is drawn out to a small 
hook-like point, and the other b, 
somewhat IOllger than the side tubes 
oj' ordinary pyknollloters, is COll

,~tricted ncar the bulb and bent at 
the top, as indicated in the diagram. 
A mark c is etched round the glass 
at the cunstriction. It will be at 
once obvious that this pyknometer 
is llluch more easily cleaned, emptied 
the Rall1i:l<1Y form, The volume 
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of the pyknometer is determined in exactly the 
same way as already described. To determine the 
density of a liquid at the boiling point, the pyknometer 
is filled with the cold liquid by immersing it in the 
liquid until the point is covered, and then filling by 
gently drawing at b. Then it is immersed in the boiling 
substance, and kept there until the temperature is con
stant. When this is the case the liquid ifl drawn into 
the pyknometer, so that it standfl slightly above the 
mark c. A piece of rubber tubing closed at one end by 
a short g1ass rod is then slipped Oll to the tube b. The 
liquid may now be brought exactly to the mark fl, either 
by pushing the rod further into the tqbing, if the pipette 
is too full, or drawing it out a little, if the pipette is not 
full enough. The vesflel iR then withdrawn from the 
bath, cooled, dried and weighed. The method of calcu
lation is ex,actly the Rame as that previously described. 
It is obvious that such It pyknometer may be used 
advantageously for determinations at all temperatures. 

Determination of the Density of Liquids of high Freezing 
Point. A method for determining the density of liquids 
which solidify between atmmlphel'ic temperature and 
150°, has been devised by Crompton. It involves the 
use of a pyknometer shaped somewhat like a pipette 
(Fig. 24). The bulb A is drawn outat itA lower end 
to a short capillary point, the upper tube b is a 
capillary, and haA a mark rZ etched on it. The volume 
of the pipette is determilled by the ordinn,ry method of 
weighing it empty and full of water at a known 
temperature. 

To determine the density of a 1ifl'lid of high freezing 
point, a quantity of the Rolid substance is placed in a 
tube B (Fig. 24), which is Rurrounded by a slightly 
larger tube c. ThiA serves as an air jt1cket to the inner 

s.c. K 
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tube. These tubes are then placed in a bath at a tem
perature higher than the melting point of the solid 

substance. When the solid has 

B 

c 

A 

FlO. 24. 

a melted, a small stirrer 8, of 
platinum wire, and a thermo

b meter t are inserted into the 
molten substance. The pykno-

d meter is then placed in the 

c 

tube B, and when its temperature 
has become that of the surround
ing bath, the liquid is drawn 
into it until the mark d is 
reached. A piece of rubber tube, 
closed at one end by a glass rod, 
is then slipped over the end of 
b, and the bath and contentil 
kept at constant temperature for 
10 minutes; the liquid in the 
pyknometer is then brought 

exactly to the mark by means of the rod in the 
rubber tubing. Then the pipette is withdrawn from 
the bath, and the liquid at once solidifies. The 
tube is cleaned and weighed, and the density cal
culated. An alternative method of using this pipette 
consists in having two marks on the stem, a and 
d, one at either end of the capillary. The volume of 
the pyknometer is known when filled to either mark; 
this is ascertained in the usual way, by filling with water 
to one mark and weighing, and then filling to the other 
mark and re-weighing. In this way the capillary is 
calibrated, and the volume at any point in it can be 
obtained by calculation. In filling with the liquid whose 
dem;ity is to be determined, the level may therefore be 
brought to a11Y point between a and el, and no exact 
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adjustment, which is often a matter of considerable 
difficulty, is necessary. 

EXPERIMENTS 

(i) Determine the value of 0:5 for Absolute Alcohol. I 

Carefully clean and dry a pyknometer. Weigh it 
empty, filled with water at 25°, and with alcohol at the 
same temperature. From the weights obtained calcu
late 0;', using the density of water at 25° given in 
Table II. Appendix, and the formula 

0 26 = WI d ._(O·0012(WI-W)) 
4 W 26 W 

where WI is the weight of the alcohol, W the weight of 
water, and d25 the density of water at 25°. 

(ii) Deter'mine the Molecula?' VOlUTlM of Benzene at its 
Boiling Point. Take a small pyknometer of the shape 
and size recommended in the general description. Clean, 
dry and weigh it. Then fill it with water at ordinary tem
perature, which must be noted, and weigh again. Then 
hang it in a steam bath until it has acquired the tempera
ture of the steam; cool, dry and re-weigh. The barometric 
height must now be read, and the boiling point of the 
water obtained from Table III. Appendix B. Empty the 
pyknometer and dry it, then fill it with benzene and 
heat to the boiling point; cool and weigh again. From 
the data thus obtained, calculate the molecular volume 
by the method described above. 

Having determined the molecular volume for benzene, 
repeat the process, using chlorbenzene, brom benzene, 
iodobenzene, nitrobenzene and aniline, and in this way 
obtain the effect which is produced on the molecular 
volume when hydrogen is substituted by the various 
groups. 

It is unnecessary to weigh the pyknometer filled with 
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water in any but the first determination: the values 
Lound from this serve in every other case. 

These experiments may be carried out with either the 
Ramsay or the Orompton pyknometer, the latter is, hcm'
ever, much easier to manipulate. 

(iii) Determine the Density of Azobenzene at 700

• 

Place about 25 grams of re-crystallised tLzobenzene in a 
test tube, and melt it in a bath of water (see Fig. 24). 
Then fill a Crompton pipette, whose volume you have 
previously determined. When the temperature is defi
nite, and the pyknometer exactly filled, withdraw the 
pipette, cool, clean and weigh it. 

3. Density of Gases 
The density of a gas is determined by directly weighing 

the gas in a strong glass bulb of about 
200 c.c. capacity (Fig. 25). The bulb is 
attached to a stout-walled capillary 
tube which is provided with a well
fitting tap. This must be carefully 
greased before use. The volume of 
the bulb must be determined first of 
aU: this is done by we1ghing it filled 
with air and then with water at a 
known temperature. '1'0 fill such a 
globe with water, it must be exhausted, 
and the tap opened when the tube is 
dipping under water which has been 
previously boiled. It is then placed 
in a thermostat uutil it has taken on 
the temperature of the bath. Then 

FlU. ~". it is dried and weighed to the nearest 
centigram. The volume can now be calculated ail 
descrihed in Ohapter II. 
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Errors due to buoya,ncy of the air may be eliminated 
by counterpoising the globe by one of equal volume. 

The globe is then emptied and washed out successively 
with alcohol and ether, and finally exhausted to remove 
the last traces of ether. It is then filled with the gas 
whose density is to be determined, the temperature and 
barometric pressure are noted, and the bulb weighed. 
For the method of filling a bulb with a gas see 
Chapter IV. 

If w be the weight of the exhautited globe, w' the 
weight of the globe filled with gas, and Vo the corrected 
volume, then the absolute density, or the weight of 
1 c,c., is given by 

w'-w 
d=---. 

Vo 

The volume Vo is obtained from the experimentally 
determined volume by the expression 

v. 273. p 
Vo= (273+t)7GO' 

where P and t are the pressure and temperature under 
which the bulb was filled. 

Since the gram molecular weight of a gas at 0° and 
760 mm. occupies 22400 C.c., it follo\vs that the molecular 
wcight of a gas can be obtained directly from the value 

of d. M = 22400d. 

One generally determines the density of a gas by com
parison with air, and when this is done, it i,'l unnCCmJDary 
to determine the volume of the globe. 

If w is the weight of the vacuous globe, w' that of 
the globe filled with air, and w" filled with the gas ll1 

question, then 
d _ W t. of the gas _ w" - w 
- -wr.-OfaTr-' - - w' - w' 
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if air be taken as the unit. If hydrogell be taken as the 
unit, the expression then becomes 

w"-w 
d=-,-.d1• w-w 

where d t iH the density of air at norlllal lemperature and 
pressure. 

EXPEIUMENT 

Determine the Density of Carbon dioxide at Ordina?'Y 
Tempe1Yd1we. Determine the weight of a vacuous globe, 
then fill it with dry air, noting the temperature and 
pressure under which it is filled. Weigh it full of air, 
and then fill it with dry carbon dioxide and again weigh. 
The density of carbon dioxide at the given temperature 
is obtained by the expresHion 

d= Weight of Carbon dioxide d 
Weight of air X l' 

whc:re d1 is the denSIty of air under the eonditionH of the 
experiment. 

If the density of ail' at 0° and 760 mm. be taken as 
unity, then 

p 273 
ell =] X ;;;"O~ X 9":" +- t' ,,, -,.) 

Since all gaHcs are similarly affected by temperature 
and pressure, the expression 

d= Weight~of Carbon dioxide 
Weight of air 

gives the density of carbon dioxide at 0° and 7fiO mHl., so 
that, assuming ail' has a density of 14'4 when compared 
with H = 1, the Illolecular weight of carbon dioxide will 
be obtained from the expression 

M =cl x 14'4 x 2, 

since the molecular weight is twice the delli:iity. 
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4. Determination of Vapour Density 

Many substances, both solid and liquid, vaporise easily. 
It is customary, in settling questions of molecular weight, 
to determine the density of their vapours at temperatures 
above the boiling point. The density determinations 
described here are not, and do not need to be, exact, for 
the sole point of the determination is to arrive at the 
molecular weight, and an error of five per cent. in the 
density will not influence the decision with regard to 
molecular weight. In some cases, however, abnormal 
vapour densities are obtained, which are either larger or 
smaller than is required to be in accord with other known 
facts. 'fhese abnormalities are explained, in the case of 
vapour densities which are too small, by the assumption 
that the molecule has split up into smaller molecules, 
i.e. it has dissociated. In the other case, where the 
vapour density is too large, it is assumed that two or 
more molecules have combined together, i.e. an associ
ation has taken place. There are several methods for 
the determination of yapour density for the purpose of 
settling the molecular weight, the most important of 
which, in the order of their accuracy, are: (i) Dumas' 
Method, (ii) Hofmann's Method, (iii) Victor Meyer's 
Method. 

(i) Dumas' Method consists in weighing a known, or 
easily determined volume of a vapour. The experiment is 
carried out in a glass bulb A (Fig. 26) of from 30-250 c.c. 
capacity, fitted with a tube B which is drawn out to a 
fine point. 

The globe is weighed, and then 2-3 grams of the 
suhstance whose vapour density iR to be determinpd arc 
introduced. TlliH is done by warlllillg the globe and 
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then dipping the capillary end into the li(]uid or molten 
solid. As the bulb cools, some of the substance will be 

drawn in. The globe is then placed in a 
bath so that only about 2-3 cm. of the side 
tubc project, and it is heated to a temperature 
about 20°-300 above the boiling point of the 

B rmbstance it contains. The heating is con
tinued until no more vapour is expelled from 
the point, and then the temperature of the 
hath and the atmospheric pressure are taken, 
and the end of the tube is carefully sealed 
with a blowpipe. 

The bulb is removed fr01ll the bath, cooled, 
dean ed, dried and weighed. The end is then 

A broken off under boiled water, and the bulb 
Hlled with water and again weighed, care 
being taken to collect any splinters of glass 
which may be broken off, and to weigh them 
,dong' with the bulb full of water. A bubble 

FIG. 26. of air is often left when water is let into the 
bulb, this is due to air which has not been expelled by 
the vapour and must be allowed for. 

If w iF; the weight of the bulb filled with air at the 
temperature t and pressure p, ~V' the weight of the bulb 
filled with the substance, t' the temperature and p'the 
pressure under which it wac; sealed, and w" the weight of 
the bulb filled with water, then 

" w -w 
gives the weight of water required to fill the bulb. If 
the density of water at the temperature at whidt it was 
weighed is given by cl, then 

" w -w 
v=d-' 

where v is tIlf) volume of the flask. 
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The weight of the vapour W is now given by the 
expressIOn 

W=w' -w+v( 0'001293. 7~O' 2::!t)' 
The weight, of an equal volume of air w' at t' and p' is 

given by 

'_ (. p' 273) 
W _ v 0001293. 760' 27:3+( . 

The vapour density =~, 

when 0'001293 represents the weight of 1 C.c. of air at 0° 
and 7uO mm. 

In determining the vapour density of suhstances which 
h&ve a low vapour pressure at ordinary temperatures, 
and, in general, any liquid boiling above 1000

, Crompton 
has shown that it is quite unnecessary, in molecular 
weight determinations, to seal the bulb. His method 
of procedure is exactly the same as that described above 
up to the point where the bulb is Realed. In this method, 
when the substance is all vaporised and no more vapour 
is emitted from the tube, the bulb is withdrawn from 
the bath and quickly cooled and then weighed. The 
volume of the apparatus is obtained either by filling it 
with water and weighing, or by using a thin walled vessel 
immersing it in water and meaRuring the increaRe 
in the apparent volume of the water. The calculation of 
the vapour denKity by this method is also much simpler. 

If w is the weight of the bulb filled with air, and w' 
tilled with air and the small amount of the substance 
whose vapour originally filled the hulb, then w'_w 
gives the weight of the substance, and no correction is 
necessary for buoyancy of the air. 
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If v is the volume of the bulb, then 

w=v 0'001293 -. -_-( 
P 273) 

'760 273+t 

gives the weight of the same volume of air under the 
experimental temperature and pressure t and p, The 
density then 

w'-w 
=--v;;-' 

where w is the weight of the air under the experimental 
conditions. 

EXPERIMENTS 

(i) Dete1'mine the Vapour Density and Afoleculcw 
Weight of Acetone. Proceed exactly as described above. 
Introduce about 2-3 C.c. of re-distilled acetone into the 
bulb and heat in a boiling water bath. Test for the 
emergence of vapour at the point by holding a cold 
metal surface close to the point; if vapour is being 
expelled it will condense on the metal and can be seen. 
Calculate the density to the standard H = 1, air being 
taken as 14'4. 

(ii) Determine the Vapour Density of B1'mnbenzene. 
In this experiment use an oil bath at about 180°. When 
the vapour is no longer driven from the tube, remove 
the bulb and cool as quickly as possible. Clean the bulb 
by rubbing it with a duster moistened with chloroform, 
then dry it and weigh. Calculate the result by the 
second method given a.bove. 

(ii) Hofmann's Method determines the volume of a 
given weight of vapour. The determination is carried 
out in a fairly stout-walled tube A (Fig. 27) about 100-
120 cm. long and 2 cm. diameter. The tube is graduated 
in millimetres, and the relative volume of the millimetre 
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divisions is abo known. The tube is filled with dry 
mercury and stood in a mercury trough B; it is sur
rounded by a glass jacket c 
which is fitted with two side 
tubes 0 and E. The substance, 
whose vapour density is to be 
determined, is contained in a 
small stoppered tube F; this is 
carefully weighed and placed 
into the bottom of the tube A, A 
w hen it quickly rises to the top F U 
of the mercury. The vapour of 
a liquid boiling a few degrees 
above the boiling point of the 
substance in the tube is admitted 
by the side tube 0, the con
densed vapour running out at E. 
This heats up the tube and 
vaporises the substance in F, and 
the mercury is depressed. When 

o 
-- _. - h -;<. 

I 
I 

_____ -i 1 

the vapour of the heating liquid FIG. '!I. 

is no longer condensed, i.e. after about twenty minutes, 
the volume of the vapour in the tube A is noted, and the 
height of the column of mercury hl is measured. 

If w is the weight of the substance, V the volume, 
t the temperature of the heating jacket, i.e. the boiling 
point of the liquid used, P the barometric pressure, h the 
height of the mercury column, and m the vapour pressure 
of mercury at the temperature of the experiment (see 
Table IV. Appendix), then the weight of a volume V 
of air at 0° and 760 111m. is given by 

v(p-h-m). ~73 0'001283=W' 
760 273+t' • 
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Hence Density=:,. 

For ordinary molecular weight determinations, this 
expression gives a value which is quite accurate enough, 
but for more accurate determinations, the expansion of 
the glass! etc., must be taken into account. 

'l'he Hofmann method, owing to the increasing vapour 
tension of mercury, ought not to be employed for 
substances boiling above 250°, 

EXPElUMENT 

Dpfermi1w the Vap01~r Density c~11cl Molecul(~r Weight 
of Ethyl Acetate. Weigh out about 0'1 gram of ethyl 
acetate in a small stoppered tube, insert it in a Hofmann 
tube as described above. Use steam as the heating sub
stance. From the results of the experiment calculate the 
vapour density and molecular weight. The results of 
this experiment should not differ more than ± 2 per cent. 
from the correct value. 

(iii) Victor Meyer's Method determines the volume of 
air displaced by a given weight of a substance in the state 
of vapour, and, since the volume of air displaced would 
occupy the same volume as the vapour of the substance 
if it were raised to the same temperature, Victor Meyer's 
method gives, indirectly, the volume occupied by the 
vapour. 

The determination is usually carried out in a vessel 
consisting of a bulb A (Fig. 28) of about 150 c.c. capacity, 
connected to a long tube B of about 7 mm. diameter. 
This tube is widened out at the top, and has a side tube 
c attached to it, and is closed by a rubber stopper s. 
The bulb is placed in a glass or metal jacket 0, which 
contains about 50 C.c. of a liquid that can be used to 
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give a temperature about 30° higher than the boiling 
point of the substance under investigation. A small 

N 

FIG. 28. 

plug of asbestos is placed at the bottom of A, to save it 
from fracture when the substance is dropped in. The 
side tube C dips under water contained in a glass dish 
E, and the expelled air is received in a graduated eudio
meter tube F. 

To Cll,l'l'y out a determination, the liquid in 0 is raised 
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to the boiling point and kept there throughout the 
experiment. When the temperature of the apparatus is 
constant, i.e. when no more bubbles of air are driven out 
of the tube C, the stopper s is removed and the substance 
is dropped in. The stopper is quickly replaced, and the 
first two bubbles of air evolved from C allowed to escape. 
The graduated tube F is then quickly placed over the 
end of the delivery tube, and the ail', expelled by the 
vapour of the substance, collected. The substance, if a 
liquid, is weighed and introduced in a tiny stoppered 
bottle,o1' in a bulb whose sealed end is broken off' just 
before the addition. If the substance is a s,>iid it is 
added as a small compressed tablet, 

The tube containing the expelled air is then remoycd 
from the trough and immersed in a tall cylinder of 
water, After about half an hour, when the temperature 
of the air in the tube has become the same as that of 
the surrounding water, the volume is measured. This is 
best done by raising the tube until the level of the water 
inside and outside are the same, and then rending off'the 
volume. Whilst the reading is being taken, the tuhe 
must not be held by the fingers, otherwise the air will be 
somewhat heated and an incorrect volume obtained. 
The transference of the graduated tube from the trough 
to the cylinder is best effected by placing a small porce
lain crucible full of water under the tube, and then 
lifting tube and crucible together. The crucible is then 
sunk under the water of the cylinder, with the tube still 
held in it, until the bottom of the tube is under the level 
of the water in the cylinder, and then the crucible is 
allowed to fall to the bottom. 

'1'here are many devices which rClldel' it unnecessary 
to remove the i'ltopper when the substance is introduced; 
one of' these is illustrated ill N (Fig. 2k). N is the neck 
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of the ordinary apparatus, fitted with a small side tube x. 
this is closed by a rubber stopper through which a glas~ 
rod, flattened at one end, is introduced. The substance 
rests on this flattened rod until the temperature is con
stant, and then it is allowed to fall into the apparatus by 
twisting the rod through an angle of 90°. 

An exceedingly convenient form of the Victor Meyer 
apparatus is that depicted in Fig 29. It consists, aE 

FlO. 29. 

will be seen, of three parts, which are carefully ground 
into one another. The top part C also obviates the 
necessity of a stopper, and when in position a, holds the 
substance until the temperature is cOIlstant, nnd when 
twisted into position b, drops it into the b111b. This form 
of apparatul'l is very easily cleaned and dried, and, as 
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the parts can be made to standard size, the breJ,king of 
one piece does not mean a new apparatus, as is generally 
the case with the other form. 

If V is the volume of air measured at a temperature t 
and barometric pressure P, t"nd m the tension of aqueous 
\'apoul' at to (see Tables V. and XI. Appendix B.), then 

The vapour density = ( ) 2~3 
V_P-m_ . __ X 0'001293 

760 273+t 

760w(273+t) 
=v(p-m) X 273 X 0'001293' 

All the vapour density determinations described in 
this section give the value for (air = 1) as standard, and 
must be multiplied by 14'33 to bring them to the 
hydrogen standard, when molecular weights are to be 
calculated from them. 

EXPERIMENTS 

(i) Determine the Vapou'r Density and Mo~ecular 
Weight of Methyl lod'ide. Weigh out about 0'3 gram 
of methyl iodide; use boiling water as the heating 
liquid, and employ the Victor Meyer method for the 
determination. Calculate the results as indicated above. 

(ii) Determine the Vapour Density of Acetic Acid 
at tempel'lf,tures about 135 0 and 250°. Use the Victor 
Meyer method, and weigh out about 0'1 gram for each 
experiment. For the lower temperature use a solution 
of 120 grams of anhydrous calcium chloride in 100 of 
water at its boiling point as the heating liquid, (in this 
case the bulb must be entirely immersed in the heating 
liquid,) and for the higher temperature use boiling 
quinoline. 
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Calculate the vapour density and molecular weight 
in each case. If M represents the molecular weight 
at the lower temperature, M' at the higher tempera
ture, and n1 the molecular weight corresponding to the 
formula C2R 40 2 , then the association factor lc lllay be 
calculated by the expressions 

M M' 
-=k, and -=k'. 
?/l, nt 

(iii) Dete1-mine the Degree of Di880ciation of Ohloral 
Hydmte. Weigh out about 0'2 gram of chloral hydrate 
in a small stoppered tube; determine the vapour density 
at about 108°, using a solution of 40 anhydrous calcium 
chloride in 100 of water at its boiling point as the 
heating liquid. Repeat the experiment at 184°, uRing 
aniline as the heating liquid. 

If 0 be the observed density, and d the density 
corresponding to the formula CC13 • CR(OR)2' a the 
degree of dissociation, and n the number of molecules 
into which one molecule dissociates, then 1 molecule 
becomes 1-a+na. That is, the ratio or the number 
of molecules present to the number which would have 
been present if no dissociation had taken place is 

1 +(t(n-1): 1. 

This ratio is equal to that between the observed and 
calculated densities. 

1 0 d-o 
1 +(n-1)a d or a= (n-1)0' 

(iv) DetM-mine the Deg1'ee of Di8Soc'iation of Ammo
ni1W1 Ohlo1,ide at 350°. For this experiment the 
apparatus should be made of Jena glass or quartz. 
Weigh out about 0'1 gram of ammonium chloride 
and compress it into a tn,blet. The heaLing may 

s.c. 1" 
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be effected by a bath of molten tin, with cardul 
regulation of temperature. The electrical method of 
heating can also be employed in this case. For 
this, the bulb of the apparatus is covered with a 
thin piece of asbestos paper, around which a long length 
of thin platinum wire is wound. The ends of the wire 
are connected through a fairly large adjustable resistance 
with the electric main. The bulb is then placed in a 
metal box and packed round with asbestos. By varying 
the resistance, the tempera,ture can be brought to about 
35()Q. The experiment is then carried out in the usual 
manner. Calculate the degree of dissociation from yom: 
results. 



CHAPTElt VI 

ATOMICITY 

KNOWLEDGE of the density of a gaseous element is not 
sufficient to fix its atomic weight. Before this value 
can be known, it is necessary to determine its atomicity, 
i.e. the number of atoms contained in a molecule. 
Generally, the atolllicity is arri "ed at by a consideration 
of the volume relationships with which the given gaseous 
element enters into combination with other elements, or 
in those cases where both atomic weight and molecular 
weight are 1mown, by simply dividing the latter by 
the former. The term "atomicity" must not be confused 
with "valency," as it is so often done in text-books. 
Occasionally it happens that neither of these methods is 
available, e.g. in the case of argon and its congeners, 
and in such cases, information must be sought from the 
physical properties, notahly the ratio of the specific heats. 
The specific heat of a gas lllay be measured either at 
COllRtallt Volume C" or at Com;tant Pressure Cpo If a 
gas be heated, and its volume kept constant, the heat 
added is used entirely in increasing its kinetic energy 
and in doing intramolecular work. On the other hand, 
if a gas be heated and its volume allowed to change so 
that t.he pressure remains constant, the added heat is 
used in increasing the kinetic energy, ill performing 
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intramolecular work, and in doing external work in the 
process of increasing the volume of the gas. 

The molecular heat of a gas at constant volume is the 
quantity of heat required to raise the temperature of 
the molecular weight, in grams, through one degree, 
the volume being kept constant. If in heating a 
molecular quantity of a gas through one degree at 
constant volume, it is assumed that all the heat goes to 
raise the temperature of the gas, i.e. to increase its kinetic 
energy, the molecular heat will be equal to 3 calories. 

The molecular heat of a gas at constant pressure is 
the quantity of heat required to raise the temperature 
of the molecular weight through one degree, the volume 
being allowed to increase and the pressure heing kept 
constant. If in this case it be again assumed that no 
intramolecular work is done, the molecular heat at 
constant pressure will be equal to 5 calories, of which 
3 calories are used in increasing the kinetic energy of 
the gas, and 2 calories are used in doing external work. 

'1'he above assumption is only true for monatomic 
gases, for here, since there is only one atom in the 
molecule, no intramolecular work is possible. Hence 
for monatomic gases, the ratio of the specific heats is 
giyen by the expression 

Cp _5 
0,,-3' 

If the gas is polyatomic, and x reprpsents the heat 
used up in doing intramolecular work, the ratio of the 
spccific heats is given by the expression 

Cp _ 5+x 
6:-3+x' 

The value of ~; depends on the number of atoms in the 
molecule, and genemlly increases with the number of 
atoms. 
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Hence it follows that the larger the number of 
atoms in the molecule, the smaller will be the ratio 
of the specific heats. For diatomic gases the value is 
about htO. 

From a chcmica,l point of view the ratio cp is ex-
Cu 

tremely important, and as the separate determination 
of the two factors or the ratio is a tedious and difficult 
operation, it is better for the present purpose to determine 
the ratio directly. 

There are two methods for determining the ratio of 
the specific heats, due to Clement and Desormes, and 
Kundt respectively. 

(i) Clement and Desormes' Method. The apparatus 
necessary for the determination by this method consists 
of a large flask A (Fig. 30), fitted with a wide neck B, 

B 

C 

FIC. 30. 

which is closed by a stopcock D. This has an aperture 
which is nearly as wide as the neck of the flask. Two 
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side tubes are fitted on to the neck of the :fl",,,k, the one 
C, bent in the form shown in the diagram constituting a. 
manometer, and the other F having a stopcock E. 

To determine the ratio of the specific heats, the :flask 
is filled with the gas at a pressure slightly above atmo
spheric. The pressure is noted by means or the mano
meter, and the large Etopcock opened to the air for a 
moment, so that the pressure of the gas may sink adia
batically to that of the air. The tap is then closed, and 
the flask allowed to stand for a few minutes until its 
contents, which have been cooled by the adiabatic 
expam;ion, have been raised to the atmospheric tem
perature again. The pressure is then noted. 

It B is the barometric pressure in mm. of water, h the 
difference of level of the liquid in the ma,nometer in 
lllilJimetres before opening the tap, and 11,' after opening 
the tap, and 9 the density of the manometer liquid; then 

Cp _ log(B+hg)-log B 
c~ -log(B+hg)-log(B+h'g)' 

Since the pressures (B+hg), B, and (B+h'g) are llot 
very different, the above expression lIlay be change,l, a:; 
a til'st approximation, to 

C,,_ (B+h.g)- B 
Cv - (B+hg)-(B +h'g) 

_ hg 
-Jijj-h'g' 

(ii) Kundt's Method. If the velocity of sound in two 
different gaHeH be compared under the sallle conditions of 

C 
temperature and pressure, and the value of _1' for one of 

Cv 

them iH known, then the value of the ratio for the other 
gas can be calculated. 

If VI be the velocity of sound in a gas A, and Vz that 
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in a gas B, then if d 1 and d 2 he their respective densities, 
and p the pressure under which the velocities were 
determined, it follows that: 

Vl=~Yl~ and V2=~Y2;~' 
where Yl and Y2 respectively represent the ratio of the 
specitic heats. 

Dividing those two expressions, the following relation
ship is obtained: 

'!__V! = ly1ddJ, or Yl = Y2' ~l . (VV __ 1)2. 
2 'V Yz 1 (v2 2 

To determine the ratio of the specific heats by this 
method, a wide glass tube about It metres long is 
employed (Fig. 31). This is fitted with two side tubes 

~:"I~I'~'III'~'~"Ii~' ~'Ii'~' ~·'tl~' ~'iI'~'I'~' ~~~~~Jf1l~:r========~ 
A B 

FIG. 31. 

A and B. Into one end of the tube a glass rod CD is 
placed, which is clamped at its middle point by a tightly 
fitting cork E. The other end of the tube is closed by a 
tightly fitting plunger F. A quantity of a light powder, 
lycopodium or· precipitated silica, is placed on the bottom 
of the tube, and made to lie evenly along the tube by 
tapping the sides. The gas to be measured is introduced 
by the side tube A, and the air expelled by B. When 
the tube is full, the tubes A and B are closed by rubber 
caps, and a damp cloth is then drawn along the rod CD, 

so that it vibrates longitudinally and emits a note. The 
vibrations arc communicated to the gas in the tube, and 
cause the powder to arrange itselI into a series of small 
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heaps, representing the nodes of the vibration. Should the 
nodes not be well defined, the plunger F is moved back
wards or forwards until they are. The distance between 
two heaps is then measured. If II be the distance 
between two nodes, i.e. two heaps, then 211 is the wave 
length of the note emitted by the rod, and VI = 2l1n gives 
the velocity of sound, where n is the vibration number 
of the note. 

A second gas is then introduced, one whose ratio is 
known, and the value l2 obtained for the distance between 
the nodes. Then V 2 = 2l2n. 

Hence it follows that the velociticll are in the same 
ratio as the distances between the nodes. 

V1 l1 
v2 =r;: 

So that the expression above now becomes 

d1 li 
Yl=Y2 Cl '7}' 

2 2 

and if air is the second gas, as is usually the case, 

-'4 d 1 li Yl-I 05 ('['[2' 
2 8 

EXPERIMENTS 

(i) Deterrrnilw the Ratio of the Specific Hc(Lts, and the 
At01f1./icity of Oxygen. Use the Clement and Desormes' 
method for this experiment. Place a-bromnaphthalene 
in the manometer tube; this has a density 1'481 at 25°, 
Now open the stopcock 0, and lead in dry oxygen by plac
ing the delivery tube well into the flask. When all the air 
has been expelled, and the flask is full of oxygen, withdraw 
the delivery tube and close D. Then attach the oxygen 
supply to the side tube F, open the stopcock E and alloW' 
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more oxygen to enter, until the levels of the manometer 
liquid are about 12 em. apart. Close E and allow the 
flask to stand for 15 minutes in SOllle place free from 
draughts, and of fairly constant temperature. Read off 
the difference in height of tho two sides of tho mano
meter liquid, and open the tap D for about two seconds; 
the liquid will then be at the same height in both armf:! 
of the manometer. Allow the flask and contents to 
warm up to the atmospheric temperature, (this takes 
about ten minutes,) and then read the levels of the liquid 
in the manometer again. From the pressures obtained, 
calculate the ratio of the specific heats, and deduce the 
atomicity of oxygen. 

(ii) Determine the Rat'io of the Specific Heats of Carbon 
Dio,vide. Fit up the Kundt apparatus, and determine 
the wave length of the note emitted in air, by the method 
described above. Then fill the tube with carbon dioxide, 
and again determine the value. From the wave lengths 
obtained, and the densities of air and carbon dioxide at 
the temperature and pressure of the experiment, calcu-

late the Yl11ue Cp for carbon dioxide, being given that the 
Cu 

value for air is 1'405. 



CHAP'n:R VII 

DETERMINATION OF MOLECULAR WEIGHTS IN 
SOLUTION 

SEE ALSO ApPENlJIX A 

VAN'T HOFF has shown that a substance III dilute 
solution is in a similar condition to that of a gas, and 
that it obeys laws similar to those applying to gases. It 
has already been shown (Chapter IV.) that a knowledge 
of the weight, volume, temperature and pressure of a gas 
enables one to calculate its molecular weight. In the 
same way, substituting for pressure the osmotic pres
sure, it is possible, using the same four quantities, to 
calculate the molecular weight of a dissolved substance. 

The gram molecular weight of a gas is that weight of 
a gas measured at 0° and 760 mm. pressure, which has a 
volume of 22'40 litres. In the same way the gram mole
cular weight of a dissolved substance is that weight 
which, when dissolved in 22'40 litres of solution at 0°, 
has an osmotic pressure of 760 mm. 

This fact being allowed, it follows that the direct 
measurement of the osmotic pressure of a solution of 
known concentration may be used to determine the 
molecular weight of the dissolved substance. When a 
substance is dissolved in a solvent, the vapour pressure 
of the solvent is decreased, the boiling point is raised, 
and the freezing point is lowered. These three changes 
have been shown by van't Hoff to be closely connected 
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with the osmotic pressure, and are made use of to deter
mine the molecular weight of substances in solution. 
These determinations may be regarded as indirect 
measurements of the osmotic pressure, from which the 
molecular weight is subsequently calculated. Although 
it is not usual to determine molecular weight by direct 
measurement of the osmotic pressure and vapour tension, 
yet in view of the simplifications which have been 
introduced into the methods of effecting these determi
nations, they will be considered here along with the 
more usual methods, of raising of the boiling point, and 
lowering of the freezing point. They are considered 
more on account of their instruct,ive nature than on 
account of the accuracy of the results, although these, 
with due care, are quite equal to those obtained by the 
other methods. 

1. Determination of Osmotic Pressure 

When a solvent and a solution of a substance in that 
iciolvent are separated by a semipermeable membrane, i.c. 
a medium through which the molecules of the solvent 
can pass, but not those of the dissolved substance, the 
solvent will pass through the medium into the solution, 
tending to make the concentration of the dissolved sub
stance the same on both sides of the membrane. Should 
the solution be enclosed in a vessel of constant volume, 
the pressure inside the vessel must, of necessity, increase 
as the solvent enters it. After the solvent has passed in 
for some time, a condition of equilibrium is set up, at 
which the amount of solvent passing through the mem
brane is the same in both directions. This point is 
reached when the pressure inside the vessel is the same 
as the osmotic pressure. If, then, the pressure in the 
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vessel at the equilibrium point can be determined, the 
osmotic pressure will be known. 

There are three main difficulties which stand in the 
way of the general adoption of the measurement of 
osmotic pressure for obtaining molecular weights: 
1. the position of equilibrium is reached only very 
slowly; 2. the pressures generated are very great, and, 
in the case of even moderately concentrated solutions, 
often burst the membrane; 3. perfectly semipermeable 
membranes have never been obtained; the membranes 
generally in use always allow some of the dissolved 
substance to pass through. For the present purpose, 
however, using dilute solutions, no great pressure will be 1 

generated, and consequently there will be no great 
danger of bursting the membrane, and the error due to 
the imperfections of the semipermeable medium can be 
neglected. 

Preparation of It Membrane. Copper ferrocyanide is 
one of the best semipermeable membranes for aqueous 
solutions; this is best prepared by depositing it in the 
pores or an unglazed earthenware vessel. Such a vessel 
as is used in Daniell cells serves excellently. The pot is 
first of all soaked in water in a vacuum, to remove all 
the air from the pores, and then, whilst still wet, it is 
filled to within 2 cm. of the top with a 1 per cent. 
Bolution of copper sulphate, and placed in a beaker 
containing a solution of potassium ferrocyanide of 
Bimilar strength. The liquid outside the pot must be 
at the same height as that inside. The two liquids 
diffuse into the walls of the pot, and meet midway 
between the two surfaces, with the formation of cupric 
ferrocyanide. The solutions should be left in contact 
for about six hours; the pot is then washed out with 
water to remove all salts, both from the inside and 
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the outside. The top of the cell, which has not been in 
the solutions, is then dipped into a dish of molten 
paraffin wax, and when this has set, the cell is ready 
for use. 

MembrancR of greater durability may be made by a 
method due to Morse and Horn (Ant. Ohem. Jmwn. 
1901, 80). 'l_'he porous pot is filled with a 5 per cent. 
solution of potassium Rulphate, and pla~ed in a beaker 
containing the same solution, and an electric current, 
driven by about 100 volts, is passed through from the 
beaker to the porous pot by means of platinum electrodes. 
A strong endosmosis takes place in the direction of the 
current, so that the solution passes from the beaker into 
the cell and sweeps with it all air contained in the walls. 
The excess liquid in the cell must be constantly removed 
by means of a pipette. The current is allowed to pasR 
until about 300 C.c. of solution have passed through the 
walls. The pot is theu thoroughly soaked in distiller! 
water, repeatedly changed, until the water which has 
been used for washing, gives no precipitate with bltl'ium 
chloride. The pot is then filled with a tenth normal 
solution of potassium ferrocyanide, and placed in a 
beaker containing a tenth normal solution of copper 
sulphate. The porous pot is surrounded with a wide 
strip of copper foil which reaches from the top to the 
bottom of the cell and serves as the positive electrode. 
The negative electrode is a pla,tinum wire which is placed 
inside the porous pot and reaches to the bottom. A 
current driven by about 100 volts is then passed, and the 
Fe(ONY; ions, travelling toward the anode, will meet the 
Ou" ions, travelling toward the cathode, in the middle or 
the walls of the porous pot, and a precipitate of cupric 
ferrocyanide will be formed there. After a few minutes 
the resistance of the cell to the passage of the current 
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rises enormously, and this serves as a test for an unbroken 
membrane. 1£ the membrane is intact, no copper will 
reach the inside of the porous pot, and no ferrocyanide 
the outside. By using membranes made in this way, 
Berkeley and Hartley have measured 08motic pressures 
amonnting to Reveral ton8 to the square inch. Having 

s· 

C 
/ 

FIG. 32. 

depoRited the membrane, wash 
the pot carefully inside and out, 
and wax the top as dCRcl'ibed 
before. 

Method of Measurement. The 
porous pot containing the mem
brane should be washed out with 
the solution to be meafmred, and 
then almost filled with the Rame 
solution. A well fitting stopper 
s (Fig. 32) carrying a manometer 
tube A of about 5 mm. bore, is 
tightly pressed in, RO that no air 

.. A bubbles remain in the pot, and 
the liquid reaches not further 
than the point C in the tube. 
The stopper and joint are then 
dried and coated with paraffin 
wax. Mercury is then run into 
the manometer tube so that it 
cloRes off and defines the volume 
of the solution. This must be 
kept constant throughout the 

experiment. The porous pot is then placed in a beaker B, 

in (1, thermostat, and when the porous pot and its contentR 
have assumed the temperature of the bath, a mark iR 
made to indicate the position of tbe solution in the tube A. 

'1'he level of the mercury is then made the same in both 
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sides of the gauge, and distilled water is poured into the 
beaker so that it entirely covers the porous pot. The 
volume of the liquid will tend to increase, due to osmosis, 
and must be kept back by the addition of mercury to the 
open limb of the manometer. When the position of 
equilibrium has been set up, which may require several 
days, the pressure is read off, and represents the osmotic 
pressure of the solution. If p be the osmotic pressure, 
t the temperature of the experiment, and w the weight 
of substance dissolved in v C.c. of the solution, then,'since 
the volume of the solution represents the volume occupied 
by the dissolved molecules, it can be treated exactly as 
though it is the volume of a gas. Hence 

273 p 
Vo=v' 273+t • 760' 

The corrected volume Vo contains 'w grams of the dis-
solved substance. Hence, 

22 0 I· '11 . w X 22400 '4 Itres WI con tam , 
Vo 

and this number is the molecular weight of the dissolved 
substance. 

In the case of solutions of electrolytes, the osmotic 
pressures are larger, and the calculated molecular weights 
smaller than those demanded by the simplest possible 
chemical formulae. These discrepancies are due to the 
electrolytic dissociation of the dissolved substances. If 
P be the osmotic pressure obtained experimentally, and 
PI that calculated on the assumption that the dissolved 
substance has the simplest possible formula, and if 
i represent the degree of dissociation of the dissolved 
substance, and n the number of ions into which one 
molecule dissociates, then 1: 1 + i( n -1) represents the 
ratio of the number of molecules which would have been 
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present had no disl'lOciation occurred, to the number which 
are actually present. This ratio is the same &'l the 
corresponding osmotic pressures, ~i.e. 

1 _PI .·_ P-P1 ------.----- 01 ~- -----. 
1 + i (n - 1) P PI ( n - 1 ) 

EXPEmME~'l'S 

(i) Determine the Osmotic Pn'SS1we of Cane SnrTar, 
and 'calcnlate ·its llfolcculwt' Weight. Make up a litre 
of cane sugar solution containing about 2 grams, 
weighed to the nearest milligram. Prepare a porous 
pot of about (J Cill. diameter and 20 cm. height 
by one of the methods described above. Rinse the 
pot out twu or three times with the sugar solution. 
Then fiJI it, and put the apparatus together as 
described above, and place it in a beaker in a thermo
stat. This experiment will take several days to complete, 
so it is wise to use a large vessel of water at the labor
atory temperature as thermostat; this allows of the 
experiment being left to stand in some out-of-the-way 
cornel', without inconvenience. ",Vhen the temperature 
has become constant, fill the beaker with distilled water, 
and adjust the mercury in the manometer. '1'hen add 
mercury, from timc to time, to the open end of the 
manometer until the pressure remains constant. ]\fake 
the necessary observations of pressure and tcmperature, 
and calculate the molecnbr weight by the formula given 
a\lOye. 

(ii) DctC'i"lnin,e the Osmotic P1'CSSU1'C (('Ild Deg1'(~c of 
Dissoc·iation of Potassium Ohloride. Use a solution of 
potassium chloride containing ahout 1 gram P"1' litre, fo1' 
this expl~1'ill1ent. 
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2, Determination of Vapour Tension 
When a substance is dissolved in a solvent, the vapour 

pressure of the solution is lowered by an amount which 
depends on the relative quantities of the solvent and the 
dissolved substance. Equimolecular quantities of all 
substances, dissolved in the same volume of a given 
solvent, lower the vapour pressure by the same amount. 
The relative lowering of the vapour pressure is equal 
to the ratio of the number of dissolved molecules and 
the total number of molecules in the solution. 

Thus, if p' be the vapour pressure of the solvent at 
a given temperature, and p that of the solution at the 
same temperature, and if g be the weight of the substance 
dissolved in G grams of the solvent, m the molecular 
weight of the dissolved substance, and M that of the 

solvent, then since fL and ~ represent the number of 
'In M 

molecules of the dissolved substance and ;lolyent respec
tively, 

p'_p rn 
p'-=-g--G' 

m+JVi 

Should all the factors in the above expression except 
'In be either known or easily determinable, it is obvious 
that molecular weights of substances in solution may be 
obtained by its means. 

The direct determination of the change in vapour 
pressure could be effected by passing a small quantity 
of the solvent up a barometer tube, and noting the 
depression of the mercury, and then repeating the experi
ment with the solution. This method, however, is 
seldom employed, for the following reasons: 1. the 

s.c, u 
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amount of lowering of the vapour pressure is very small, 
and consequently the results will be correspondingly 
inexact; 2. traces of yolaWe impurity make great 
differences in the results. 

A method by which the vapour tension may be 
ind~rectly measured was suggested by Ostwald, and 
improved by Will and Bredig. If ail' is bubbled through 
a liquid, it takes up a quantity of the vapour of that 
liquid which is proportiOl;al to the vapour tension. 
Consequently, if equal quantities of dry air were bubbled 
respectively through the sol vent and the solution, and 
the vapour extracted from both by suitable drying 

- agents, two quantities of the solvent would be obtained 
whose weights would be in the same ratio as the vapour 
tensions of the solvent and the solution. If, on the other 
hand, the ail' iii bubbleu first through the solution and 
then through the 801vent, it will take up an amount 
of the solvent from the solution proportional to its vapour 
pressure, and from tIle pure solvent a further amount, 
proportional to the difference between the vapour 
tensions of the solutioll and the pure solyent. If, then, 
the vel'isels containing the soh'ent nnd the solution are 
weighed before anu after the current of ail' has been 
passed through them, the ditferellce8 in the weights will 
give the ratio of the yapour tensi'bns. If p be the vapour 
tension of the solutioll amI p' that of the solvent, then, 

The loss of 'weight of the solution p 
'rIle loss of weighto(tJle- sol \~-ent = 1/ -p 

It has already been shown that 

fl 
p'-p 'II~ -----,---==_. 

P [.J G 
;(~+M 
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Hence, 

and 

9 
Loss of weight of the solvent m 
Loss of weight of the solution = ~' 

M 

_ 9 Loss of weight of the solution 
?11- - M - ~ -----~-~~-

-- G' . LOSf; of weight of the solvent' 

EXPERIMENT 

Determ'i1te the JlfoleC1tlal' Wpi,qlit of Cane Sngar. 
The apparatwl required for this experiment consists 
chiefly of six sets of Liebig's potash Lulbs. Three of 
these contain the solution, and the other three the pure 
solvent. Fill three of the bulbs with a solution of cane 
Fmgar, whose concentration if; accurately known, and 
which contains about 17 grams per litre; the other three 
hulbs rnm,t be filled with distilled water. After weigh
ing, connect them together as illustrated in Fig. :33, using 
thick-walled rubber tubing, which must be wired on. 
The air lllay be supplied from a gas-holder, or it may 
be drawn through the :1ppaTatus by means of a water 
pump; it must, however, be thoroughly dried by calcium 
chloride and sulphuric acid before it enters the Lulbs. 
Since the vapour tension changes with temperature, the 
hulbs must be placed in a thermostat, and the air raised 
to the same temperature by circulating it through a 
long coil of lead tubing immersed in the same thermostat. 
Whichever way the ail' is passed through, it must always 
enter the solution before it enters the pure Holvent; it 
must be bubbled through at the rate of 2-:i bubbles 
per second, and continued for ltbout 90 minutes. It is 
advisable, in this experiment, to attach two weighed 
caleinm chloriu() tulwH to the end of the row of bulbs, 
and thus absorb all the llloisture from the air as it 
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escapes. 
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This will furnish a control to the experiment, 
for the increase in the weight of the 
calcium chloride tubes ought obviously 
to be equal to the total loss of weight 
of the bulbs. A large vessel of water 
which has been standing in the labora
tory for several hours will not change 
its temperature appreciably while the 
experiment is being carried out, and will 
serve admirably as a thermostat for this 
experilllent. URe the formula given 
above in the calculation of the resultR of 
the experiment. 

3. Boiling Point Method 
It has already been noted that when a 

1 
~ substa,nce is dissolved in a solvent, the 
~ vapour tension is lowered. The boiling 

point of a liquid is defined as that 
t temperature at which the vapour ten
, sion of the liquid becomes equal to that 

of the surrounding atmosphere, hence if 
~ the vapour tellsion of a liquid is lowered 
.~ by dissolving a non-volatile substance 
~ in it, it follows that ihe boiling point of 
.55 such a solution will he higher than the 

hoiling point 01 the pme Rolvent. The 
I increase in the boiling point will be 
J proportional to the vapour tension, and 

consequently, also proportional to the 
amount of suh,;tance dissolved in the 
Rolvent. If 'to grams of a substance of 
molecular weig1i.t?n dissolved in W grams 

of the solvent raises the boiling point to, then the 
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molecular weight of the llis1iolved 1iUbstallce is given 
by the expression 

l{)Ow 
?n=K· -- - -, 

wt 
where K is n, con:-;ta,nt, known a:-; Ute molecular raising oJ 
the boiling point, i.e. it represent:-; the number of degrees 
by which the boiling point 01 no given solvuut will be 
raised, if one gram molecular weight of any substance is 
dissolved in 100 gmms of the sol Ylmt. 'The value of K 

may be determined experimentally, by measuring the 
amount which the boiling point of a given sohrent is 
raised by the solution of a known weight of a substance 
of known molecular weight in it. Thus, if 5 grams of 
nitrobenzene arc dissolved in 2:5 grams of henzene, a.nd 
the hoi ling point is ra.i1ied J '27~, theu the ",due of K 

is given by 

K = t~o''o X LRll_ X 4'272 = 26°'7, 

wheJ't~ 12;{ is tlw knowIl molecular weight of nitrobenzene. 
The value of K ctm also he obta,ined from theoretical 

consideratiom;, from the latent heat of vaporisation of 
the solvent: 

in whlch T is the huiling point of t,he solvent in ab1;oluie 
measure, alld L is the latent helLt of vap(Jrisation. A list 
of the more common HolvBnt.~ is given below, together with 
the "Hohws of K and the latent heat of vaporisation. 

The method a,nd clpparatns generally adopted for the 
determination of the molecular weight by the raising of 
the boiling point, is due to Beckmanll, nlld can be suitahly 
described here. The apparatus consists of a boiling tube 
A (Fig. :34) about 15 nun. diameter, Btted near the top 
\Iith a wide side tube B. The side tube is fitted 'with a 
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cork carrying :1 sriml air condenser C, Of (I, small water 

Sohent. 

'Vater, 
Ether, 
Chlorof(ll'lll, 
Ethyl A lcolloi, 
Acetone, 
Benzene, 
Aniline, 
Pyridine, 

K. 

,dO 
21'0 
;~6'6 

II'1i 

17'0 
27'0 
32'2 
2!)'S 

---------~----

n<)iling Point. 

100° 
3,0 

" 
61°'2 
78°'S 
56°'3 
80°':~ 

184° 
11(,)° 

Latent Heat of 
Vaporisation. 

,,3:,'0 
00'0 
.~S·1i 

211i'0 

12""3 
!)2'9 
03'3 

104'0 

.-----

condenser. The boiling tube tits loosely into n, double
"'alled glass ja<.:ket 0, which is also fitted with a side 

E 

prevent 

F 

tube and condenser E. This 
jacket contains a quantity 
of thc solvent, which is kept 
boiling duri.ng a determina
tioll, and thus surrounds the 
boiling tube A with a vapour 
at about its own tempem
ture, and effectually prevents 

C loss of heat by radiation. A 
Beckmann thermometer T 

passes through a cork in the 
top of A, and reaches almost 
down. to the bottom. The 
lwating jacket :tnd boiling 
tube J'C':-;t all an asbestos box 
F, tittc(l with two chimneys 
G which serve to convey the 
hut air from underneath thc 

}"1o. 34. b t tl d ox pm, . 10 apparatus, an so 
local superheating. The box F is made as 



MOLECULAR \VEIGHTS IN SOLUTION 103 

indicated in Fig. :34, and con"i"t" ot two concentric rings 
of asbestos, the smaller one being fitted into a hole in the 
top of the box, which is covered by a piece 
of wire gauze, and this in its turn by 
asbestos fibre. The heating' of the apparatus 
is effected by two bunsen burners, which are 
placed at the corners of the box opposite the 
chimneys. 

Before proceeding to describe the lllethod 
of carrying out a determination, it short 
description of the Beckmann thermometer is 
necessary. A moment's consideration will 
make it clear that, if it is desired to deter
mine molecular weights by the method of 
raising of the boiling point, to within 1 or 2 
per cent. accuracy, it will be necessary to 
measure the boiling point of the solution to 
within 0°'001 or 0°·00~. Obviouflly a ther
mometer graduated in 0°'001 to read over any 
long range of temperature would be flO very 
long afl to he quite unusable. The Beckmann 
thermometer overconies this difficulty, by 
having a bulb in which the amount of 
mercury may be varied. 

The thermometer is generally made, gradu-
ated o\'er about six degrees, divided in tenths 
and hundredths of a degree; the bulb is large, 
and at the other end of the capillary a small 
reflervoir is attached (see Fig. :35) into which 
a portion of the mercury may be driven if 
the thermometer is required for high tempera-
tures, a,nd from which more mercury may be 
withdrawn if the thermometer is l'e(luired Flo. 35. 

for low temperatures. A Beckmanll thermometer, there-
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fore, serves the same purpose as a series of very 
accurate thermometers which have different ranges. 
The same Beckmann thermometer cannot, however, 
be used over very wide ranges of temperature, e.g. 
for the boiling and freezing points of water, it is usual 
to have a series of them with ranges of about 60°. 
Before using a Beckmann thermometer the divisions on 
its scale should be calibrated by comparing them with a 
standard thermometer. This is best done by placing the 
two thermometers side by side in a liquid bath and 
very slowly raising the temperature, noting the readings 
of both at each division. Having calibrated the scale, 
the thermometer must be " set" for the particular experi
ment for which it is to be used. For use in a raising of 
the boiling point determination, the mercury in the bulb 
must be so adjusted that the thread is stationary at 
about the first degree division, at the boiling point of the 
liquid to be used. This will allow the boiling point to 
be raised about 5 degrees. The adjustment of the 
mercury in the bulb is achieved by placing the Beckmann 
thermometer, along with another thermometer, in a bath 
about 6° above the boiling point of the Ilolvent to be 
used. If the mercury thread at this temperature just 
fills the whole of the capillary, without forming a globule 
in the reservoir, the thermometer is correctly set. If, on 
the other hand, as is usually the case, the thread either 
does not entirely fill the capillary, or forms a globule 
at the end in the reservoir, mercury must be added to, or 
removed from, the bulb. First aSSUlIle the capillary is 
not entirely filled; nnder these circulllstances the tem
perature of the bath must be raised until the capillary is 
entirely filled and a small globule is formed in the 
reservoir, then the thermometer is quickly reversed and 
given a sharp downward jerk, whereby the mercury in 
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the reservoir is joined to the thread. The thermometer 
is then placed in the bath, without shaking, and cooled 
down to a temperature about 6° above the boiling point 
of the solvent to be used. Then the thermometer is 
removed from the hath and again given a sharp down
ward jerk, which has the effect of breaking off the 
mercury still in the reservoir, from th.e thread. The 
thermometer should, then, be "set," but it must be tested 
by placing it in a bath at the boiling point of the solvent; 
if the thread now stands not higher than the second 
degree division it iR correctly" set." Next aRSUlne t,hat 
the thermometer bulb originally contains too much 
mercury, in this case it is treated as in the latter part of 
the above description. 

Should the thermometer be required for a lowering 
of the freezing point determillation, it must be " set" so 
that the thread stands within one degree of the top of 
the sca,le, at the freezing point of the solvent. This will 
allow of the measunmlCnt of about 5 degrees lowering. 
To " set" the therlllometer in this casc, the procedure is 
exactly as described above; tho thermometer is placed in 
a bath about :3 degrees above the freezing point of the 
solvent and treated exactly as in the case of "setting" 
for boiling point determinations. Beckmann thermo
meters should not be used for twenty-four hours after 
they have been" set." Having adjusted tho thermometer 
for the experiment, the boiling tu he, which has a Rtout 
platinum wire fURed into the bottom, is fitted with two 
corks, and weighed, then ahout 20 C.c. of the Rolvent arc 
introduced and it is re-weighed. The therlllometer is then 
inserted, and a quantity of small g::tl'Ilets, which have 
been previously washed with the solvent and well dried, 
are introduced through the side tube, and shaken into 
pORition so that they entirely cover the bulb of the ther· 
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mometer. The o~ject of adding t.he garnets is to ensure 
regular ebullition. The tube is then placed in the heat
ing jacket, which contains about 25-30 C.c. of the solvent 
and a quantity of beads, again to prevent bumping. The 
condensers are then placed in position and the heating 
commenced. The flames should be protected from 
draughts, and thc ebullition in the outer jacket fairly 
brisk and regular, so that the liquid flows from the 
condenser at the rate of about one drop in five seconds, 
otherwise the thermometer will register a fluctuating 
temperature. The boiling point of the pure solvent must 
first be determined; the temperature will continue to 
rise for a considerable time after boiling has commenced, 
and it may be quite haH an hour before it becomes 
stationary. The final reading of the temperature should 
only be taken after it has been stationary for about five 
minutes. Before reading a Beckmann thermometer, the 
top should always be tapped with the finger, this is 
because long fine threads of mercury, like the thread of 
the Beckmann thermometer, are apt to stick, and the 
tapping has the effect of removing this source of error. 
When the boiling point or the solvent has been deter
mined, the flames are turned out, and, as soon as the 
liquid ceases to boil, the condenser attached to the boiling 
tube is removed, and a weighed quantity of the substance 
whose molecular weight is to be determined is added 
through the side tube. The condenser is then replaced 
and the boiling point re-determined. Further quantities 
of the substance are then added, and the boiling points 
corresponding to them determined in the same way. 
The molecular weight should now be calculated for each 
temperature, the total weight of dissolved substance 
present when the temperature is taken, being used in the 
calculation. It iB often recommended that a quantity, 
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0'2 gram, should be deducted from the total weight of 
the solvent present, to allow for the solvent remaining in 
the condenser and side tube. Such a deduction is purely 
arbitrary and ought not to be made, because thc experi
mental error is always more than would be accounted for 
by 0'2 gram or the solvent remaining in the side tubc, 
and this figure rarely represents the quantity retained 
by the condenser, for different condensers obviously retain 
different amounts. It is essential that the barometric 
pFessure should be noted at thc beginning and at the end 
of an experiment, and, if it is found to have changed, the 
boiling points should be corrected to correspond. 

Attention may be called here to the fact that acetone 
is an excellent solvent ror these determinations, since it 
dissolves so many substances which are not at (Lll, or 
only sparingly, soluble in most other solvents, and 
further, it can easily be obtained quite pure. 

Form in which Substances are Introduced. The sub
stances, if solids, should be finely powdered and placed 
in a tube, about 14 cm. long and 5 mm. wide, closen at 
one end, in which they are weighed. This tube can 
then be placed right into the side tube of the boiling 
tube, and a quantity of the substance shaken in by 
gently tapping the weighing tube, the weight added 
being obtained by difference. It often happens, however, 
in this method of introducing the substance, that portions 
of it remain in the side tube and have to be washed 
down by thc solvent as it flows back from the condenser. 
This often takes considerable time, and tends to unduly 
prolong the experiment; it can, however, be avoided by 
introducing the substance as a tablet. Such tablets are 
made by compressing thc substance in a press which is 
sold for the purpose. These tablets are hard, and can 
eiJ,sily be handled v,ith a pincette. Another method of 
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introducin~ the ~ubstanee is to melt a quantity oj' it in a. 
thin-walled glass tube, into a stick. 'rhis stick or pencil 
can easily hc removed from the tube and brokell into 
pieces of Imitable length, which can then be weighed and 
added to the flolvent by means of a pincette. 

If the suh"tance to he added is a liquid, it is intro
duced by means of a pipette slmped as in Fig. :16, which 

__ lms a long delivery tube. The 
----- pipette is filled with the liquid 

a]l(l weighed; the delivery tuhe 
is then insCl'ted rig])\:' i.nside the 
side tube of the hoi ling tube, 
tlnd a ~man 'lutmti.ty of the 
lil[uid blown out of the pipette. 
If a, drop of liqui.d rmnainR 
hanging on the point of the 
pipette, it is removed by tOllch
illg it agaiI1flt the bide of the 
tllcrnlometcl', 

FIG. R6. It i.8 r.'})I'cililly i.mportl1.nl 
to note that th(' mole(~1d((/' weight (If 8111miances which 
hrt1Je nl1 apprl'c)nblf' 1:a.pmw p-1·eS8urr. at (lie boiling pOi11t 
of the 8ol1.'cnt, 8hould ?lot be deter1m:ncd by th1'8 method, 
Generally thc suhstance must have a boiling point at 
least 120" higher than the boiling point of th(~ solvent. 

Abnormal Molecular Weights, It ofteJl lmppf'llR that 
the molecti!itr weight of it liuhstance ohtained by thc 
TllPthodH described in thiH sectioll, iii either larger or 
smaller than iH delllIL1Hlcd h.Y tlw. ;;illlplesL possihle for
mula of t.hc RubRtancn. Thi;; il-i duc, in tIle former casc, 
to an Ilksocintioll of t}lC molecules taking place, and in 
the latter ease, to a dissociation, Certain sol vents have 
an associating tendency, Yi:~, tilOse which do not contain 
an hydroxyl group, ouch ali benzene, chloroform, carbon 
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bisulphide, etc.; those which contain an hydroxyl group, 
such as water and the alcohols, have a diflsociating ten
dency. It is posflible to determine the degree of associa
tion or dissociation of substances in solution, frolll the 
valueR obtained as the moleeulal' weight. 

1£ M be the calculated molecular weight of a sub
ShLnC(' :1nd M j that. pxperimentally deterlllined, and 
if u represent the d('gl'ee of association, and n the 
number of Hltuple moleeules wbieh associate to form a 
complex molecule, then the rt1tio of the BUll! bel' of 
molecules :1C'tnally present to the llUllll)er which would 
be present had llO association taken place, is given by 

u 
1-a+ - : 1. This has tlw sallle value ct.') the ratio 

Ii 

between the expel'imentally det'('\'minec1 and the calculated 
molecular weight, ·i.e. M : M l , 01' 

1<'01' dis;.;\ocillted subshHlC'(c'S, if J, he t.he degree of 
dissociation and Ii the number 01 parts iuto \yhich one 
molecule dissociates, and M and M) have the I:mIDe 
significance as before, then the ratio between the num
ber of molecules present to the numuer which would 
have be ell present had llO dissociation taken place, is 
given by 1: I-d+ncl, and this is the same as the ratio 
between the observed and the ('alculatf'd molecular weight, 
i.e. M1:M; 

M) 1 
r.1 = i ~tI+(7n' or 



110 PHYSICAL CHEMISTRY 

EXPERIMENTS 

(i) Drlumine the Molecular Weight of A ZOlifnlzene in 
Ethyl Alcohol SOl1Ltion. The experiment must be carried 
out exactly as described above. Use about 20 C.c. of 
absolute alcohol, and add the following quantities of 
:1zobenzene successively to it, 0'1, 0'1, 0'2, 0'2 and 0'5 
gram. 

(ii) Dete/'1nine the Degree (1 A8;-!uciation (~f N'ih'oliell
zene i1~ Benzene Sol ntion. III this experiment, quantities 
of about 0'1,0'2,0'5, 1'0 and 2'0 grams should be added 
to about 20 C.c. of benzene, and the degree of aSRociation 
calculated for each caRe, on the assumption that two 
single molecules assoeia,te to for III olle complex molecule. 

(iii) Determine the Degree of Dissocial'Lon of Potass'iltm 
!()(Z,ide in W utel'Sol'utio'll. Quantities of about 0'2, 0'2, 
0'4, 1'0 and 1'0 gram should be added successively, to 
:.bout 20 C.c. of water. The infiuence of concentration 
Oil the degree of difl:-4ociation should be indicated by 
plotting the degl'ee of dissociation against the concentra
tion of the solution. 

(i v) Dete'l'mi ne the 1V[olcculUt' Rise of the BO'iling Point 
ancl the Latent Heat of l'ctpm'i8(tt'ion of Acetone. For 
this experiment, m;e about 0'5 gram of azobenzene and 
20 grams of acetone. The molecular weight of azoben
zene in acetone solution may be assumed to he t.hat of 
the simple chemical forlllula. 

Other Boiling Point Methods. For chemical purposes, 
3, method of determining molecular weight which will 
gi ve the values to within 5 per cent. is sufficiently 
aecurate, for ill must eases the values are only used to 
decide whether the empirical formula or a multiple of 
it, representfl the molecular weight of the substance in 
question. For this purpose, a llletholl due tu Land8-
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berger and modified by \\'alke1' and Lumsden is quite 
suitable. It possesses many advantages over the Beck
mann method, the chief of which iR the rapidity with 
which the determinatiollR can be carried out. One 
quantity of :·mbstance only, has to be weighed out, and 
a series of readings are obtailled by varying the amount 
of the solvent used, which is measured, lIot hy weight, but 
by volume. 

The apparatus, as deviRed by Walke!" awl Lumsden, 
consists of it graduated tube A (Fig:. 87), which is blown 

N 

FlO. 37. 

int(J a bulb above th(· gra(luatioll'4, and has a slllall 
pinhole H pierced in it abo\'e the bulb. This tube i::; 
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fitted with [L two-holed rubber stopper, which carries 
a thermometer T graduated in twentieths of a degree, 
and a narrow tube D which refLches to the bottom of 
the tube, and is terminated by a small bulb perforated 
by several small holes. The boiling tube A is supported 
in a glas~ jacket B which is connected to a condenser c. 
The tube D is connected to a conical flask F fittp(l with a 
safcty tube N. 

To cany out a determination, about 10 C.c. of the 
solvent are placed in A, and about 150 C.c. ill F, together 
with several pieces of porcelain, to prevent ~nperheating. 
The solvent in F is then briskly boiled, and the vapour 
led into A by means of the tube D; here it is at first 
condensed, but, giving up its latent heat to the liquid 
in A, soon raises it to the boiling point. The thermometer 
indicates a constant temperature at this point, viz. that 
of the boiling point, and when the condensed liquid is 
dropping regularly, from the condenser, the temperature 
is read. A lens should be used in reading the thermo
meter, and the temperature noted to d-o of a degree. 
This gives the boiling point of the soh'ent. '1'he liquid 
is then nearly all emptied out of A, only about :3 c.c. 
being left, and a weighed quantity, about 1'5 grams, of 
the subRtance whose molecula,r weight is to be deter
mined is added. The vapour is ttgain passed in until 
the soh'eut drops from the condenser at the same 
rate as before. The temperature is read, and the 
boiling flask immediately discol111eeted and the flame 
extinguished. Thu boiling tube is then removed from 
the jacket, the cork is lifted so that the thermometer 
and delivery tube are out of the liquid, and the volume 
is read to the nearest tenth of a cubic centimetre. Now, 
the various parts of the apparatus are replaced, and the 
vapour again passed in as before, aml a second reading 
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obtained, If the volume of liquid admits, a third reading 
should be taken, 

The molecular weight is calculated by the ,'lame formula 
as used in the case of the Becknml1n method; the coustaut 
K', however, has a ditferent value; 

,lOOw 
m=K -vir' 

where m is the molecular wt'ight, 1U the weight of the 
substanee added, V the volume of solvent, (£ the increase 
in the boiling point, and K' the constant. 

'rhis constant Illay be obtained from that employed 
in the Beckmanll method, by dividing' the Beckmann 
constant by the density of tlw solvent at the hoiling 
point, Thus, if K is the constant for the Beckmanll 
method, and K' that for the Landsberger method, and 
1:1 the d(')lsity uf the sol vellt at the boiling point. then 

K'= K 
1:1 

The following tal)k giv\·s the constants fol' a few of 
the COl1l1110Uel' Nol venL,; : 

s I 11' T I' I Latent Heat of olvent. K', )01 lUg 'omt. '~aporisatio}l. 

---------------- - ---- ---------1--------

Ethyl Aknh"l, - I 1 [)'(-;O 'tt\c't\' 215 
Ether, - :30':30 ;3;"," 90 
Acetone, :!:2':20 f,G";l I :2f,';l 
Water, fdO ]()I)0 G:35'D 

Carbon Bi'H11phidp, 1 B-:3!) -!W':l SG'; 

In ehoosing the solvent to be used in this method, two 
points must be observed: 1. the latent heat of yaporisa
tion must be as large as possible, so that the temperature 
of the solvent in the boiling' tuhe may he brought up to 

::i,C. H 
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the boiling point as quickly as possible; 2. the mole
cular elevation must be as large as possible, to make it 
possible to read the temperature difference with sufficient 
accuracy, by the type of thermometer employed. Water 
is not a good solvent for this method, although it has 
such a large latent heat of v:tporisation, because its 
molecular elevation is so small, lmt it may he used if 
sufficiently large quantities of dissolvl,(1 substance aru 
used. Aleohul ami ('thel' art' the best soh ents for this 
lllet.hod of detel'lllillation. 

EXPEHnmNTS 

(i) Detf')'mine flip Jlfuleenlul' lrl'iyld of A nth'mrpne ,in 
mhyl A{cu/tol S()lutio?? UHe ahnnt l'.~j grams of :wthra
eelle for this experiment. 

(ii) Determine the De.lP'e(! (f ])i881)(' {at illn (f Put«ssinm 
fOllicle in Wate/' ::Jolntiu?L USt, :thout 2 grams of potas
sium iodide, aJl(1 calculate the dt'gTi't' (If dissoeiation by 
the lllethod descl'ibpd ahove. 

(iii) DelC'/'1Hine tlw NlIlc"nllu' Weiyld (~f 111'J)";amide i11 

Watm' SOl1Lt'ivn, wil(1 calcnlate the ])"ffl'ce 4 A88oc'iat'ivn. 
Use about 2 grams of bCllzamide fot' the experiment. 
Oalculate the degree of associatio)l OJ! the assumptioll 
that two single llloleculeH of bemmmide associate to form 
one complex lllolecule. 

Many 1ll0ditic:LtiollS or the Walkel'-LUlll.'Hlen apparatus 
have been deH(~l'i bed, among which those due to Sakuri 
(.J.C.S. ] S92, 91-;9), JWOoy (A mer. Chp?n .• J. HlOO. 358) and 
Lmllalll (.l.CB. Hl02, 1 UH) lIlay be mentioned here. 

The apparatus due to Ludlalll pOHsesses IllH,By points 
in which it iH superior to the others, awl it will not be 
out of pJ:tce to desel'ibu it here. Chief ml10llg' its acl\Oall
tages art' the g'l'eat reduction in the size of the apparatus, 
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the Hpeed with which the determinations can be effected, 
and the brge number of readillgs which can be obbined 
with one quantity of subHtanee, 13 • .'1. with carbon bisulphide 
as the Holvellt, as lllany as Heven rl'adings !tu\'e ]Jeen 
obtained. 

The apparatuH consists of a tla..,k F (Fig. ::;H), a]Jllut 
300 c.c. capacity. Thc iLLsk has :1 wide neek to whir'lI 
a Hide tube s is attached, thiR 
serves for the introlluctioll of 
the sol vent. The thtsk F is 
fitted with a large cork carryillg 
a tu Lle B, 10 elll. lung and 2';J 
Clll. uimlleter, which has a small 
hole H pierced ill its side. B iR 
titted with a eOl'k, aIHI ranies a 
graduated tube C, which is per
forated at the bottOlll by:1 slllall 
hole D. This hule is elo,.w,l by a 
glass pellet E whieh senes as a 
valve, antI is ke]Jt in position by 
a piece of platillum wire K. 

The top of the tuliP C is shaped D

as indicated in tlw diagram, awl 
is 1ittpd with two siue tubes, M 
awl N. The sirle tulle M is uelet! 
for introducillg' tIle suh.;tance, FIG. 38. 

,mel the tube N is attached to a condenser, A thermometer, 
registel'ing tenths of a degn"', is lls"ri with this appar
atus. 'rhe Hide tulle S is dose, 1 by :L ruhber stoppel' 
which cu,rI'i,~s ~l glass tulle cloSt·(1 by ~l pi"ee of rubher 
tnoing and a elip x. 

'1'0 make a deterlllinatioll, tlw flask F is half tilled 
with the solvent, to whieh a few pieces of hroken porce
lain are added to prevent sU]Jt'rheatillg. A slllall 



116 PHYSICAL CHEMISTRY 

quantity of the solvent, about 3 c.c., is placed in C, 
and the heating commenced. The liquid in F boils, and 
the vapour passes through the hole H and down the 
space between Band C, thus forming a double vapour 
bath, which etlectually prevL'nts the temperature of the 
liquid in C being influenced by the outside temperature. 
The vapour then passes through the valve E nnd through 
the liquid. The other details of thiR method are practi
cally the same as those of the \Valker-Lulllsden method. 

4. Freezing Point Method 

When a substance is dissolved in a solvent, the freez
ing point of the solvent is depressed by an amount 
which is proportional to the molecular concentration of 
the Jissol ved substance. Hence it is possible to calcu
late the molecular weight of the JiHsolveJ substance 
from the lowering of the freezing poiut, produced when 
a known weight is dil'lsol \'ed in a known weight of the 
sol vcnt. 

Thus, if w grams of a, substance of molecular weight 
?n are dissolve!] ill G grams of a sol\'cnt, and lower the 
freezing point u ", then the molecular "'eight of the dis
solved Hubsianee will he given by thl~ expression 

100w 
m=K-~, Gu 

where K is It constant depending on the solvent i:tnd 
known as the" molecular deprcs8ion," i.e. the allluunt by 
which the freezing point of the soh ent would be lowered 
if one gram moleeular weight of a substance was dis
solved in 100 grams of the solvent. 

The value of K for any particular solvent can be found 
by determining the lowering of the freezing point pro
duced by a known wl·ight of a substance of known 
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molecular weight. Thml, if n grallli'; of a i>ubstance of 
molecular weight M \'lere dissolved in W grams 01 a 
solvent, and lowered the freezing point C, then the 
value of K would be gi ven hy the expression 

W t 
K=----· M 100 n . 

The constant may alR() he calculated from the latent 
heat of fusion of the ;;olvent, in a way ;;imiiar to that in 
which the boiling point constant was calculated from the 
latent heat of vaporisation. Thus, 

O'02T2 

K=-------, 
L 

where T is the freezing point of the pure Rolvent in 
absolute memmre, and L is t1w latent heat of fusion. 
The accompanying table gives a few of the lllore com
monly used solvents, together with the value of K and 
the latent heat of fusion. 

K. 

\Vater, 0' 11"6 

Acetic Acid, 1 r ;,\)-0 
Benzent:>, w ;)0.;) ;)0'0 
Nitrobenzene, W'O 70'0 
Benzophenolle, 48"'1 98'0 
Azobenzene, 6!)O 83'0 

L"tent He"t of 
Fusiun. 

79'1 
43'1 
:lO-l 
22-3 
i3-7 
27-9 

-------'----------~----- --------

The method of the lowering of the freezing point can 
only be employed for the determination of molecular 
weights when, in the process of freelling, the solvent 
separates out alone. Hence, in the case of those sub
stances which form mixed crystals or isomorphous mIX
tures with the solvent, the method is illapplicable. 
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In cVRryday practice, it iH usual to employ Rolvents 
which are liquid at ordinary temperature, and cause 
thcm to freeze by immerRion in cooling baths; it is, 
however, often advantageous to employ as solvents, suh
stances which are solid at the ordinary temperature, and 
to melt them by HurrOlmding them with a bath just 
above their melting point, and then allow them to freeze 
by lowering the bath to just below their melting point. 

H 

1---

- s 

K 

-E 

The method of working iH 
exactly the same for both 
classes of solventH, but it will 
be well to consider them 
separately. 

1. Solvents which are Liquid 
at Ordinary Temperature. The 
apparatus employed for de

L termining the lowering of 
the freezing point by mel1l1H 
of this class of solvent, 
consists of a glass tubc A 

(Fig. :39), about 14 cm. IOllg 
and 2 cm. wide, which is 
fitted with a side tube B. 

The tube A is supported by 
means of a cork in a second, 
slightly wider, glass tube 

FlO. 39. C, which serves as an air 
jacket and prevents the free?;ing tube A from coming into 
direct contact ,yith the cooling mixture, and thereby 
ensures slower and more regular cooling of the contents 
of A. The freezing tube is fitted with a cork, through 
which pass a Beckmann thermometer T and a stirrer 
s. The whole apparatus is supported in a suitable 
freezing mixture, which is contained in a stout glass jar 
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E, fitted with a Illetl:tl lid L, into which three holes are 
bored. The celltre hole F carries the freezing tube with 
itR ail' jacket, a metal stirrer H pasHes through one of the 
smaller holes, and the other HIlpports a teRt tube K, which 
contains a small ([ualltity of the solvent used in the 
experiment. 

Before C0ll1l11l'llcing Itll experiment, the Beckmann 
thermometer mUHt be adjusteu, as described in the last 
section, so that it will record the temperatures of the 
experiment. The freezing tube A is fitted with two 
unbol'ed corks and weighed, 15-20 gramR of the solvent 
are then added, and the tube weighed again. The 
weighings of the solvent, in determinations of this type, 
need only be made to the nearest centigram. The ther
mometer and stirrer are then placed in the tube, so that 
the bulb of the thermometer is completely immersed in 
the solvent. The freezing tube is then placed in the air 
jacket, and the whole immersed in the cooling bath, 
which should have a temperature about 2°_3° below the 
freezing point of the solvent. Having weighed the 
solvent and fittwl up the apparatus, an approximate 
determination of the freezing point should first be taken. 
This is done by removing the freezing tube from the air 
jacket and immersing it directly into the freezing mixture 
until crystalH of the solvent begin to form. When this 
happens, the tube is removed from the freezing bath, 
dried quickly, and placed in the air jacket which is still 
in the freezing mixture, and Rtirred slowly, the point at 
which the temperature remains constant being noted. 
The freezing tube is theu removed from the air jacket, 
and the frozen Holvent melted by holding it in the hand. 
Then it iH replaced in the air jacket and slowly stirred 
until the temperature is about 0°'2_0°'5 below the 
approximate freezing point found auove; then it is 
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stirred more rapidly; the HoI vent will now generally com
mence to solidify, and the temperature will rise. It must 
he stirred slowly as long as the temperature rises, care 
be_ng taken to tap the thermometer, and so prevent the 
thread hanging, before taking it reading. The highest 
point reached is then noted as the freezing point of the 
solvent. The operation mnst be repeated until three 
determinations have heen obtained, which agree to 
within 0°'002. The mean of the three readings is taken 
as the freezing point of the solvent. If, as not in
frequently happens, the solvent refuses to solidify when 
cooled to 0°'5 below itH freezing point, solidification can 
be induced by adding a tiny crystal of the solvent from 
the tube K. On JlO account should the li(juid be super
cooled more than 0°','5, otherwise the freezing point 
registered by tlw thermometer will be inaccurate. When 
thc freezing point of the pure sol y(~Jlt has been obtained, 
the freezing tube iR remoYed from the cooling bath, and 
about. 0'}-0'2 of the substance iR added through the side 
tube B; in the case of solids this is added as a tablet or 
stick, and in the case of liquids by means of a pipette 
(see last section). The solvent is I:Itirred until all 
the substanc(' has (lisRolvcd, and then the tube iR re
placed in the ail' jacket and cooled again, with constant 
slow stirring. and the new freezing point determined 
exactly as in the case or the pure solvent. Here again 
three conconlant readings mUilt be obtained. Further 
(luantities of the dissolved subl:ltance may then be addcd, 
and Rtill greater lowerings obtained. 

Abnormal molecular weightR arc often obtained by 
this method, jm;t as in the case of the boiling point 
method, due to association or dissociation of the dissolved 
substance. The degree of association or dissociation can 
be calculated from the molecular weights obtained from 
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the freezing point Im\~t~J'illg, by using [urIllulae ~illlilar to 
those ginn in the last section, 

EXPI<:RIl\IENTS 

(i) Defaminc the JIolee1llal' lVm'ght 0/ p-Tol1Lidine ?:n 
Bm/zene Solldiml, A cooling hath of ice and water mU8t 
be used for this experiment, Add succe8sive quantities 
of 0'2, 0'2 and 0'4 gram of p-tolllidine to the henzene, 

The experiment may be repeated to determinl' the 
molecular weight of nitrobenzene, quantities of 0'2.5, 0'2;') 
and 0'5 gram being added, 

(ii) Detc)'miTIe the Degree of A"8oeiutiOIl 0/ Benzoic 
Acill in Be'llzene Sol'ution, Add qllantitieFl of 0'1,0'2,0'2, 
0'5 and 1'0 gram of benzoic acid, Calculate the degree 
of association, assuming that two simple molecules of 
benzoic acid associate to form one complex Illolecule, 
Find the influence of concentration on the association, 
by plotting the degree of association against the con
centration of the solution. 

(iii) Determine the Degree of Dissociation of PotU8-
sium Ohloride '1:n TVutcr Solution. An intimate mixture 
of powdered ice with a little i'ialt should he used as the 
freezing mixture for this experiment. Add qnalltitieH of 
potas8iuIIl chloride of 0'1, 0'], 0'2, 0'2, (l.!) and 0'5 gram. 
The degree of dissociatioll should be expressed along with 
the concentration. A curve may also he drawn showing' 
the influcllce of concentration Oil t.he degree of dis
sociation. 

2. Solvents which are Solid at Ordinary Temperature 

'fhe use of melted solid suhstances as solvents, in the 
determination of molecular 'weight, involves exactly the 
same principle as the use of liquid solvents, but since 
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these soh-ent" hav\) usually a very large "DepreRsion 
Constant," it is unnecessary to use a Beckmann ther
mometer, and cOl1Re(luentiy a thermometer reading to 
lo degree may he Rubstitllted for it. 

The apparatuR necessary, consists of It test t,uhe A 

(Fig. 40), supported by a cork in the neck of a somewhat 

T 
wider tube B, which serves as an air 
jacket. The tube A is fitted with a cork 
which carries a thermometer T and a 
"titTer S, made of stout platinum wire. 
The two tubeR arc supported in a beaker 
of water or other liquid, which can be 

8 raised to the required temperature by a 
A carefully regulated_ flame. The method of 

carrying out the expel"illlent it; the same as 
that alrettdy deRcl'ibeci. 

EXPERIMENT 

Frr._ 40_ 

/ )dcnnine the l1foZceuluT Wci,ght of 
u-Nuphtho[. in Az.o/)cJlzene SolntirYn. Use 
about 10 grams of azobenzene as solvent 

for thiR cxperilJlellt. Melt it in a water bath at 
about 7W-74°. When all is llleited remove the flallle 
and allow the water to cool slowly, keeping both the 
water and a;mbcmmnc well stirred until solidification 
takes place. Under no circumstances should the tem
perature of the water bath be more than one degree 
below the freezing point of the azobellzene when the 
freezing point is read. Three readings of the freezing 
point should be made and the mettn value b.ken. Then 
add about, 0'15 gram of a-nnphthol, and again lIlelt the 
whole; stir well to ensure complete solution, and cool as 
before, noting the temperature of sol1dification. Repeat, 
adding further quantities of 0'1 and 0-2 gram of a-naphtho1. 



CHAPTEll VIII 

SOL{'BILITY l)ETERi\lINATION 

Tm~ solubility is a factor which enter;; frequently into 
the calculations of Illany phy;;ico-chemical determinations, 
-hencc a short description of the methods adopted fOL' itR 
determination is necessary here. Solubility detel'mina
tionR for the present purpose can he conRir1cred unr1er 
three heads: (i) Holuhijity of g&<;es in liquidH, (ii) Rolu
bility of liquids in li(lUids, and (iii) solubility of solids 
in liquidR. 

By the solubility of a substance in a liquid, one under
standH, in the caHe of Holids, the weight of the Rol id 
dissolved by ,1 given weight of the solvent, generally 
100 grams, to form it saturated solution at a given 
temperature. The Holubility of liquidH and gases is 
generally expressed as the volume disHolved hy11, given 
volume of the solvent to form a Raturated Holution at a 
given temperature. As in all caHeH, the solubility varies 
with the temperature, this must always be stated along 
with the solubility. 

1. Solubility of Gases in Liquids 

CL Sparingly Soluble Gases. For the determinntion of 
the solubility of those gases which are not excessively 
soluble in the liquid in question, the apparatus due 



124 PHYSICAL CHEMISTRY 

to Ostwald may be employed. This consists of a gas 
burette A (Fig. 41), of about 1.'50 c.c. capacity, con-

I" nected to a levelling tube L. 

FIG. 41. 

The burette is connected to 
an absorption vessel B, of 

T about 75 c.c. capacity, which 
is fittell with a three-way 
tap t and a two-way tap 8. 

All connections between the 
two pieces of the apparatus 
are made by short pieces of 

B stout-walled rubber tubing, 
which are wired on. Befon: 
making an experiment, the 
volume of the absorption 
vefisel hetween the taps 8 

amI t must be determined. 
ThiH can be done most easily 
by filling it with mercury, 
and running the mercury 

into a graduat,ed measuring vesseL In making an 
experiment., the absorption vessel is tilled with the 
solvent, and both taps 8 and t are closed, Then the 
upper tube of the tap t is carefully dried on the inside 
by means of filter paper. 

The burette iR then cOlll1ectell with the absorption 
vessel, as indicated in the diagram, and the tap r is 
turned so that the burette is open to the air. The 
levelling tube is raised until the burette and tap are 
full of mercury. 'rhe burette is then connected to a 
gasholder containing the gas whose solubility is to be 
determined, and the gas is admitted into A by lowering 
L. When sufficient gas has been taken into A, the taps 
rand t are turned, so that the gas from the holder may 
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flow through the connecting tube T, and so fill it. The 
tap t is then closed, and 'I' is turned so that the burette 
and connecting tube are in communication, and the 
apparatus allowed to stand for about 20 minutes until 
the contents have taken on the surrounding temperature. 
The levelling tube is then adjusted, and t.he volume of 
the gas read. A graduated measuring vessel is then 
placet1 under 8, which is opened, and then the burette 
and absorption vessel are placed in communication with 
one allother by opening t. A quantity of the solvent, 
about 80 c.C., is expelled from B by raising the levelling 
tube L, and then the tap 13 is closed. The liquid driven 
out is carefully measured, and the absorption vessel 
gently shaken until the height. of the mercury in A 

remains stationary, when the volume of the gas is again 
read. 

Care must be exercised in shaking B that none of the 
liquid is thrown into t.he tap. Should the solubility be 
required at a given temperature, the absorption vessel 
must be immersed in a thermostat at that tempera
ture. If t is the temperature of the absorption vessel, B 

the barometric pressure, VI the initial reading of the 
burette and v2 the final reading, tl the temperature of 
the burette, Vo the volume of liquid expelled from the 
absorption vessel, V the volume of the absorption vessel 
and p the vapour tension or the liquid at the temperature 
of the experiment, then if 8 is the solubility, 

(.1' -'I) _B_(1+at1)_v 
1 2 B-p 1 +at Q 

8 = . C.C.'I; pel' C,C. 
I)-'/)o 

EXPElUl\fENT 

Determine the SOl1dJil ity of C'w'bon Dioxide ,in Water 
at romn tempel'at't~re. In this experiment, admit about 
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'trI'IlJe) , t'J' C,L 'tl 1 'I't are ex, , '1 'n \\,,1, t , '}'o dett'J'lllllle Ie Hal u )] 1 ,y 

II 'c ,tCll I bove, I j' I (~ I on " -'JJed a II,d ldaHH \'(,:-;Ht' 01 the s tape I desCl1 'W,I e ,., 

methut a t111 W
, FiU' 42 is uHeu; this w'"sel f h ,.rases, . t d 111,.,' I' 

o SUC ,... indiclL t:1 \'" a (:a,pacity.' () ahmt 30 c,c, 
I IlL u , ,1 , 

shuul
, 

I' II" el"aned, llneu awl \wlgheu; 
rt' u .J '1 

His etl 'lll<llltiLy of tie, Holv,ellt, about 
'1 SIlI,d

l 
',then drawn IIlto It awl t.he (_ ,., c c., lK ,,' . 

10,,];) , '11 weiuhed, } he n,H"el IH thl'll 
I 'l,f,lI M , 

whn
l
' ':~ a titennostttt, and a current 01 
1 III I 't' t'l IJ!ttct;t '1 IjlWHtioll passel In 0 It un I no 

,"IS 11 1 ']'1 l' tl t,hl~ /-"'" ~Ibs()rbel, Ie Yesi'll' 1H ,lell 
, I" d 1 ' I 1 '['" lllUf

e 
t both en s [till l'C-wetg Ie! , ll~ 

Sl"ti
ed 
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,,'1\'<::; >J'I11iHslble to assume that nOlle ,., 'l'e pt , 
it w
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' the st '1 
o[ , 'It 1)\7 hpiug earl'led away Jy the 

'l'Jll1Ll , .J 'I' , 
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.;1IlIO "," I ,1 1 .-
FlU 42, sh't "ever, lllay not. )C uone, allli to 0 lbllJl 
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tell. '1' liS, f 'oW the c'xpcJ'lJllen , It, IS neceHsary to 
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120 C.c. of carhon dioxide into the bnrette, and leave 
from 80-40 c.c. o[ Wl1tCl' in the absorption veRRel. The 
water uRed for this eXpt~I'illlent must be freshly boiled 
distilled water, whieh h.ts heen allowed to cool out of 
contact with air. 

h. Very Soluble Gases. 'rite soluhility of gaR!'S whieh 
are extrelllely soluble in liquids, e.!!. 1LllIlllOnia or hydro
rhloric aeid in watm', canllot he dl'tenninc(l by the 
method described above. To detcrlJline the solubility 
of such gaSteS, a thill-walled glass \'('ssel of the shape 

indicated in Fig. 42 is used; this vessel 
.-;!tould have a capacity of ahout 30 C.c. 
1 t. is carefully clt~alled, tlried aJl(l wt·ighed; 
it sltlall '1nnntiLy of the solvellt, about 
10-] ii C.c., is then draw II into it, amI t.he 
whole agttill weighed. The vessel it; t.hCll 
placed ill a the rill m.;tat, and a currellt of 
the gas ill (lu,>stioll paHsed into it until Ill) 

llIure is :lbsorbed. The \'essel is then 
spaled at both euds and re-weighetl. This 
.C(i veH the \\'t~ight of the solution, awl if 
it. were p"rlJli:-;.~ible to assume that none 
of the solvent 1md heen lost (luring the 
experiment, 1,), being carried away by the 

FlO. 4~. strealll of gas, tlte solubility could be direct.ly 
(·alculah·(l. This, howeVl'r, Illay Hot be done, :wd to obtain 
all aceurate result from the experiment, it is necessary to 
adopt Home elwtuical methud for ddermlllillg exaetly the 
quantit.y ()f gaR in the mectsure\l w(~i~ht of solution. 
General din·ctiol1H canllot he gi ven to meet all cases, but 
if the solubility of alllllHmia or hydrochloric acid were in 
questioll, the hulb could be broken ullller a measured 
\'OIUllle of nOl'lIlt11 sulphuric acid or soda respectively, and 
the eXCeSs of the Ilunllai soiutiull obtained by tit mtioll 



SOLUBILITY DETERMINATION 127 

This would then give the weight of the gas in a given 
weight 01 Rol11tion, Trom 'which t.he amount. in n givell 
weight of the Holnmt could he ohtainc(l. A CO],l'eetioll 
ought to he applied for tlw allloullt of gaH ('olltaineu in 
the Imlb abo\'l~ tlw Hatumtl'd solutioll, whir'h luts heell 
weig'lted aJl(1 ('st.illlat(~d alollg with that ill solution, 

EXI'EHIMEKT 

Ddl'l'mi /1(' I hi' ;\ul ni)ilil,ll4 /'{1(/,I/I1II' J)io.n'rlp in lr((/m' 
(It 25°, Can)' out t.his (~xpe]'ill}('nt. <,x,U't1y a.'! dt'scribed 
above, The gas llIay he ('()Il\'(,lliPlltly obt.ailwil frolll a 
syphon of liquid sulphm dioxidp, To ('."tilllate the 
allloullt of gas absol'1)eri, hl'l'ak tlw \'1~SSI·I, aftt'I' \\'l'ighing, 
in a beaker (;ollbining' ;2;jO e.e. of stalldanl potassiulll 
pm'l)mng,im\h~ \-\I)\\1t.)~)}), ,\y\)i.el) hu,,, ahout :, gram" POt.ll$
sium pennangallatt' to tht' litre, Till' ex('(!ss of potas,;illlll 

perlllanga1lute lllay t.1ll'1l Ill' titrat",t1 with ~ oxalie aci(l 
;) 

solution. In hreaking tllt~ Imlh, Ow 1)('st lllethod is t(l 
scratch a tile lIl:Lrk 011 bot.h tn]J!'s Ileal' t.lw bull), then 
hold the hulb lllldel' Ow plmIH'llg~'llate, nlld Im'ak otf 
the tubes by preflsing them against t.!tp sid!) of til!' 
beaker with a glass rod, '1'11(~ bulh JIIust till'll 1)(' cl'ushed 
by tapping it wit.1t a glass 1'0(1. If t.he lmlll is nut 
entirely c()Yc1'e(1 by the pl)rJnanganate solution, a qu::m
tity of freshly boilet] ~L1j(l c()oled watel' llIay be added, 
to complf'tely c()\'()r it, COlllpal'e t.ht> solnhility obtained 
with that calculated f1'o"l tilt' \\'pig'hillg's <l10l1t'. 

2, Solubility of Liquids in Liquids 

Liqnid pairH fall illto two gl'oups with respect to their 
rout.ultl soluhility: (i) th()se pail'S oj' liqnids which are 
solubh' ill 01lto Illlother ill all pruportiolls, alld (ii) those 
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pairs which are soluble to a definite extent in one another. 
'rhe solubility in the first case is an unlimited quantity 
and does not concern us here; in the second case, how 
ever, it is a perfectly definite quantity, and can be deter
mined in the following manner: 

The two liquids, in approximately equal quantities, are 
placed in a 250 c.c. stoppered bottle; the stopper and neck 
of the bottle are covered by an indiarubber cap, which is 
t.ied tightly on to the neck, so that the stopper is held 
firmly in its place and nothing may enter the bottle. 
The bottle is then placed in a thermostat and shaken 
for 2-8 hours, then it is removed frolll the Hhaker, and 
a,llowcd to Htand in the bath until its contents have 
settled into two layers. If i~t this point it is noticed 
that only one layer has formed, more of one of the 
liquids must be added, and the shaking repeated. When 
the two layers have septtrated and are quite clear, a 
measured quantity of the top layer, e.g. 10 C.c., is pipetted 
off and analysed. The bottle is then closed again and 
shaken for one hour longer, and the top layer analyseJ ; 
if both analyses agree, then it may be taken that the 
solutions are saturated. Should the analyses not agree, 
the bottle must be shaken again, until two successive 
analyses agree. When the saturation point has been 
reached, a quantity of the bottom layer may also be 
removed and analysed. This is done by closing the top 
of the pipette with the finger, and inserting it below the 
top layer and then filling in the usual way; on removing 
the pipette, the outside should be carefully wiped, to 
pnwellt any liquid 'which llHty be adhering to the outside 
trom running down and Jnixing with the contents 01 the 
pipette as they are run out for the purpose of analysis. 
;;/0 general directions can ue given for the analysis of 
the various liqui(l :,;olutions j the method of treatment 
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must be devised to suit the substances under considera
tion; Occasionally it happens that the boiling points or 
the two liquids are far apart; when this is the case, the 
more volatile may be distilled off from a known weight 
of the mixture, and the residue weighed. The result 
will be much more' accurate, however, if some purely 
chemical method of analysis can be employed, e.g 
titration. 

EXPERIMENT 

Determine the Solubility of A niline in Water at 25°. 
In this experiment use about 20 C.c. of aniline and 
100 C.c. of water, and saturate them with one another 
as described above; after shaking, analyse the aqueous 
solution, i.e. the top layer. The quantity of aniline 
present in this, may be determined by titrating the 
solution with a standard solution of potassium bromide 
and potassium bromate, in the presence of hydrochloric 
acid. The standard solution, which must contain the 
bromide and bromate in the proportion of 5 molecules 
of the former to 1 molecule of the latter, is best made up 
by cautiously adding bromine to a saturated solution 
of caustic potash, until no more is taken up. The 
solution is then diluted to dissolve any crystals which 
may have formed, and more bromine is added and finally 
bromine water, until the solution has only a faint alkaline 
reaction. The solution now contains bromide and bromate 
in the required proportion. It has now to be stand.ardised, 
by titrating weighed quantities of aniline with it, and 
brought to such a strength that about 20 C.c. of it 
are equivalent to 0'5 gram or aniline. The titration is 
effected in the following manner: about 0'5 gram of 
aniline is diluted with 20 C.c. of water, and 10 C.c. of 
concentrated Hel are added, and the standard solution 

&~ I 
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added slowly in small qunntities. The flask III which 
the titration is being carried out must be vigorously 
shaken after each addition, a white precipitate of tribrom
aniline is formed and a clear colourless solution left. 
The end of the reaction is indicated by the solution 
becoming fnintly yellow. The following equations 
represent the course of the reaction: 

KBrOs + 5KBr + 6HCI = HBl'Os + 5HBr + 6KOl 
HBrOg + -,SHBr = 3Br 2 + 3Hp 

°6H5NH2+3Br2=OUHgBr3NH2+3HBr. 
Take 20 C.c. of the saturated solution for each titration 

and add 20 C.c. of water and 10 C.c. of concentrated 
hydrochloric acid. 

3. Solubility of Solids in Liquids 

To determine the solubility of a solid in a liquid, a 
quantity of solid, sufficient to saturate the liquid, is finely 
powdered and placed in a stout bottle fitted with a well 
ground stopper. A qmtntity of the solvent is added, the 
bottle closed, and the neck and stoppel' covered by a rubber 
cap. The bottle is then placed in a thermostat and 
Hhaken for 3-4 hours. The bottle is then removed from 
the shaker <Lnd allowed to stand in the thermostat until 
itH contents have settled. When the solution is perfectly 
clear, a measured quantity is removed by means of 
a pipette and analysed. The bottle is then shaken for 
2 hours and the solution analysed again. Shaking must 
be persisted in until two successive shakil)gs do not 
change the concentration of the solution. The method 
of obtaining a saturated solution may be varied in the 
following manner: the tiolvent containing an excetis 
of the solid is heated to 11 temperature considerably 
above that at which the Holubility is to be determined. 
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The solution, in this way, already contains more of the 
solid than it can hold at the experimental temperature. 
It is then placed in a bottle, together with a small 
quantity of the solid, and shakon at the required 
temperature in a thermostat, as described above, until 
the analysis of the solution gives constant results. 

This method of producing a saturated solution is apt 
to lead to results which are too high, whilst the first 
method may give results which are too low. The best 
method of procedure is to start the saturation from both 
sides, i.e. from a supersaturated solution, and from the 
pure solvent, and shake until both give the same result. 

It is generally found in solubility determinations that 
the more soluble tho substance, the more quickly it 
reaches saturation, but no general rule can be stated 
to furnish a guide as to the length of time required 
for saturation. The majority of the salts, which are 
generally known as easily soluble salts, reach saturation 
in froID 3-4 hours, whilst the so-called "insoluble" 
substances often require to be shaken for days and even 
weeks before saturation is attained. 

The removal of the saturated solution is effected by a 
dry pipette, calibrated to withdraw a Glefinite volume, 
if the solubility is required in terms of the weight 
of dissolved substance in a measured volume of solution. 
The pipette is emptied into a beaker in the usual way, 
and thoroughly washed out with distilled water, the 
washings being added to the saturated solution in the 
beaker. If the solubility is required in terms of the 
weight of dissolved substance in a given weight of water, 
the solution may be withdrawn by any dry pipette, and 
transferred to a tared weighing bottle, and then weighed. 
Should the temperature at which saturation has been 
effected be much above the atmospheric temperature, the 
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pipettes used for withdrawal must be warmed before 
being used to extract the liquid, to prevent deposition 
of the solid taking place in them. 

The method of analysis to be adopted depends, as in 
the case of liquids, upon the nature of the dissolved 
substance. Solids which are quite stable at tempera
tures 10°_20° above the boiling point of the solvent, 
may be determined by driving off the solvent by 
evaporation, and then heating the residue to a tempera
ture a few degrees above the boiling point of the solvent 
for 15-20 minutes, weighing and re-heating until the 
weight is constant. Substances which are not stable 
toward heat must be determined by the usual analytical 
methods, either volumetric or gravimetric. In this con
nection it must always be remembered that, frequently, 
these saturated solutions are much too concentrated to 
be analysed directly, and they must therefore be diluted 
to a known volume, and an aliquot part taken for 
analysis. '1'hose solids which, by reason of their small 
solubility, e.g. silver chloride, barium sulphate, etc., 
cannot be determined by the foregoing methods, are 
determined by the methods of electro-chemistry. (See 
chapters on Electro-conductivity, and Electromotive 
force, Part II.) 

EXPERIMENTS 

(i) Determine the Solubility of Potassium Ohloride 
in Water at 25°. Place about 40 grams of powdered 
potassium chloride, and 100 C.c. of distilled water in a 
stoppered bottle; in a second bottle place a little solid 
potassium chloride and about 100 C.c. of potassium 
chloride solution, which has been prepared by boiling 
water with an excess of potassium chloride for a few 
minutes. Shake both fo1' 3-4 hours, allow the contents 
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to settle and then transfer 10 c.c. of each to weighed 
platinum dishes, and remove the water by heating 
on a water bath. Dry the solid at 120° for 15 minutes, 
and weigh. Shake the bottle for 1 hour longer and 
re-determine, if both the former results do not agree. 
Express the result in grams of potassium chloride per 
100 grams of water, and also per 100 c.c. of solution. 

(ii) Determine the Solubility of Ammonium Chloride 
in Water at 25°. Use 45 grams of ammonium chloride 
and 100 c.c. of water for this experiment. Shake for 
3-4 hours, and after the solution has settled, withdraw 
and weigh about 10 grams of the solution, transfer 
it to a litre measuring flask and fill up to the mark. 

Titrate 25 c.c. of the diluted solution with ;0 silver 

nitrate solution. Express the result in grams per 100 
grams of water. 

(iii) Determine the Sol1tbility of Potassium Iodide in 
Ethyl Alcohol at temperatures from 10°-30'. Place 
about 15 grams of powdered potassium iodide and 
100 c.c. of absolute alcohol in a stoppered bottle; allow 
the bottle and contents to stand in the thermostat for 
15 minutes before inserting the stopper. This is to 
avoid pressure, owing to the vapour pressure of the 
alcohol. Then stopper the bottle and shake at a constant 
temperature for 5-6 hours. The analysis in this case 
may be effected by evaporating the alcohol on a water 
bath and drying the residue in a steam oven for 15-20 
minutes. 

Plot the solubilities obtained against the temperatures, 
and so obtain a solubility curve of potassium iodide 
in alcohol. 



CHAPTER IX 

VISCOSITY AND SURF ACE TENSION 

1. Viscosity 

WHE", a liquid flows through a tube its molecules do not 
move freely past one another, but are retarded by a 
frictional force termed viscosity. If a volume v of a 
liquid, driven by a pressure p, flows through a tube of 
length l and radius l' in a time t, then 

7r'r4pt _ 7r'r4pt 
V= 8l>J' M. YJ- 8lv ' 

where YJ is the coeftlcient of viscosity. This expression is 
derived on the assumption that the molecules of a liquid 
move in straight lines parallel to the axis of the tube, 
an(l that the layer of molecules contiguous to the walls of 
the tube are motionless, whilst those in the centre have 
the greatest velocity. The coefficient of viscosity may 
be defined as the force necessary to mon unit area of 
a liquid through unit distance over an adjacent layer 
of the same liquid situated unit distance away. The 
coefticient of viscosity determined by means of the above 
formula, where the various factors are measured in C.G.s. 

units, is naturally obtained in absolute units. The 
absolute determination of }} is often a tedious process and 
liable to many errors, so for this reason it is usual, for 
physico-chemical purposes, to determine the "relative" 
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or specific viscosity of a liquid, using some well defined 
substance, generally water at 25°, as the standard, and 
comparing other liquids with it. 

In calculating the coefficient of viscosity from the 
above formula, a necessary condition is that the pressure 
p shall be just sufficient to drive the liquid through 
tho tube, i.e. the liquid shall have zero velocity as it 
leaves the tube. Natumlly this condition cannot be 
fulfilled, hence a correction, representing the kinetic 
energy of the liquid as it leaves the tube, has to be 
introduced into the equation, the corrected expression 
reading 

where d is the density of the liquid. 
so chosen that 
that it may be 

Experimentally, the conditions are 
the correction factor becomes so small 
neglected. That this may be so, 
it is customary to use long narrow g ------------l 
capillary tubes for the determina-
tion, and small pressures. 

The apparatus generally adopted 
for the determination of the coeffi-
cient of viscosity is the Pouseuille 
apparatus as modified by Ostwttld. 
It consists of a fine capillary tube 
ab (Fig. 4,3) about 0'25-0'4 mm. 
diameter and 10-12 cm. long, this 
is fused at its upper end to a wider 
tube B, which is blown into a small 
bulb D close to the capillary tube. 
The bulb is of such dimensions 
that its contents would require at 
least 100 seconds to flow through the . 

Iii 

C J b 

\ 
FIG. 48. 

capillary tube . 
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The lower end of the capillary tube iR a1RO fused to a 
wider tube, which is bent and provi(1ed \vith a bulb 0, 

as indicated in the diagram. Two marks d and e are 
etched on the tube just aboyc and below the bulb D. 

It is essential that the Rpaee behyeen the bulb D and 
the capillary shall be perfectly smooth and regular, and 
that the tube and joint at the top of the bulb D shall 
be wide enough to prevent drops of liquid hanging. 

To carry ont a determination, a known volume of 
liquid is introduced into 0 by means of a pipette, this 
is then drawn into the bulh D so that the upper level 
of the liquid is above the mark cl, by sucking at f or 
blowing into the apparatus at g. The tillle required 
for the upper moni.scus or the li(juid to pass from the 
mark d to the mark e is then noted by meallS of a 
fitop-watch. The liqui.d is driven through the capillary 
by its own pressure, which is equal to h. d. g, where h 
is the mean di.fference or height of the liquid in the two 
limbs of the apparatus, d is the density and g the 
acceleration due to gravity, hence 

7TT4thqd 
fJ=~'--' 

If, now, an equnl volume of another liquid be taken, and 
the time required for it to flow through the capillary be 
measured in the same way, Wfl shall have the expressioll 

7r"J,4t1'ul1fJ 
1/1 = -----g,11--' 

representing its coefficient of viscosity; or 

1] dt 
Ih = a~t;_' 

i,e. the coefficients of viscosit.y of the two liquids bear 
the same rebtion to one another as the products of theil' 
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densities and the times of their outflow. If, now, '1 be 
taken as the va,lue of the standard liquid, then the 
relative viscosity of the second liquid is known. The 
absolute viRcosity may be obtained by illserting the value 
of the absolute viscosity or the standMd liquid in the 
above equation. The absolute viscosity of water at 25° 
is 8'91 X 10- 3, hence 

(l t 
'11 = ~lt 1 

X 8'9] X 10- 3
• 

The coefficient or viscosity varies considerably with 
temperatme, about 2 per cent. per degree, hence all 
detel'mina.tions should be carried out in a thermostnt. 
For the methods of determining ttbsolute viscosity, the 
reader is reierred to the original paper of Thorpe and 
Rodger (Phil. Trans. l,sSA, 3fJ7). 

EXPERIMENTS 

(i) Determine the Specific Viscosity of Alcohol at 25°. 
Fit up a large bea.ker, 2-3 litres capacity, as a 1Yater 
thermostat, and t11T11nge it by means of a temperature 
regulator, so that the temperature remains constant at 
25°. Clean and dry the viscosity tube, and fix it in 
the thermostat so tht1t the upper mark is below the 
surface of the water. Then aud 10 C.c. of boiled and 
cooled distilled water, and allow to stand for 20 minutes, 
so that the tube and contentH lllay acquire the tempera
ture of the bath. Attach a piece of illdiarubber tubing 
to the narrower tube of the apparatu.'l, and suck up the 
liquid until the upper meniscus stands 2-3 cm. above 
the higher gradua,tion mark d. Now allow the water 
to flow b<1ck through the capillary tube into the lower 
bulb, and measure the time refluil'cd for the meniscus 
to pass from d to e, by starting a stop-watch as it 
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passes d and stopping it when e is reached. Repeat the 
measurement several times, and take the mean of the 
determinations as the value. The separate determina
tions should not differ by more than 0'2 per cent. from 
the mean value. If a greftter varifttion is found in the 
determinations, the capillary tube is either greasy or 
choked by dust particles, which must be removed before 
the experiment can 1e carried out. The apparatus must 
now be emptied and dried, and 10 C.c. of pure ethyl 
alcohol added. Place the apparatus back in the thermo
stat, and, proceeding exftctly as before, determine the 
time of outflow of the alcohol. 

From the formula 
cl[tl 

1il= YJO([T 
o 0 

calculate the specific viscosity of the alcohol, taking the 
value of water as uJlity. The density of water at 2:jO 
= 0'9D7 and that of absolute alcohol = 0·78t;. Further, 
from the value of the absolute viscosity of water, 
8'91 X 10-3, calculate the absolute viscosity of alcohol. 

(ii) Determine the Ohange in Viscosity by8nb8tit~dill!J 
uari01~s grm~p8 for Hyd?'ogen. This experiment is 
carried out ~xactly as the last. First determine time 
of outflow of \Vater and then of the other substances. 
A good series of suLstances for this experiment is, ben
zene, chlorbenzene, brombemmne, iodobenzene, aniline 
and nitrobenllene. The vftrinus substances must be 
quite pure and freshly distilled before being used for 
the experiment. Information on the constitutive influence 
of the various groups on the viscosity may be found in 
the paper by Thorpe and Hodger referred to above. 
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2. Surface Tension 

'fhe molecules at the surface of a liquid are in a. 
different condition from the molecules in any other portion 
of the liquid, for those situated ill the interior of a liquid 
are subjected, on all sides, to the attractions of the other 
molecules, whereas those at the surface are only subjected 
to these attractions on the side which is immersed in the 
liquid, the half directed outward not being in the liquid, 
is free from these attractions. Hence a molecule at the 
surface of a liquid is subjected to a series of forces, the 
resultant of 'which acts at right angles to the surface, and 
tends to draw the molecule in question into the interior 
of the liquid. This force acting tmvard the interior of 
the liquid is termed the "surface tension." It tends to 
make the surface of a liquid as "mall as possible, and 
gives rise to the phenomena of capillarity. The surface 
tension is defined as the force which acts at right angles 
to the surface of a liquid, along a line of unit length; 
it is generally represented by the symbol y. 

There 11re several methods of determining the surface 
tension of liquids, two of which are made use of for 
physico-chernic111 purposes, viz. the measurement of the 
rise of liquids in capillary tubes, and the determination 
of the weight of falling drops of liquids. 

When a capillary tube is dipped into a liquid, the 
liquid will rise in the tube to such a beight that the 
weight of the column of liquid exactly counterbalances 
the surface tension of the liquid. If we assume that the 
li\lUid makes an angle e with the walls of the tube, then, 

I' cos e . 27rr = 7rr2hd, 

where h is the height of the column of liquid in the 
capillary tube, d its density, and r the mdius of the tube. 
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If it be assumed that the liquid wets the walls of the 
tube, then the value or e becomes equal to zero, and 

Y=ihTd. 
This expression does not take account or the weight of 

the liquid forming the meniscus; this may be taken into 
the calculation by increasing h by one-third of the 
radius; the expression then becomes 

y = ~?'d ( h +~). 
In addition to y another constant is often employed for 

physico-chemical purposes, termed the specific cohesion, 
this is symbolised by a2, and has the value 

a2 _ 2y 
- d' 

Since 'Y = khd, it will be seen that the specific cohesion 
is measured by the height to which a liquid will rise in a 
tube of unit radius. 

If a liquill be allowed to flow through a long narrow 
tube, it wj}1 form a drop at the open end, which will 
slowly increase in size to a maximum, and then fan ofr. 
The drop falls when its weight just exceeds the surface 
tension. 

If W represents the weight of the drop just before 
it falls, then 

W 
y=27rT' 

If a liquid be withdrawn from the action of gravity 
by placing it in another liquid or the same density, with 
which it does not mix or react, it will assume a spherical 
form. The surface area of the sphere taken up by 
one gram molecule of a liquid under such conditions is 
known as the" molecular surface" of the liquid. If it 
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be assumed that the molecular volume of the liquid is 
V, then the molecular surface may be expressed by vil-. 
If this now be multiplied by the surface tension, an 
expression "'IV'!, is obtained which is known as the 
" molecular surface energy." This quantity is generally 
expressed (Mv)1y, where M is the molecular weight and 
v the specific volume of the liquid. The molecular 
surface energy decreases regularly with increase of 
temperature, and the temperature coefficient is the same 
for all non-associated liquids, namely, 2'12. This value 
is obviously equal to the difference of the molecular 
surface energy at two different temperatures, divided by 
the difference of the temperatures: 

Yo(MVo)t - "'11 (M1)l)~ = 2'12, 
tl-to 

and furnishes a method for the determination of the 
molecular weight of non-associated liquid or molten 
substances. 

In many cases, however, the coefficient obtained is 
smaller than 2'12, and a much larger molecular weight 
must be attributed to the liquid in order to obtain the 
value 2'12. If in such a case x represents the factor by 
which the molecular weight must be multiplied to give 
the value 2'12, then 

whereas 

yo(XMVO)% -YI (XMV1)% 
tl - to 

2'12, 

Yo( MVoY~ - "'11 (MVl)~ 
tl -to K. 

Dividing these two expressions we get 

_ (2'12)t x- --, 
K 
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where x represents the mean association factor of the 
liquid over the temperature range to - tl , i.e. the number 
by which the molecular weight, representing the un
associated molecule, must be multiplied to give the mean 
molecular weight of the liquid. 

1. Method of Capillary Rise. The apparatus required 
for this method consists of a stout-walled capillary tube 
A (Fig. 44),0'2-0'3 mm. diameter bore, and about 15-20 

cm. long; this is fastened by two pieces 
of platinum wire to an opal glass scale 
B which is graduated in millimetres. 

10'2:( ,;;; 
v,;;y ,c // 

""""1 1

:-1:-

_: -

The whole is then placed in a tube c 
slightly wider than the scale. The 
capillary must be quite vertical; this 
is best achieved by having' the capillary 

B somewhat longer than c, and passing 
through a cork which closes the tube 

-, ,- /' C C; a seeond hole should be bored in 
-\ r- the cork so that atmospheric pressure 
-:: t- prevails in the tube. Before attaching 
- t-

. ::-

Jo-
II :_ 

_~jli~~ 

FIG. 44. 

the capillary to the scale, it must be 
thoroughly cleaned by drawing a hot 
chromic acid mixture through it, for 
some minutes, by Illeans of a pump. 
Then it must be washed with distilled 
water in the same way, and finally 
dried by drawing a stream of filtered 
air through it. On no account must 
a tube, which is to be used for 
surface tension determinations, be 

washed with alcohol or ether, for these substances 
generally leave the tube greasy. Care must also be 
taken not to handle the tube near the ends, or grease 
will be left on from the fingers, and this coming 
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in contact with the liquid will change its surface 
tension. 

Before commencing a determination of surface tension, 
the bore of the capillary must be examined to see that it 
is uniform, and then its radius must be determined. The 
former operation is best carried out by introducing into 
the capillary attached to the scale a drop or mercury 
which will fill from 3-5 C1OO. of the tube. This is 
moved from place to place along the tube, and its length 
measured on the scale in the various places. If it should 
have markedly different lengths the tube must be rejected. 
Having obtained a tube of uniform bore, its radius may 
then be determined. 

The most suitable method is to fill the tube with 
. mercury, and then expel the mercury into a tared 
weighing bottle, and weigh it. If l is the length of the 
tube in millimetres, w the weight of the mercury in 
milligrams, t the temperature and r the radius of the 
tube, then 

_ /w(1+0·000181t) 
r- 'Y 13.;j967rl ' 

where 0·000181 is the mean coefficient of cubical 
expansion of mercury, and 1;3·596 is its density. Three 
determinations of the radius shoulll be made and the 
mean value used. The radius may also be obtained 
by taking a liquid of known surface tension, and, from 
the height it rises in the tube, calculating the radius 
by means of the formula 

y=J;.hrdg. 
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EXPERIMENTS 

Determine the Surface Tension of Benzene at 25°. 
Having cleaned a capillary tube, examine its bore and 
determine its radius as indicated above. Then place 
about 5 C.c. of benzene into the wide tube C (Fig. 44) 
and place it in a thermostat at 25°. A large beaker may 
be used for this purpose. Place the capillary and scale 
in the tube and allow the apparatus to stand in the 
thermostat for 20 minutes, i.e. until it has acquired 
the temperature of the bath. Then attach a clean piece 
of rubber tubing to the projecting end of the capillary 
tube, and draw the benzene up and down the tube 
several times, by alternately sucking and blowing, 
until the walls of the capillary are thoroughly wetted.' 
It is well to attach a glass mouth-piece to the rubber 
tube, which should be filled with cotton wool, to prevent 
moisture and grease reaching the capillary. Care must 
also be taken that the benzene is not drawn into the 
rubber tube. Now allow the benzene to rise in the 
capillary until it has come to its equilibrium point, then 
read the level of the benzene in the tube, and also at 
the bottom outside the tube, by means of a lens. Repeat 
the experiment three or four times, blowing the liquid 
out of the tube each time. A variation may be made 
by drawing the liquid higher up the tube than its 
equilibrium point and allowing it to fall to the correct 
position. If the readings differ by more than 0'3 mm. 
the capillary is dirty and must be cleaned, and the 
measurements repeated. Calculate the result by the 
formula y = !hrdg. 

The density of benzene at 25" is 0'872. 
(ii) Determine the Association P(wtor for Water. 

In this experiment the surface tension must be deter-
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mined at two different temperatures, which are best 
chosen lying about 20° apart. Oalculate the association 
factor from the values obtained, by using the formulae 

K = YI(Mvl)f -Y2(MV2)f 
t 2-t1 

and x=(~~2t 
The values for VI and v2 are obtained from the densities 

(Table II. Appendix B.): VI = ~ and V2=~' where d1 and 
I 2 

d2 are the densities of water at tl O and t2° respectively. 
2. Method of Falling Drops. The apparatus for the 

determination of the surface tension by this method is 
made up of two parts: (i) the dropping tube, and (ii) 
the pressure apparatus. The former consists of a tube A 

(Fig. 45), bent twice at right angles as in the diagram; 

d 

FIG. 45. 

the vertical part of the tube be is 2-3 mm. diameter, and 
has a bulb B blown in it of 6-8 c.c. capacity. This tube is 

s.c. K 
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carefully joined to a capillary tube, 0'2-0'3 mm, diameter, 
which forms the lower portion cd of the dropping tube, 
The end d is carefully pressed out so that it has a 
conical shape, and then it is ground perfectly fiat. Two 
marks, e, j, are etched on the tube, one just above and 
the other just below the bulb B. The dropping tube is 
supported in a vessel F, which can be kept at constant 
temperature. The pressure apparatus consists of a long 
glass tube C, about 100 cm. long and 2 cm. diameter, 
which is connected to a large inverted Woul1£'s bottle 0 

of about 1 litre capacity, as illustrated in the diagram. 
The second tubulus of the bottle is connected directly 
with the dropping tube. By filling C with water, a 
constant air pressure can be set up, which may be 
communicated to the dropping appamtus. 

The determination is carried out in the following 
manner: 

The tap t is closed and the tube C filled with water up 
to about 5 em. from the top, and the position marked 
by sticking a piece of gummed paper on to the tube. 
The tap h is then opened and the liquid whose surface 
tension is to be measured, is drawn in through d until 
the tube is fined above the higher mark e. This is done 
by means of a water pump which communicates with 
the dropping tube through the tap h. When the liquid 
has been drawn in, the tap h is closed. Then the tap t 
is opened and the liquid in the dropping tube is slowly 
expelled by the air pressure in D. From the time the 
meniscus passes e until it reaches f the drops falling 
from d are counted. In this way the number of drops 
contained in the volume between e and f is known. The 
pressure must be so adjusted that the Equid drops at the 
rate of not more than one drop in 5-6 seconds. The 
pressure must also be kept constant during the experi-
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ment; this is secured by keeping the height of the column 
of water in C constant, which can best be done by 
placing a tap funnel above it so regulated that it delivers 
water at the same rate as the water flows from c. It is 
important that the temperature be kept constant during 
the experiment. It is usual to determine, first the num
ber of drops of water contained in the measured volume, 
and then the number contained in the same volume 
of the liquid whose surface tension is to be measured. 
If n 1 and n 2 represent the number of drops of water 
and the other liquid, respectively, contained in the 
measured volume, and a; and a; their specific cohesions, 
and if 81 and 82 represent the angles which these liquids, 
respectively, make with the walls of the tube, then 

2 8 _ a; cos e2n2 a1 cos 1- • 
n 1 

Since 'Yl cos 81 =t hrd1 and assuming that cos 81 = 1 for 
water, we have 

or, 

If the angle 82 is zero, then 

_ n 1 d2 'Y2 - 'Yl- . d-' n 2 1 

It the value of 82 is unknown, then the factor 'Y cos 8 is 
all that can be determined by this method. 

EXPERIMENT 

Determine the Surjace Tension oj Alcohol at 25°. 
Carry out the experiment exactly as described. Clean 
the dropping tube, before using it, with chromic acid 
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mixture, and make three or four determinations, first 
with water and then with alcohol. Freshly distilled 
alcohol must be ufled, and care must be taken that it 
does not come in contact with any greasy substance. 
The flasks or vessels in which it is contained should be 
cleaned with chromic acid mixture before it comes in 
contact with them. It may be assumed in the calculation, 
that the alcohol and water both completely wet the tube, 
i.e. in both cases cos e = 1. The density and smface ten
sion of water will be found in Tables II. and VI. 
Appendix E., respectively, the density of absolute alcohol 
at 25°=0·785. 



CHAPTER X 

POLAUUIETHY 

MANY organic liquids and solntioJls of organic solids, 
have the property possessed by quartz crystab; and other 
mineml substances of rotating the plane of polarised 
light. These substances are said to be optically active. 
Whether a substance is optically active or not, may be 
determined by examining it between 11 pair of Nicol 
prisms. 

When a beam of light is pai'lsed through a Nicol prism, 
it emerges with all its vibrations taking place in one 
plane; it is then said to be plane polarised. Should this 
polarised beam be 111lowed to enter a second Nicol prism, 
it will be found that on rotating the second prism, thc 
light will be allowed to pass through and be com
pletely stopped altel'llately, twice during the complete 
revolution of the prism, i.e. the field observed in the 
second Nicol prism will be alternately dark and light, 
the maximum and minimum brightness occurring at 
positions 90° apart. If two Nicol prisms be placed 
with their axetl at right angles, i.e. so that the field 
observed in the second prism is dlLrk, and a· tube con
taining an optically active liquid be placed between' 
them, the field will become light, due to the rotation 
of the polarised be30111 by the optically active substance. 
rhe amount through which the plane of the polarised 
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beam has been rotated can be determined by measuring 
the angle through which the second Nicol prism must 
be rotated to make the field dark again. vVhen the 
prism has to be rotated to the right, i.e. clockwise, 
to produce a dark field, the substa,nce is said to be 
"dextro-rotatory," and when it has to be rotated to the 
left, the substance is termed "laevo-rotatory." From 
what has been already said, it will be obvious that a 
position or darkness could be l'egainerl by rotating the 
prism in either direction, since there are two positions 
of darkness 1800 apart. It is customary to choose the 
direction where t.he ang1e through which the prism must 
be turned is less than 90°. 

The angle or rotation, i.e. the angle through which the 
plane of polarised light is rotated, is dependent on the 
nature of the substance, the lcngth of the column of 
the substance through which the ]ight has to pass, the 
temperature at which the observation is made, and the 
wave length or the light used in the determination. The 
last factor makes it necessary to employ monochromatic 
light for all polarimetric determinations. 

The results of polarimetric determinations are exprcl:ised 
either as the specific rotation, or the molecular rotation, 
and in stating these quantities the temperature of obser
vation and the wave length of the light used must always 
be specified. 

The specific rotation is obtained by dividing the angle 
through which a column of the substance rotates the 
plane of polarised light, by the product of the length of 
the column and the density. 

[uJ = l~l' 
where [a] is the specific rotation or the specific rotatory 
power, a is the observed angle, l the length of the column 
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of liquid in decimetres and d the density of the liquid. 
1£ this value be multiplied by the molecular weight of 
the substftnce, the molecular rotation is obtained, but as 
the numbers obt,ained in this way are so large, it is usual 
to call one-hundredth of this value the molecular rotation, 

thus 

where 'In is the molecular 'weight and ['In] the molecular 
rotation. 

The measurement of [aJ and [m] may also be carried 
out with solutions of optically act.ive substances, if the 
assumption be made that the solvent has no action ~n 
the plane of polarised light. This assumption is generally 
not permissible, but may be made in the case of aqueous 
solutions. 

If 'W grams of an optically active substance be dissolved 
in v C.c. of the solvent, then 

av m aV 
[aJ=hu and ['In]=lOO'lw; 

or, if the composition of the solution is known by weight, 
so that w grams of the active substance are dissolved in 
100 grams of the solution, amI cl is the density of the 
solution, then 

100. a ma 
[aJ=--ZZ- and [m]= dl' we . w 

It may be noted here that organic substances which 
rotate the plane of polarised light contain an asymmetric 
atom, The elements which furnish such optically active 
asymmetric atoms are usually carbon and nitrogen, 
although asymmetric tin, silicon and sulphur atoms have 
been found to furnish optically active compounds. An 
asymmetric carbon atom is one to which four different 
groups or atoms are attached. Quite recently, however, 
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Pope and Perkin have discovered an optically active 
compound which, although it has no asymmetric atom, 
yet it has an asymmetric structure. 

The rotatory power or an organic liquid is determined 
by means of a polarimeter, and, or the many forms which 
have been constructed, the half-shadow instruments of 
Lippich and Laurent are best suited to the present 
purpose. 

The Laurent polarimeter is represented in diagrammatic 
form in Fig. 46, and consists of two metal tubes A and B, 

FIG. 46. 

which are fixed rigidly on a stand and separated by a 
space in which the observation tube 0, containing the 
active liquid or solution, can be placed. 

The tube A carries a lens c which renders the light 
coming from the source s parallel, the light then passes 
on to the Nicol prism 0 which polarises it; this Nicol is 
termed the polariser. 'fhe light then passes through the 
observation tube 0, and into the second tube B, which 
has a second Nicol prism E, termed the ana1yser, and a 
telescope FG, contained in its length. At H, the opening 
of the tube A is half covered by a semicircular plate of 
quartz d, cut of such a thickness that the phase of 
the light passing through it is changed by half a wave 
length. If the optical axis of the quartz plate is parallel 
with the plane of polarisation, then no effect will be 
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observed in the telescope due to half the light passing 
through the quartz plate, i.e. the intensity of the light in 
both halves of the field will be the same. On the other 
hand, if the polariseI' is turned through an angle 0, then 
that portion of the light which passes through the quartz 
plate will be rotated by an equal amount in the opposite 
direction, i.e. there will be two beams of polarised light 
emerging from the tube A, whose planes are inclined at 
an angle 20 to one another. On observing the light 
through the telescope, one-half of the field will be dark 
and the other half light; if the analyser be now rotated 
the light and dark halves will interchange. There is, 
however, an intermediate position at which both halves 
of the field are uniformly illuminated, and this is the 
position at which all observations are made. '1'he angle 
20 is termed the "half-shadow angle," and it can be 
made larger or smaller by rotating the polariser. By 
diminishing the half shadow angle, the sensitiveness of 
the instrument can be increased, but with increasing 
sensitiveness a difficulty arises in deciding when the field 
is uniformly illuminated. In practice it is found that a 
hall-shadow angle of 4°-6° is most suitable. This ought, 
however, to be fixed by the operator himself, so that he 
can decide when the field is uniformly illuminated with
out unduly straining the eye. 

In many modern instruments the half shadow is pro
duced by having a strip of quartz e (Fig. 46) instead of a 
semicircle; this di vides up the field into three parts, the 
two outer of which are light, whilst the inner one is 
dark, and vice versa. This arrangement facilitates the 
finding of the position of equal iHumination. A third 
means of producing the shadow is to use a small circular 
piece of quartz f (Fig. 46); the effect in this case is to 
produce a dark centre surrounded by a bright ring, or a 
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black ring round a bright centre. The Lippich polari 
meter differs from the Laurent instrument in havin~ 
instead of the quartz plate a small Nicol prism, whicl 
covers half of the opening at the end of the polariser tube 
This produces exactly the same effect as the quart: 
plate, but it has the advantage that it may be used fo: 
light of any wave Jength, whereas the Laurent polm'i 
meter must always be used with light of the one definit. 
wave length for which it has been constructed. 

The general outside appefLrance of the Laurent polari· 
meter is illustrated in Fig. 47. The end S is direetell 
towards the source of light, and contains the lens fOl 
rendering the beam parallel, and the light filter, whicll 
consists usually of a thin slab of potassium bichromate. 
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The polariseI' is situated at P, and is attached to a small 
lever h, by means of which it can be rotated and the half 
shadow angle changed. The lever h moves over a small 
graduated scale, which indicates the amount the polariseI' 
has been rotated. The observation tube is placed in a 
groove situated in the centre of the apparatus, and 
protected from extraneous light by means of a hinged 
cover. The analyser is situated at A, and is connected 
by means of a srnalllever to the screw just below A, this 
is used for moving the analyser independently from the 
scale, and is used to adjust the zero of the instrument. 
The analyser tube, conta.ining the telescope F, is attached 
to a graduated scale K, the whole of which, together with 
the analyser, can be rotated past fi xed verniers nand 111 

by means of a rack and pinion arrangement T. Two 
reading lenses l are attached on a free moving arm, to 
facilitate the reading of the vernier. In most polari
meters, it will be found that the gmduated circle is 
divided into degrees and quarters of a degree, and the 
vernier is divided into twenty-five parts which are equal 
to twenty-foUl' of the quarter degree divi8ions of the 
circle, so that each division on the vernier scale is equal 
to OO·Ol. 

It has alrmtdy been noticed that monochromatic light 
must be used for experiments on optical rotation. l\lost 
instruments of the Laurent type are constructed for use 
with sodium light. A steady sodium flame of fairly 
constant intensity may be obtained in the following 
manner. An ordimtry bunsen burner provided with a 
metal screen is used. A small cage made of platinulll 
gauze is suspended by a piece of Htout phttinulll wire 
8tl'etched across the top of the screen, so that the cage 
just touche8 the edge of the flame at the height of the 
blue inner COlle. A few pieces of luseu sodium bromide 
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are placed in the cage, and they are replenished from 
time to time. Another method for producing an intense 
sodium flame consists in allowing a bunsen flame to pass 
through a hole in a pi.ece ot asbestos board; near the hole 
a small heap of sodium chloride is placed, which must be 
replenished from time to time. The flame must just 
touch the edge of the hole, and be so arranged that about 
one-third of it is above the asbestos. 

The tubes in which the liquids are measured are made 
of stout glass, with accurately ground ends; thin circular 
plates of glass serve to close the ends of the tube. 
These are secured by metal screw caps and rubber 
washers. Fig. 48 illustrates the observation tube. 

I 
FIG. 48. 

'l'hese are generally made in lengths which are mul
tiples of a decimetre, since this is the unit of length 
in polarimetric determinations. The usual lengths are 
0'5, 1 and 2 decimetres. For maintaining constant 
temperature during observations, the tubes are fitted into 
rectangular mehtl boxes, which are lined outside with 
asbestos. These can be filled with water and maintained 
at any given temperature. Another method of maintain
ing the temperature constant is to enclosc the tube in a 
wider glass tube, and circulate water at constant tem
perature through it by means of two side tubes, after the 
manner of the outer jacket of a Liebig condenser. 
Fig. 49 illustrates the two methods of maintaining the 
temperature constant. For ordinary purposes, however, 
the simple tube is sufficient, since specific rotation does 
not vary much with temperature. Before making a 
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measurement the polarimeter must be adjusted. First 
of all the haH-shadow angle must be adjusted so that 

FIG. 4~\. 

the operator is easily able to <listinguish the position of 
equal illumination of the field. This being accomplished, 
and the polarising prism fixed in position, the zero must 
next be adjusted, or, in the case of those instruments 
which are unprovided with means of adjusting the zero, 
it must be noted. To determine the zero position, one of 
the measuring tubes is filled with distilled water and 
placed in position, and the position of equal illumination 
found and noted. Several determinations should be made, 
approaching the position from either side. The analyser 
may then be moved to adjust 1 the zero of the scale to this 
position, if the instrument in question is provided \vith 

1 It is recommended that the analyser should not be removed, i. e. 
that the zero should not be adjusted, for it often happens that moving 
the analyser by an unskilled person throws the instrument permanently 
out of adjustment. 



158 PHYSICAL CHEMISTRY 

means of adjustment, if not, then all subsequent readings 
must be corrected for the displacement of the zero, i.e. 
the angle by which the zero position is displaced from 
the zero of the scale must be subtracted from all dextro
rotations and added to all laevo-rotations measured. 
The source of illumination should be placed at a distance 
of 4 to 6 inches from the apparatus. 

EXPERIMENTS 

(i) Determine the Specific Rotation and the Molecular 
Rotation of Turpentine. Having adjusted the polari
meter and determined or adjusted the zero, fill a measur
ing tube with turpentine. The tube when filled must 
have no air bubbles in it; this is best accomplished by 
screwing on one of the glass plates, taking care not to 
strain the glass by screwing too tightly, then fill the 
tube to overflowing and slide on the other plate, and 
then, keeping the tube still in a vertical position, screw 
on the metal cap, again taking care not to screw too 
tightly. Olean the ends of the tube and measure the 
angle of rotation as described above. The results must 
be given expressing the temperature of observation and 

t' t' the wave length of the light used, thus [a ]D' [m ]D' Before 
the result can be calculated, the density of turpentine 
at the temperature of the experiment must be determined. 
For method of determining this, see Ohapter V. 

(ii) Determine the Specific Rotation of TaTtLlric .Acid 
at 20°. Make up a solution of tartaric acid of about 
10 per cent. strength, by weighing out to the nearest 
milligram about 10 grams of tartaric acid, and making 
it up to 100 C.c. of solution in water. Fill a measuring 
tube and determine the rotation. The density of tartaric 
acid solution at 20° is given in the following table. 
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By drawing a curve of the density and concentration, 
the density of the solution used may be obtained by 
interpolation, 

'Veight of Tartaric Acid 
per 100 c,c, Solution_ 

20'70 
16-06 
10'89 
5'09 
2-01 

1-0978 
l'()747 
1'0491 
1-0215 
1'0074 



CHAPTER XI 

SPECTROSCOPY 

SEE ALSO ApPENDIX A 

1. Emission Spectra. When a beam Qf white light, 
from an incandescent solid, is allowed to pass through 
a glass prism, and the emerging beam is examined, 
it is found to consist of a continuous band of coloured 
light ranging from violet to red. If, instead of a beam 
of white light, from an incandescent solid, the light 
emitted by an incandescent gas or vapour be substi
tuted, the emergent beam will be round to consist of a 
few differently coloured lines or bands isolated from one 
another by clark spaces. These bands or lines constitute 
the spectrum or the substance emitting the light, and 
they are characteristic or that substance both as regards 
number and colour. They have perfectly defined posi
tions with respect to one another, i.e. they have definite 
wave lengths, which are not influenced in any W11y by 
the presence of lines due to other substances. It be
comes possible, there!ore, from the position of the lines 
emitted by an unknown substance, to specify its nature, 
and, as will be seen later, it is not only possible to 
determine the nature of the substance emitting the light, 
but also, in the case of organic compounds, by a slight 
modification of the process, to draw conclusions about 
the constitution or the molecule or organic substances. 
It is the usual practice in spectroscopic determinations 
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not to make a measurement of the actual wave length 
of the various lines, but to obtain this either by com
parison with lines of known wave length or by inter
polation on curves prepared for the instrument being 
used. 

'rhe apparatus used for examining the light emitted 
by incandescent substances is termed a spectrometer. 
Fig. 50 shows a simple form, it consists of a metal tube 
C, termed the collimator, which carries a slit s at one 
end; this is U(\justable and serves to admit a narrow band 
of light. At the other end of the collimator there is 

s 
FlO. 50. 

fixed a lens l, which serves to render parallel the beam 
of light admitted by s. The collimator ii:l fixed to a 
circular table T, which is graduated in degrees and thirds 
of a degree. A tplescope F is also attached to the table, 
but in such a way that it may be rotated about the table. 
Attached to the telescope is a vernier divided into 
divisions which are of such a size that twenty are equal 
to nineteen of the smaller diviBions on the table, i.e. one 
division is equal to I' of arc. The vernier slides above 
the table as the telescope is moved round. Between the 
collimator and the telescope, on a raised movable plat
form, a heavy glass prism P is placed. In larger instru
ments, 101' the purpose of obtaining greater dispersion, 

s.c. L 
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two or more prisms are used, which are so arranged 
round the graduated circle that the light passes through 
them successively. A spectrometer must always be 
adjusted before use. To do this the telescope is un
screwed and removed from its support, and the cross 
wires are brought into sharp focus by moving the eye
piece. Then the telescope iR directed toward some 
distant object, e.g. telegraph wires, and these 111'e 
brought into focus by moving the tube containing the 
eye-piece and cross wires. By this means the telescope is 
focussed for parallel rays, i.e. for light proceeding from 
infinity, and, if the focussing has been correctly carried 
out, the crOSR wires and the distant oqject should not 
show any relative di8placement when the eye is moved 
aC1'088 the eye-piece. The telescope is then replaced in its 
holder and brought into such a position that its axis is in 
the same straight line with that of the collimator, the 
prism having been removed. rrhe slit is then adjusted 
so that its image seen in the telescope is perfectly sharp. 
This is done by moving the slit with reference to its 
distance from the collimator lens. When the image is 
quite sharp, the light entering the telescope is known to 
be parallel, since the telescope has been adjusted fol' 
parallel light. The prism is now replaced with its re
fracting edge parallel to the slit, and the slit is illu
lllinated with a sodium flame placed three to four inches 
away. The prism and space between the collimator amI 
telescope are covered by a black cloth, to cut oft' all 
extraneous light, and the telescope is moved round the 
scale until a yellow image of the slit occupies the middle 
of the field. The prism is then slowly rotated, and the 
image of the slit observed thl'Ough the telescope. The 
image will be seen to advance slowly across the field up 
to a certain point, at which it commences to retrace its 
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path. This position is carefully ascertained, and the 
prism fixed when the image of the slit occupies this 
stationary place. This is the position of minimum 
deviation of the prism, and the one which the prism 
must have in all determinations. 

Having adjusted the instrument in the way described, 
a curve or map may be constructed, by means of which 
the wave lengths of the lines of unknown substances 
may be determined. 

To do this, the slit is illuminat8d with the light from 
a known incandescent vapour, and, on observing the 
spectrum through the telescope, the lines of this par
ticular substance will be seen. These must be measured 
one by one; the telescope is moved so that the inter
section of the cross wires coincide\) with a given line, and 
then it is clamped and the angular deviation is read off, 
the other lines are then treated in the same way. 
When some ten or fifteen lines, covering the whole 
range of the visible spectrum, have been measured in 
this way, the angular readings are plotted as abscissae 
against the corresponding wave lengths as ordinates, 
and a smooth curve is drawn through them. If, now, 
the light of an unknown substance be observed in the 
spectrometer from the angular deviations of its various 
lines, the wave lengths may be obtained by IneallS of 
the curve, and, by use of a table of wave lengths, the 
nature of the unknown substance determined. In mak
ing such a calibration curve, only strong and well defined 
lines Rhould be used. {;ollie has shown (Proc. Roy. Soc. 
71, 25, 1902) that if hydrogen and helium are mixed 
with a little mercury vapour in a vacuum tube, a 
number of the mercury lines are strengthened, and he 
recommends the use of such a tube fur the preparation 
of a calihration curve. 
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Failing a tube of this nature, the lines of hydrogen 
and helium should be used to make the curve. A curve 
produced in this manner is only of use for the instrument 
with which it has been constructed, ancl mllst not be 
used for any other. In making measurements, care must 
be especially taken not to apply any pressure to the 
telescope, £ot' this may change the relative position of 
the cross wires to the rest of the instrument, and so 
produce errors in the angular deviation. Below is given 
a list of the principal lines seen in a Collie tu he. 

Element. Colour of Line. 

Heliulll, Red 
Helium, Red 
Hydrogen, Red 
Mercury, - Orange 
Helium, Yellow 
Mercury, - Yellow 
Mercu!'y, - YeJlow 
Mercur}', - Green 
Helium, - Green 
Helium, - Green 
Hydrogen, Blue 
Helium, - Blue 
Helium, - Violet 
Mercury, - Violet 
Hydrogen, Violet 

Wave Length in 
Angstrom Units:-=:: 10-7 Ulln. 

7065'5 
6678·4 
656:3'0 
6152'0 
5875'9 
&790'5 
5767-5 
5 .. 61-0 
5015-7 

4fJ22'0 
4861-5 
471:3-3 
4471'6 
4358·6 
4340'7 

-------_ --- --

Inlltead of using an Itugulal' deviation calibration 
curve, a fixed senle may be employed_ This is contained 
in a third tube H (Fig. 51), which is fixed to the spectro
meter table in such a position that the image of the 
scale, illuminated by a small electric lamp, is reflected 
from the face of the prism into the telescope, and appears 
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superposed upon the lim's. The illumination of the seale 
should not he very fiLrong, or otherwise weak sppctrum 
lines will he rendered invisible; the illumination may he 
varied by altering the distance of the lamp from thc Reale. 
The ;;calc iR adjm;ted hy illuminating the Rpeetrometer 
slit with a sodium tlame, and bringing the sodium line 
well into the middle of the field. Theil the scale is fiharply 
focussed, and tIl() telescope fixed RO that the sodium lille 
is in the llliddle of the scale. A series of lines of known 
wave lcng,th, covering the whole of the visil)k spectrulll, 
is measured in scale divisiunl:l. The scale divisions arc 

then ploti erl as ahsci:-;s,w against t.he wave Ipngths as 
ordinatef-;, :1l1fl n :-;llIooth curve is dra,,'1l throll_g'h the 
pointR as in t.]1f' last casl'. The Rril11e scrim; of hydrogen, 
heliulll and Jllcrcury lincs may he IIsed, hut generally 
the former Illdhod of calibratioll is lllorc accura,te than 
thiR one, and is to hl, preferrc(1. 

EXPERL'n~NT 

Determine the Mr/ulg c(Jnttti1u'ri 1')) (1, Given 11h:dnre. 
Bef()rl~ commencing the analYRis of the III ixtures, a curve 
must he preparE'!l by one of the ahoye method". The 
mixtures for analyo;is are introduced into a bunsen flame 
in a slllall platinum cage, similar to that described in the 



166 PHYSICAL CHEMISTRY 

production of a sodium flame (Chap. X.). Generally the 
light emitted by thesc substances is of an evanescent 
nature, but it may be revived by moistening with hydro
chloric acid. An alternative method of procedure is to 
make a solution of thc mixture, and Jead it from a glass 
tube into the flamc by means of an asbestos fibre. The 
deviation of each of the lines must t,hen be carefully 
measured, and their wave lengths interpolated from the 
curve which has already been prepared. A list of the 
wave lengths of the lineR or the metals which ean he 
obtained from It bunsen Harne, is given in Table VII. 
Appendix B., and, by comparing the wave lengths meas
ured with these, the metals present in the mixture can be 
identified. It is not necessary to get every line of the 
spectrum of It given element to identify it, 0110 alone 
will suffice, particularly if it is one of the characteristic 
lines, but it is always better not, to rely on one line in 
It mixture of substances. 

Mixtures of salts of three 01' four of the following 
metals should be used for analysis: sodium, potassium, 
lithium, rubidium, caesiuIll, copper, thalli UIJl , calcium, 
barium, strontium and indium. 

The spectra of other metals arc obtained hy volatilising 
the salts by means of a stream of electric o:parks. For 
information on this subject the reader is referred to 
works on Spectroscopy. 

2. Absorption Spectra. When a beam of white light, 
which has passed through ;1 coloured solution, e.g. dilute 
potassium permanganate solution, is examined in a 
spectroscope, a continuous spectrum is obtained which 
is crossed by a number of dark bands. A portion of 
the light has been absorbed in its passage through 
the solution. Such a spectrum is termed an " absorption 
spectrum." If, instead of passing white light through 
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a solution, it is passed through all incandescent vapour 
or gas, a spectrum will be obtained which iH crossed 
by a number of black lines termed" Fraunhofer" lines. 
These lines occupy the same positions as the correspond
ing bright lines of the emission spectrum of the gas. 
Hence the absorption spectrum is just as characteristic 
of a substance as its emission spectrum, and it is due, 
in the same way as the emission spectrum, to the vibra
tions of the atoms or molecules, or hath, of that substance. 
Hence it is obviouR that a careful study of the absorption 
spectra of liquids and solutionR may Jead to valuable 
information with regard to their conHtitution. A great 
deal of work has he en done on this su~ject by Hartley, 
Baly and others, who have flhown ahunclantly, that a 
study of the absorption Hpectra of organic substances 
leads to clear and definite information on their constitu
tion. They have shown in the first place, that the 
absorption spectra ot similarly constituted substances, 
particularly in the ultra-violet, region, are similar in 
character. Hence the absorption spectrum can settle 
the constitutions of substances in doubtful cases. This 
will probably be clearer if a definite case is considered. 

Purely chemical evidence leaves a doubt as to whether 
isatin has a constitution represented by 

/CO~ /CO~ 
C6H4~NH/CO, or by C6H4~ N~C(OH), 

i.e. whether it is t,he lactam or the lactime of or tho
amido-phenyl-glyoxylic acid. Isatin gives rise to two 
mt'thyl ethers whose constitutions are perfectly well 

CO 
known, viz. the N -ether C6H4( )CO and the O-ether 

/CO~ . N-CHs 
C6H4~ N ~COCH3· The N-ethel' is similarly con-
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stituted to the lactam of ortho-amido-phenyl-glyoxylic 
acid, and the O-ether to the lactime. Hence, if the 
ultra-violet absorption iipectra of Holutions of the two 
ethers and of isatin it8eIf be examined, one or other 
of the ethers should have an absorption spectrum 
similar in character to that of isatin. Hartley carried 
out this investigation and found that the N-ether and 
isatin had similar absorption spectra, whilst that of the 
O-ether was entirely different. Hence, since similarly 
constituted compounds have similar absorption spectra, 
it follows that isatin i8 thc lactam of ortho-amido-phenyl
glyoxylic acid, i.e. it has the constitution expressed by 

/00"", 
06H4< /00. 

"NH 
Experimental details for obtaining Absorption Spectra. The 

source of light to be used in such determinations must 
be very rich in ultra-violet rays, and on this account, 
Hartley makes use of the light from electric sparks 
passing between electrodes of a cadmiulll, tin, lead alloy, 
whilst Baly uses the light from an arc passing between 
iron pencils. The latter method is the easier to 
manipulate, and gives a more intense light, and for 
these reasons is to be recommended. The measurement 
of ultra-violet absorption spectra cannot be carried 
out by means of an ordinary spectrometer for two 
reasons: (1) ultra-violet rays are invisible, and con
sequently the eye is useless in such determinations for 
directly reading off the pDi:lition of the absorption bands; 
and (2) ultra-violet raY8 are largely absorbed by glass. 
The first of these difficulties may be overcome by the aid 
of photography, since the ultra-violet light entering the 
tele::lcope may be photographed 011 i'ipecially sensitised 
plates, and the second difficulty is overcome by using 
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a spectrometer with prismR amI lenses of quartz. or 
better, fluorite, both of which allow ultra-violet raYR 
to pass through them, thp, former down to wave lengths 
of 248 fJ.fJ. and the latter to 18r5 fJ.fJ.. The apparatus 
employed for photographing ultra-violet spectra is termed 
a spectrograph, and is illustrated in Fig. 52. It consists 
of a spectrometer fitted with quarL7. lenses and a quartz 
prism, but differs from the ordinary spectrometer in 
having a photographic attachment instead of an eye
piece. ThcRe instruments are constructed so that thfl 
whole of tilt' spectrum from 200 fJ.fJ. to 800 lifJ. is focussed 
on to the plate in the dark slide, and hence it becomes 
unnecessary for flither tube of the instrument to be 
movable. The photographic part, of the apparatus 
explains itself in the diagram. Thp, dark slide holder 
is constructed so that only a narrow horizontal 8trip 
of the plate, as wide as the spE'ctrnm, is exposed. thus 
making it possible, by lowering the dark slide, to take 
a series of photographs on one plate. The graduated 
scale on the slide holder is to allow the movement of the 
plate t,o be done accurately, and to prevent the over
lapping of the spectra. Scales of wave lengths are 
supplied by the makers with spectrographs of this type, 
and as tlll'se are photographed on glass, the wave 
lengths of any lines or bands may be directly read off 
by laying the Hcale over the experimental photograph. 
A spectrograph may obviously be used for photographing 
an emiSHion spectrum, by illuminating the slit in the 
ordinary way and ex pOHing the plate. The tinlP of 
e.xposure call only be determined by experiment, and 
depends much on the instrument. As a rough guide the 
following figures, given hy the makers of the instrument 
illustrated in Fig. 52, may he used. Using Lumiere 
ordinary plates, and an iron arc as the source of light, 
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about 3 seconds exposure wilL be sufficient ; with a cad
mium spark illumination 45 seconds, and ,yith a hydrogen 
end-on tuhe about I :\- minutes. Longer exposures will be 
required fo'r vacuum tubeF; of the o1'(linary types, and 
for spectra in the red end, specially sensitised plates 
and long exposures are necess(l,ry. 

Flo. 52. 

Absorption spectra for gen eral purr>()~e8, ;;t re deterrninen 
:;imilarly to emission spectra, hy allowi.ng light, generally 
from an iron arc, to enter the slit of the spectrometer 
after it has passed through the liquid or gas whose 
absorption spectrum is to be determined. Absorption 
8pectl'a, which are to be used for determining the 
structure of organic substances are, however, obta.ined 
in a somewlHtt different mu,nner. 
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about 3 seconds exposure will be sufficient; with a cad
mium spark illumination 45 seconds, and "'ith a hydrogen 
end-on tuhe about q minutes. Longer exposures will be 
required for vacuum tubes of the ordinary t,ypes, and 
for spectra in the rea end, Rpecially sensitised plates 
and long exposures arc necess[Lry. 

Frn. fiZ. 

Absorption spectra for general pllrpo,,,e.~, nre dcterminf'r} 
similarly to emission spectra, hy allowing light, generally 
from an iron arc, to enter the slit of the spectrometer 
after it has passed through the liquid or gas whose 
absorption spectrum is to be determined. Absorption 
spectra, which are to be used for determining the 
structure of organic substances are, however, obtl1ined 
in a somewhat different manner. 
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In this case it is 1l0L only th~~ number and posi.tion of 
the a,bsorption ba,nds which ha,yc to he taken into con
sideration, but also the persistence o[ t,he bands with 
dilution of the solution containing the substance through 
which the light passes. Hence, to make an examination 
of the absorption spectrum of an organic substance, with 
the object or gaining insight into its constitution, it is 
necessary to photograph the absorption spcctra of a 
large number of increasingly dilute solutions of the 
substance . until complete tram;lflissioll or the light is 

FIn. 5,. 

obtained. 'rhis Illethod of treating t he abs()rption spectra 
is due to Hartley, as also is the method of expressin~ 
the results of the experiments. A slightly 1l10ditied and. 
improved method of expression due to Baly and Desch 
(.rOS. 85, 1039, 1904) will be described herc. The wave 
lengths of the absorption bands are plotted as abscissae 
against the logarithms of the relative thicknesses of the 
solution as ordinates. When complete transmission is 
obtained, the points are connected up, and an undulating 
curve is obtained, in which the space in each hollow 
represents the region of an absorption band together 
with its persistence on dilution. 
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In this eRse it is !lot only the nUll1brr and position of 
the absorption bands which have to he takcn into con
sideration, but also the persistence of the bands with 
dilution of the solution containing thc substance through 
which the light passes. Hence, to make an examination 
of the absorption spectrum of an organic Hubstancc, with 
the oqject of gaining insight into its constitution, it is 
necessary to photograph the absorption ;;pcctra of a 
large number of increasingly diluh' solutioris of the 
substancE'. until complete transmission 01 the light is 

Fw. 53. 

obtained. '1'11is Illethod of treating the abo;ol'ption spectra 
is due to Hartley, as also is the method of expressing 
the res1llts of the experiments. A slightly Illoditied ami 
improved method or expression due to Baly and Desch 
(.rOS. 8.5, 1039, 1904) will be described here. The wave 
lengths of the absorption bands are plotted as abscissae 
again;;t the logarithms of the relative thicknesses of the 
solution as ordinates. When complete transmission iH 
obtained, the points are connected up, and an undulating 
curve is obtained, in which the Hpace in each hollow 
represents the region of an ahHorptioll band together 
with its persistence on dilution. 
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The variation of the thickness of the layer of the 
li'luid is heBt effected hy the Baly absorption tube 
(Fig. 53). It conRists of two glass tuhes whieh tit loosely 
inside one another. The ends of theRe are closed. by 
quartz plaJes which are cemented OIl. 'rhe outer tllhe 
is fitted with a sIllall bulh fUllnel, and is carnfu!!y 
graduated in millimetres. The apparatus is made \mtel"
tight by a piece of ruhber tubing, which allows the inner 
tube to be drawn out when the length of the eolumll of 
li(juid is to be varied. For further detailR on this 
su b.ieet, the reader iR referred to Uw original papers 
of Baly and Desch, and to texL-books on Spectroscopy. 



CHAPTER XII 

REJt'_RAC'l'lVITY 

WHRN an oblique my of light passes from one trans
parent medium to another, it docs not continue its path 
in the same straight line, but i" bent or refracted. If 
the second medium is dem~el' than the first, then the 
ray of light, all entering 
the second mediulll, will be 
bent toward the normal, and 
if, on the other hand, the 
first medium is the denser, 
the ray will be hent away 
from the normal. Thus, if 
in Fig. 54 the medium A is FlO. 54. 

A 

B 

the less dense, then a bE'ltI11 or light will follow the 
path indicated ill the dingmm; and if i reprmlcut the 
angle or incidence, and l' the 11llgle of refraction, ""1 

the index of retraction of the medium A, and ""2 that 
of B, then the ratio between the coefficients of refraction 
in the two media will be given by the expression 

- . 
81i11 l' ""1 

'rhe angle 01' refraetion will increase as the angle or 
incidence is illcreased, until the angle of incidence is 900

, 

i.e. sin i = l. When this is the case 

win 1'=~. 
fJ.2 
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Since light of different wave lengths is refracted 
differently, the determination of the value of p. is usually 
carried out with monochromatic light, and the wave 
length of the light employed is always stated with the 
experimental results. 

In physical chemistry the refractive indices of liquids 
have often to be determined. 'fhe measurements are 
made by means of the principle stated above, where the 
liquid in question constitutes one medium, generally the 
less dense, and a dense right-angled glass prism of 

I 
----+----
.---+----~ 

---,----~ 

~ -_~a:: ~ 
-----+-- -
~--l-- -

i' , 
---,---------, 
'c 

FlO. 55. 

known refractive index, greater than that of the liquid, 
the other. The liquid B (Fig. 55) is placed in a glass 
cell, which is cemented on to the top of the heavy glass 
prism c. A beam of monochromatic light, focussed on 
to the liquid, will pass into the prism and be refracted as 
indicated in the diagram, and as it emerges from the 
prism it will be received into a telescope, by means of 
which the angle at which it emerges from the prism can 
be measured. 

If the ray with largest incident angle to enter the 
prism, i.e. 90°, be considered, this ray will be the one 
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which sharply marks off the dark region from the light 
region, and is the one used for all determinations of 
refractive index. 

For this ray, since sini= 1, 

8in r= fJ. 1 , 
fJ. 2 

where fJ.2 and fJ.l are the indicp,s of refraction of the liquid 
and the prism respectively. This beam further leaves 
the prism at an angle i' and travels 011 in the air at an 
angle i. For this, the expression 

s~n ~ 

sini,=fJ.l' 

since the refractive index of air is unity. Combining these 
expressions, the equation fJ.2 = JfJ.i "::s[0i is obtained. 

The value of fJ.l is that of the prislll, and will be 
provided with the instrument by the makers, further, 
tables giving the value of the expression J fJ.~-sin2'i 
for various values of i, are also generally supplied along 
with the refractometer, so that the value of fJ.2 is 
directly obtained from the tables by looking up the 
value of J fJ.~ - sin2i for the measured value of i. 

Although the refractive index must always first be 
determined, yet it is comparatively little used for physico
chemical purposes, two derived functions, the Specijic 
Refractivity and the J,loleculaT Refractivity, being more 
generally employed. These functions have an additional 
advantage, for whereas the refractive index varies some
what with temperature, they are practically constant. 

There are two expressions for the specific refractivity: 

the first, due to Gladstone and DaJe, is R=}.t~l, and 

fJ.2-1 1 
the second, due to Lorentz and Lorenz, is Rl = fJ.2 + 2' d; 
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and corresponding to these there are similarly two 
expressions for the molecular refractivity: 

,«.-1 
M=~.m and 

where Rand Rl represent the specific l'efractivitieR, 
M and Ml the molecular refractivities, 'In the molecular 
weight and d the density of the substance in questioll. 

The measlIrement of the refractive index, as haH 

already been stated, must be carried out with mono
chromatic light. For this purpose the sodium flame, 
or the light from a vacuum tube containing hydrogell, 
is generally mwd. In the case of hydrogen light, nit· 
red line (c) or the hlue line (F) is used ill the 
measurement. Oceusionally the thallium or the lithium 
flame is employed. If the thallium flame be used, it i" 
necessary that it should be placed under a hood, or 
so arranged that the poisonous vapours of the thalliuIll 
compound are removed. This is easily accomplished 
by supporting a large inverted funnel over the flalJle 
at a height of about 6-8 inches from the flame. The 
funnel is then connected to a water pump, and the 
fumes are drawn away with the ail' current which is 
thus generated. 

The light useu in the experiments must he as intensi,'e 
as possible. The tlamefl of sodium, lithium and thallium 
may be obtained as described in Chapter X. The 
hydrogen light is hest obtained from an "end-on" 
vacuum tube (see Fig. 56). This type of Geissler tuLt· 
gives the intensity of illumination which is so often 
lacking when ordinary straight yacuum tubes are used. 
The measurements are genendly carried out by meallS 
of a Pulfrich refractometer (Fig. 56). This consists 
of a heavy glass prism L surrounded on Llll sides but 
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the one nearest to the t elese.ope by a metal jacket, 
a.nd which carries on its upper side, the glass cell into 

F IG. 56. 

which th e liquid uuder observation is placed. The 
prism is in such a position that the light which emerges 

s.c. ~ 
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the one nearest to the telescope by a metal jacket, 
and which carries on its upper side, the glass cell into 

FIG. 56. 

hich the liquirl under observation is placed. The 
'ism is in such tt position that the light which emerges 

s.c. 1\1 
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from it enters the telescope EF by means of the REt 
b, and is reflected along the axis of the telescope. 
The telescope is fixed to a graduated circle D, which 
is divided into degrees :1nd half degrees, and fitted 
with a vemier reading minuteR of arc. 'rhe slit o( 

- --_-:::....-_:-_-_-_- ; 

FIG. 57. 

the telescope Illay be ent~rely closed 
l)y rotating the cap F, and half closed 
by rotating F to one of the intel'-
ltlE'diate positions which are marked 
by grooveR. For ordinary work the 
slit IllUHt be kept fully open, the half
open positions only lJeing used when 
working with a divided cell. Tilt' 
lllicrometer RCl'eW G iR for use in the 
tine adjustment of the e:l'OSS wireR, and 
also for lllea:mrillg' the dispersion. The 
hollow metal box L, together wit.h the 
meta! tubes SR nnd their connectiug 
ruhber tubing, is the heating itrrange
lllent for maintaining the prism nnd 
the liquid at a constant temperature. 
\Vater at a known temperature enters 
L as indicated by the ar1'OW in the 
diagralll, pa8ses round the pri8lll and 
leaves it at c, thence it pa8flcfl thl'Ough 
rubber tubing to R, from which it 
enters S, leaving by the other tube as 

indicated in the diagralIl. 'I'he heater S is compofled of 
two concentric llll'tal boxeR, as shown in Fig. 57, and 
when the apparatufl is in use, it is lowered into the 
liquid by means of the screw T. The temperature of 
the liquid is given by the thermollleter Hcrewed into 
the top of s. 'J'he appll,l'atuH, 118 iHuAt.rated, is arranged 
for Use ·with light from tlaIlle.'l or from vacuum tubes. 
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The reflecting priflffi N serves to throw light from a 
flame on to the side of the cell containing the liquid; 
it is adjustable by means of a handle beneath it. When 
a hydrogen tube is used as the source of light, the 
prism N can l)e swung hack out of the path of the 
light from the tube whidl is i'ocuss(~(l 011 to the cell 
by lIlenllR of the lens P. 

'rhe zero of the l'Pi'mdometcl' lllUflt be uetel'Illined 
befure measurements are llHLllt~; this is UOlW by the aid 
of a slllall l'ig'ht-ang'led prism Ii let intu the side of 
the teles('op(\. The VPl'Tlicl' awl t1w \lisl: to whidl the 
telescope il'l attadled are hrougltt I'll) that the zero 
division. uf bot.h almost. coincid<,. Then the diRc is 
clamped by the screw H. The slllall pri:'llll it! then 
illumimLted lly a i'itmng light, and the tield in the 
telescope will theu show the pri:-Hil 011 OlW side and 
a bright illlagp uf it Oll the other, and the cross wires 
passing ,1cross the field and over the illlage of the prism. 
If thl' teiest:ope is not in its zero position, the illJage 
of til" priHlll will abo be ('I'u.'lsed hy t.wo Llttck line~j 

parallel with tlw crOHS wires, which are illlages of the 
cruHH wIres. II' tIliH il> the case, the Illicrollleter screw 
G iH slowly tlll'lH'd until the cro.'lS wires and their illlages 
coincide. 'I'hiH is the zero pusitioll, which must be read 
Oil the vernier, and if, aH iR u.'llmlly the case, it 11ifferH 
frl'lIl the Zl)rl) of tlw Hcale, it must 1m noted anu used 
to correct all HlllJseCplent readingH. :-:l!tollid it bl, found 
impoHsihle to brillg both el'OH.'l wires into eoincidenee with 
their respective imag('H at the same time, a state of affairs 
whieh will al'iRe if the priHIll has become twisted froUl itH 
!lonnal pOHitioll, the upper wire is first brought into 
eoiueidellce with itR image, and the position read, am] then 
tlle seeoud wil'P with itH ilJutge, and the position again 
read. The lllean of the two readings gins the true zero. 
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Most refractometers are supplied with the cell for 
holding the liquid, already cemented on, but occasionally 
this is not done, and frequently the cells come loose. 
They may be put on again by coating the top of the 
prism and the bottom of the cell with a thin layer of 
fish glue or seccotine. A very good cement, and one 
which is not softened by water, is made by just melting 
gelatine and then mixing it with a dilute solution of 
potassium bichromate. The bichromate is then all 
washed away and the gelatine applied in a very thin 
layer as described above. Care must always be taken, 
when putting a cell on to a prislll, tu see that the 
layer of celllent is unifo),lll. 

EXPERnTENT 

Dete1'1n'inl' thl' Refmctive ImZe.0 of Ethyl Alcohol at 
20° fO'I' Sodiwm Light, and also fen' the C U'lul F l'incs 
of Hydrogen. Calmdate the Spee~fic and 1l[olemdwl' 
Hefmct'ivit'ie8. Place the refractometer in position and 
determine its ~eru oy the method indicated above. 
Then wash out the cell by placing about 5 C.c. of 
ahlolute alcohol into it, and removing it with a pipette, 
taking care Hot to Hemtch the bottom of the cell 
with the point of the pipette. Place in two further 
quantities of alcohol and remo\'e them as before. Then 
add I'mfIicient alcohol to cover the bottom of the cell 
to a depth of about 5-0 III Ill. , set the heating water 
flowing through the heater LS and then lower S into 
the alcohol. Most instrument" ttre so constructed that 
S cannot be luwered too far, but care must be taken 
that there is alway;.; a layer of liquid between it and 
the bottom of the cell. A Htr'ealU of water at constant 
temperature is best obtained by placing a coil of lead 
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gaH pipe into a large thermm;tat, and allowing the water' 
to palJ.,-; Hlowly through it, and from it to the apparatus. 
Such a heating coil can be made by winding about 20-:iO 
feet of lead gas piping round a Winchester quart bottle 
and bringing the bottom end of the pipe up through the 
centre of the coil. When the temperature in s ilJ 
eonstant, the metLSUrement may be made. Place a 
sodium flame ahout 1-2 feet away from the prism N, 

and turn the pri;.;m so that the light is reflected 
on to the side of the cell. The large prism of the 
refractometer should now be covered by the wooden 
cap w, which should be kept there during all the 
measurements. Rotate the telescope and disc until the 
refracted beam is vi;.;ible, the field will then be ;.;eell 
to he crossed by a sharply defined band of yellow light. 
1\10ve the disc and telescope until the intersection of 
the elW;S wires is almost coincident with the edge of 
the yellow light, then clamp the diflc by means of the 
Hcrew H, and adjust the intersection of the wires so 
that it is exactly coincident with the edge of the yellow 
light, by means of the micrometer screw G. Read the 
angle on the disc. Make several determinations of this 
angle, approaching it from both sides, and take the mean 
of the readings. The individual readings should not 
differ by more than onc minute of arc from the mean 
yalue. Having thus determined the angle of emergence 
of the light, the refractive index can be obtained from 
the formula 

fJ. = J;': - 81;:n2 'i, 

where fJ.l is the refractive index of the pl"lfml. The 
values of J;'i-8~112i, are generally given fo1' varying 
values of i in tables supplied by the manufacturers with 
the refractometer. In general these values are given £or, 
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one temperatul'e' only, viII. 20°, but tllPl'P is also It table 
of correctiom; ;mpplied, for woe when telllpt~ratUl'cs othL'r 
than 20° have been employed in the deteflllination. 

Havillg thus obtained the I'dractive index, the specific 
and molecular refractivities Illay be cnlculated from it. 
The clem-lity of alcohol at the temperature of the 
experiment lllUl-;t be determine(! as indicated in Chaph~r 
V. {jalculatl' the values of M ant! R, using" the forlllulae: 

allll 

p..-l 1~'2_1 m 
M=· (l-'Yn awl Ml=p..~+2·([" 

Comp/He Uw yalues obtained. 
The method of pJ'oee,lure, \\"hell usillg Ule C and F 

lines, is pradically the Hallle aH the fOl'cgoing. Clalllj) 
the vacuum tube in front of the lenH P a;; indictttel! 
in Fig. 56, then focus the light all to tIll' Hide of thl' 
cell, and adjust the position of the vacuulll tube so 
tlmt the lines appear bright and clear in the teleHcope. 
When the lines han been obtained bright and clear, 
narrow them down by closing the diaphraglll attached 
to the lens P. Two bright lines, the red (c) :md tilt' 
hlue (F) will be most conspicuous. Now rotate the 
di;;e until the intersection of the cross wires allllost 
coincides with the red line, clamp the disc and bring 
the intersection of wires into coincidence with the line 
by means of the micrometer Screw G, read the angle 
on the disc. Then, by means of the micrometer screw, 
bring the wires so that they coincide with the blue 
line, and read the position again. In making readingH 
for a ~eries of lilies, it is only necessary to read the 
value for the first line on the disc, the others being 
obtained from the readings of the micrometer screw. 
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The screw head rotatm; past a fixed horizontal scale 
which is divided into dt'grces and thirds of a degree. 
n is divided into 200 diviRions, and one complete 
revolution of the screw advances it olle of the small 
diviRions of the horizontal seak, i.e. twenty minutes, 
hence one division of the screw head relJresents one-tenth 
of a minute of arc. 

Calculatc the sJleci fic and Illoleclllar refmcti vi ties for 
the C and F lines, using hoth formulae, as for the case of 
the sodium line. 

Atomic Refractivity 
Refractivity lHt8 been shown to he largl'ly an ,tll,litive 

properLy, made up, in the case of molecular refractivity, 
of the sum of the refractivities of the constituent 
atoms, i.c. the atomic refractivities. Consequently, when 
the atomic refractivities arc known, the molecular 
refmcti vity may be calculated from them, and vice 
versCl, the atomic refmctivites llIay he deduced from 
the molecular refractivities of a series or compounds 
containing these atoms. 

Thus the llJOleeular refractivity M of n compouwl 
may in general be represented hy an expres8ion 

M =(nC+1nH+pO .. . ), 
where C, II and 0 represent the atomic refractivitieR 
of the clements carbon, hydrogen and oxygen respecti vely, 
and n, 1n, anel]l the number of these atoms respectively 
present in the given compound. Definite values have also 
been attributed to double and triple linkages, and oxygen 
has different values in different types of compounds. 

EXPEIUMENT 

Determinr the Atumic Refractivities of 
Hydro!Jen, Bromi11e aml O:c!Jgen (hydTUXylic). 

Carbon, 
Deter-
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mine the molecular refractivities of llIdhyl alcohol. 
ethyl alcohol, ethyl bromick and ethylene dibromide at 
the same temperature, by the ll1ethod already described, 
using the "ame Hource of light in each case. Now lel 
ml' 1112 , m3 and 1114 be the values ohtained in the 
four cases respectively. Then, since it may be assumed 
that the refracti.ve power is ltD a.dditivl' property, ami 
using the chemical symbols of the elementH to represent 
their refracti vities, 

C2H.,OH-CH})H=CHz 
~.e. ?nz ?Ill = t.he refractivity of CH2 , 

C~H4B1'2- 2CH z = 2Hr 
~.e. 1114 - 2(m:~ - Inl ) = 2 X a.tumic rt'fraclivity of Br. 

Hence the atomic rpfracti\'ity of bromine 

= (1114 + 2 ?Ill - 2m3) --... -.-.~--- . 

C2H 5Br-2CH z- Bl'=H=nl()lllic refraeti\'ity of H, 

I •• C. 7Il3 - 2(1/1 2 - 111 1) - (111 \ + 2ml - 2m2 ) X 1 
=atolllic refractivity of hydrogen. 

1n 
Hydrogen = Ill., - IH2 +?it1 _.</. 

CH~-2H=C=atomic refractivity of carbon. 

(1112 - 1111 )-2(ma-lnz +1nl -'II?) 
= atomic refractivity of carbon. 

Carbon = :3m:J - ~j1n1 - 2m3 + '/il'4' 

CH30H--CHz-2H=O=atomic refractivity of oxygen. 

t.e. 1111-(ln2-mr>-2( 1113-m2+ml-I~L:i) 
= atomic refractivity of oxygen. 

Oxygen (hydroxylic)=1n2 +m4 -2m3 • 
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The following additional experiments are ~uggeBt('rl 
for the determination of othor atomic refractivities. 

(i) Dete?'lnine the Atmll/ic Rrfl"uctivity of D((I'bOl1 , 

Hydrogen, Oxygen (ketonic) ((wl Oxygen (hyrl1·oxylic). 
Use for this experiment mdhyl alcohol, ethyl alcohol, 
acetic acid and acetolle. 

(ii) ])e{ermine the Atoll1ie Ref1'<Gdiuity (l Uhlm·il1c. 
Usc chloroforlll and c<trhOll tetrachloride for tlli.s experi
ment, and Illake use of the \'alues fOlllld for carbon 
and hydrogen in the previom; experiments, 

Refractivity of Solutions 

The l'etmdi\'ity of an JIOIl10gt'lWOllS tnlllsparent 
mixtnre or s()]utinll is the moall of the I'dractivities 
of its constit.l1E'Il(S. Thns if 1\, )'~, I';; l'epl'l'sf'ni the 
rPiradivitieH of the llli:dlll'l: and its two constituents 
re8pecti vely, then 

• __ ,' . _lJ_ . (1_(~0 - P) 
11 - 1 ~ 1 00 + I 3 1 00 ' 

where P l'q)l'PHents t hI' perceniag'e of t,he constituent 
having tIll' refractivity )':l in the mixture. 

Hence it iR po,~si);le to determine the "efractivity 
of a substance in solutioll, by measuring the refrartivity 
of the solution and the soh·ent. If /).1' /).~ ttnd /).3 he 
the refracti \'e indices of the solvent, solution and 
dissolved fJubstancn l'especti\-ely, and ell' cl2 and cls 
their densities, thcll 

/).2.=-1 _ ItL-=_l . 1_00 - P + '!3 -I . E 
d

2 
- d t 1 no do 100' 

wher!' [i is the percentage of the dissoh'ed substance 
~ontained in the solution. 

fJ.3-1_/).2-1100 /).1-1. 100-,[) -cr;;--d-;-' p-~. --[1--' 



186 PHYSICAL CHEMISTRY 

or using the Lorentz and Loren? formula for the 
refractivity, 

,«~ - ] ,«; - 1 1 00 p.i - 1 100 - ]'I 

I.t; +2 . d
3 
= M~+2 . d

2
P - ,«{+:2' -d1ij ' 

EXPEHIMENTS 

(i) Detprm,inc tlip, Specific Refracti1.'ity nna Mo[eC1d(lr 
Refractivity of Potr(8h Alum. Make a solution of alulll 
containing 5-6 per cent. of alum by weight, and determine 
its refractive index at about 20°; since the refractive 
index of air is taken as unity, the refractive index of 
water must also be determined. Next obtain the density 
of water and the Holution at the temperature of tlw 
experiment, either from tables or by experiment. From 
the data obtained, calculate the specific and molecular 
refractivities by means of the formulae given above, 

(ii) Determi1w the Refractivity of (1, Mixtnre of Ethyl 
Alcohol (md lvrethyl Alcohol. Make a mixture of known 
'weights of methyl and ethyl alcohols, and determine its 
refractive index at 20°. Calcuhtte the refractivity of 
the mixture. Assuming the refractivity of one of the 
constituents, calculate the value of the other, and COlll

pare the value obtained with that directly meaHurec1, 
Below is given a table of the l'efnlctive indiccK for 
methyl and ethyl alcoholK, together with their relative 
densities: 

d~, Temp. !Lo !Lc !LF 

------_- _---- -------- ----~-

}l.le thyl A leohol, - 0'7921 20" 1';3290 1 ';327,~ 1 '3330 
- 0'7961 18' 1'3301 - -

Eth yl Alcohol, - 0'7899 20° 1 '3617 1'3593 1 '36i'i3 
- 0'8026 18° 1 '3619 1'3605 1 '3663 



CHAPTER XIII 

BI£.FOR~~ UWrllloclwlllicnl experiment'l can be mnn(l, cer
tain therlllal ntllles of the substances employed must he 
known; tIlUB, for exnmplo, knowledge is always refluil'ed 
of the t;pecific heat of the reacting substances, and fre
quently it iH necessary to know two or more of the 
values: melting point, boiling point, latent heat of 
fmlion and latent hoat of vaporisation. The mothodH 
of determinillg thoHe valuos will therefore be eOllHidel'ed 
here, whilst the "thermochemical" determiuatiom; will 
be cOllHidered in Part II. of this work. 

1. Determination of Melting Point 

In the practice of organic ehelllistry, it is 11SIl:11 to 
determine the melting point of a Hubstallce by placiug a 
Hmall portion of the substance in a thin-walled capillary 
tube. Tho tube is then attached to the Htem of a ther
mometer, so that the substanee and the bulb of the 
thermometer are at the same height; the thermometer 
is then placed in a bath of sulphuric acid or water, which 
is gently heated until the substance melts. 'rho tem
perature at which the substance melts ifl read off and 
recorded as the melting point. Such deterrninatiollfl are, 
however, fle1dolll correct, and vary with the diameter of 
the capillary tube employed. 
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For accurate determinations of llleIting point., a quan
tity of the substance, 5-0 grams if possible, ir-; placed ill 
[t, mtrrow test tube, which is supported by a cork ill a 
[o;('cond slightly wider test tube, which serves ar-; an air 
jacket (see Fig. 40, Chapter VII.). The tubes are plael,d 
in a bath, which may be raised to a higher temperatUl'l' 
than the melting point of the sublltance. Thi,.; is Pi'lJ
\'ided with a stirrer, and is slowly heated until th(~ 

;mbstance in the inner tube has melted. When this is 
, the case, a corrceted thermometcr and a stirrer ui' 

platinum wire are phced in the molten substance, and 
the temperature of the bath if'; allowed to fall until 
it is about one degree below the melting point of 
the substance in the inner tube, and here it iN kept 
stationary. The temperature of the molten substancrc 
slowly falls to below its melting point, and Nll(ldenly tIll' 
liquid commences to solidify, and the temperature riSe'S 
to the melting point. Both the substance itself and the 
heating bath should be stilTed (plickly while the tem
perature is l'if'ing. Should the substance not solidify 
when cooled slightly below its melting point, thc ad,li
tion of a small particle of the solid will bring ahout 
solidification. 

If any portion of the thermometer thread lR outsid;' 
the tube containing the molten substancc, it correction 
nmst be applied to obtain the true melting point., viz. 

Tcorr= T +n(T - t)O'OOO1.54, 
where T is the observed melting point, n the number of 
degrees of exposed thread and t the mean temperatul'f~ 
of the exposed thread. It 'will be obvious that such it 

correction only gives a near approximation if long lengths 
of thread are exposed, and it is alwllYs better to use 
short normal thermometers, where the thread is always 
inside the melting vessel, for these determinations. 
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2. Determination of Boiling Point 

The normal Boiling Point of a liquid is that tempera
~ure at which the vapour ten:sion of the liquid becomes 
• requal to 760 mill. of mercury. In its wider and general 
fsense the boilillg' point may be detined a:s the temperature 
;at which the vapour tension of a liqui!l equals the outside 
pre:ssure. 

In most eases one has to deal with the normal boiling 
point:s in physico-chemical mel1snrelllelli:s. and when any 
boiling' point other than this is recorded, the pressure at 
which it was determined lllust al.~o hi" recorded along' 
with it. 

The usual method for the determination (If thc boiling 
point consists in heating a liquid in :t dj~tillatioll flask 
with a long neck. The thel'lllUllieter is placed through a 
cork in the neck, so that the bulb and the whole of the 
thread are immersed ill the VitpOUr of the boiling liquid. 
Irregubr boiling, "i.e. "bumping," is prevented by placing 
a few pieces of platinum foil in the liquid. Since the 
boiling point depends on the pre:ssure, this Itlust be stated 
along with the result obtained. The normal boiling 
point, i.e. the boiling point at 760 mIll. of mercury 
pressul'l', Ctill be ohtainecl from the boiling point at other 
pressures, if they are Hot fat' removed from the nonnal, 
by use of the expres:sion 

t76U= tp + k( 760 - p), 

where p is the pressure at which the boiling point was 
determined, lp is the actually dc·termined boiling point 
amI k is a constant which differs with the substance in 
questioll. Whell only small quantities of a liquid are 
available, the method for determination of the boiling 
point must be considerably modified. 
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A narrow tube containing 2 or 3 drops of the liquid i~ 
bou]\(l to a thermometer, as in Fig. 5~, a thin capillar), 

tu be, closed neal' the bottOlll, is placed in th" 
liquid, amI the whole placed in a bath of watt'l' 
01' HOllie other li/luid and Rlowly heated. As the 
temperature iH l'aiHed, a few bubhleH of vapour 
will forlll in the capillary tube, but at the boiling' 
point they will Huddenly ilwrease ill nUlllher and 
f01'1ll a continuous thread of Hlllall bullblps. Whell 
thiH occurH tlw telllpera.ture is read. J)etermin:l
tions of this kind lIlay hp inaccumtc by 0·:')0 -1"0. 

Most thel'lIla.1 (bta al't~ obtained by liSt' of a 
cainrillletcl'. This piect~ (If apparatuH is cun
structed in lllany fOj'lllH adapted to specialneed'l. 
For the present. purpose and for t.hermochelHi('~d 
determinations, t.he caJoJ'illwtt'l' dpseri IwJ lwluw 
i.'l lllost Huitable. 

It consists 01' a douLle-\\'allerl outer vessel 
A (Fi.g'. fi9) made of polished eUl)l)er, which ii'l 

FlU. [d. 
titted with a movable COVt~r C lllade ill two 

hal yes. Tht' "pace between the walls of thiH \'t~ssel 

is HUed \yith water. ~tallding' inside A, supported Oil 

three pointed corks tt, is a cy lindl'ical vessl~1 B uf 
about It litres capacity, and lll:1de of silver UI' silvered 
copper. This vessl'l is preYt'nh,d fl'Olil touching' the 
sides of tl\l' outer yl'sse! A by mean" of thill cork 
Wt,dgl'S 'II', which are ('ellltmtt~d on t.o Uw w.tlls of the 
outer vessel. A third vessel 0, of about 750 c.c. capacity, 
awl lliade of silver or plat.inulll, stands illside B, isolated 
from it uy cork ,~upports 8. 'I'hi,.., third v('ssel is tht' 
calorimeter proper, i,e. the \'l'ssd in which the actual 
measurelllent takes place: tlw other vessels are to pre
vent the access of heat t.o 0 from the outside, and thL· 
loss of heat from 0 by radiation during the experiment. 
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The vessel 0 is provided with a stirrer made of the same 
material as the vessel itself. 1'he outside vessel is lJro
vided with a stirrer 'In, and is ahm surrounded with a 
layer of thick felt. 

For Illost purposes therlllometers rea.ding to ,}OO are 
suffic·iently sharp reading for the determinations Con-

tn-

rr'J il':=-J U 

.- - - - - -

C 
/ 

-- _.----------_ - - -
:..._~--::: -- -- _.......;:__ ---_ 
------~-- ----_-- ~--

sidered in t hifl chapter; oeclsionally, however, wht'l'c 
ollly slllall allwullt,"i uf I·m h'itl1llce.'i Lire 11 ntilable, or Wllel'e 
the telll pel'atul't~ chHnge is Vl~l'.Y small, Beckmallll ther
mometers must Le used. 'Vhen' this is llecessary, llote 
,,,ill ht, Illcl(iL· of tltt' fact ill tlw fol1uwill~ dPflC'l'iptiolls. 

3. Determination of Specific Heat 

Specific Heat is defineti ~tS the l!Ualltity of heat, Illea
slll'ed in calories, which will ]'aisl~ the h~mpemtu]'e of 
1 gram uf a substlllwe tlll'ough 1°_ Sil1l:e the quantity 
of heat l'elluiJ'ed to mise 1 gram of a sulJ~tallce thl'Ol-lglJ 
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10 varies with the temperature, it follows that the specific 
heat also varies with the temperature. Hence, in stating 
the specific heat of a substance, it is necessary to specify 
the temperature at which it has been determined, 
and, in using the values of specific heat in calculating 
iurther quantities, care mnst always be taken that the 
value userl is the correct one for the particular range of 
temperature with which these calculations are COIl

eerl1ed. 
The methods of specifi(~ heat determination, although 

the same in principle, ditter in their experimental details 
for solids, liquids and gases; in consequenee of this they 
will be considercd separately. 

(a) Specific Heat of Solid Substances. The specific heat 
of a solid suhstallce is determined geuerally by the 
lllethod of mixtures. This methocl consists ill llleasurin~ 
the change in temperature of a known mass of water, 01' 

some other liquid, ,,·hen a solid sU1Jstallce at a known 
temperature is placed in it. If t1 and t2 be the initial 
and tinal temperatures, l'especti"ely, of the water 01' 

other liquid, and if 111 be the weight of the li<luid and 
8 its specitic heat, 1n1 the weight of thc solid substancl' 
which has been heated to a temperature t3 , and 81 its 
specific heat, then the solid, on cooling from t3 to t2 , has 
given up a quantity of heat represented by ?n181(t3-t~). 
This quantity of heat has heen used up in raising the 
temperature of the liquid in the calorimeter, the calori
meter, the stirrer and the thermometer, from tl to t2, and 
is represented by 

?n13(t2 - t1) +m28 2( tz - t1) + m 3"';J( t2 - t1 ) + ni4134(t2 - t1), 

where ?n2 , 111'3' n~4' 82, 83 and 134 are the weights and 
::;pecitic heats of the inner vessel of the calorimeter, 
stirrer and thermometer respectively. The specific heat 
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of the substance is obtained by cquating these two equal 
quantities of heat. 

?nISI (t3 - t2) 

= ?n8(t2 - t1) + ?n282(t2 - tl ) + III 38;Jt2 - t1) + '1n484(t:! - t I)' 
from which 

~ _ (t2- t1)(8m+S2?n" + S3?n3 + 8/ln4) 

'1- 1nl (ts-t2) • 

Generally the factors 821HZ' 83?n3 and 841/14, representing 
the products of the specific heat [md weight of the 
calorimeter, stirrer and thermometer, are fmostituted in 
the equation by the water value of the calorimeter. 
This may be determined experimentally, or calculated 
from the weights and specific heats, but once determined 
it serves for all measurements, and is simply added to 
the weight of water in the calorimeter, and multiplied 
along with the weight of water by the temperature 
change. The equation then becomes 

ntl s1 (ts- t2) = (m+w)8(t2 - t1), 

where 8 is the specific heat of water and 10 the water 
value of the calorimeter, stirrer and thermometer. Of 
course, if water is not used in the calorimeter, but some 
other liquid, then the above equation docs not hold. 
The expression then becomes 

1n181 (ts - t2) = m(t2 - tl)St + w( t2 - t1)8, 

where 81 is the specific heat of the lili uid in the calori
meter, and s that of water. If a htrge number of 
determinations have to be made vvith it liquid other 
than water in the calorimeter, e.iJ. aniline, it will save 
much calculation to determine the aniline value of the • 
calorimeter instead of the water value. 

To determine the water value of a calorimeter experi
mentally: fill the outer vessel with water, and place 

s.c. N 
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the second vessel in pORition and allow to Htaml until 
the temperature of the water has become that of the 
air. This may take several hours, and it is therefore 
expedient to till the calorimeter the day before it iR to 
be used. Then weigh the iUlllost vessel, -i.c. the calori
meter proper, place about 250 c.c. of distilled water into 
it, and weigh agaill to the llearm3t centigram. Place it 
in the calorimeter and allow it to stand £01' about 
15 winutes, so that it;; tl'lllperatUl'e lllay approach that 
of the outer walls. Next heat about 250 C.c. of distilled 
water in a glass flask to about 65°, and place the flask ill 
a silver vessel similar to the innermost calorimeter vessel. 
Now read the temperature uf the water ill the calori
meter and that in the flaRk eYery minute, stirring all 
the time, and noting both tilt' time and temperature. 
Take these readingl-! fur about 10 minutes, and then 
pou!' the hot wate!' into the cold water in the calorimeter, 
and stir; nute the time at which the addition iR made, 
and then read the temperature agltin every minute, until 
the temperature, \\' hich ut first rose irregularly, fall.-. 
perfectly regularly. Thell weigh the calorimeter and 
water again, to get the weight uf hot water added. 

If 'W1 bl~ the weight of cold water and tl its tempera
ture at the lllUlJJeUt of lilixing, t('t the weight of hot. 
water awl t2 it.s temperature at the lllOlllent of mixing', 
W Ute water value or the c<LIOl'illlet.er, t.hermometer and 
stitTer, and l~ t.he temperature after lllixillg, t.hen assum
ing t.he specific lwat. of wat.er to l)e unity, 

or 

('WI + W)(t;l- t[) = W 2(f2 -I.~); 

W = w;~(t~ ~_f:l)~ :0!1_(t;!-ll). 
(t3 - tl ) 

It will generally Le observed that the temperature of' 
liyuids is 1I0t com;tant tllldel' l)l'dillal'Y circuUlstances, 1Jut 
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is either falling or rising in a perfectly regular manuer. 
If, then, a series of determinations of the temperatures of 
a liquid at stated intervals be obtained, it is always 
I)ussible to arrive at the temperature at some period in 
the near future, by extrapolation. Such is the method 
which must be adopted to arrive at the temperaturefl at 
the actual lllUlllellt of mixing ill the above described 
experiment. If the temperature readings recorded ill 
the above experiment are plotted as ordinate,.; Ltgainst 
the time as abscissae, two curves can be obtained, repre
senting the rates of cooling or heating uf the two liquids, 
and if these curves be produced to the point representing 
the time of mixing of the t,vu yuantities of water, the 
temperatures at mixing can be obtained from the curve. 
This is, perhaps, clearer from a diagram; suppose in 
Fig. 60 the points represent the temperatureH at the 
1st, 2nd, ~rd, 4th, 5th, 6th and 7th minutes in pach case, 
and that the mixing took plaee at the 8th minute, then 
by producing the curves through the points 1-7 to the 
8th point, we "hall have the true telUperatureH tl and t2 
of the cold and hot water respectively. The mixed 
liquids are at a higher telllperature than the surrounding 
vessels, and will consequently lose heat by radiation, so 
that the higheHt temperature reading will be somewhat 
less than the corr~ct value. 'l'he true temperature may 
be obtained by plottillg the times and temperature read
ings taken after the lllixiug. It will be found at first 
that the telllperature quiekly rise;.; to a maximum, and 
then falls regularly. If a CUl've be drawn through the 
regular poillts and produced Imckwal'd to the ~th lllinutt" 
,i.e. the moment of mixing, it will give the correct value 
for i3. 'fhe value;.; (t:l- t]) and (t 2 - t3 ) can then be directly 
read from the curves, as illustrated in B'ig. 60. The 
water value obtained b.r this method is a mean value, 
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applicable strictly only over the range of temperatuf{j 
for which it has been determined, and if experiments 
are to be made over temperatures differing widely trom 
these, the value should be I'e-determined at those teItJ-

o I 2 3 .,. .s 6 7 8 :9 }O II 12 13 '" IS 16-

It'me in Nlnutes 

FlO. 60. 

peratures. Generally speaking, however, the water v:tlue, 
once determined over temperatures approximating to 
those usually employed, will serve for all hut the roost 
exact experiments. 

EXPERIMENT 

Determine the Specific Heat of Silver. Fit up the 
calorimeter as described, and determine its water value 
if this is not known. Place about 200 c,c. or water in 
the innermost vessel, and weigh it to the nearest centi
gram. Then place the cover on the calorimeter and 
insert a thermometer, reading to -lei 0, through the hole in 
the lid, so that its bulb is completely immersed in the 
water. Then weigh out about 20 grams of silver; this is 
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best used in a granular form. Tht: ;;ilvCl' must now be 
heated to a known temperature, and transferred, to the 
water in the calorimeter without loss of heat. This is 
best done by a device due to Crompton. The method 
consists in placing the silver in the inner tube A (Fig. 61) 
of a double-walled glass vessel. A 
small quantity of a liquid or fairly 
high boiling point is placed in the 
(Juter vessel, together with some 
bits of platinum foil to prevent 
"bumping," and briskly boiled. In 
this experiment aniline is a suitable 
liquid to use. After some fifteen 
or twenty minutes, the sihrer will 
have been raised to the boiling point 
or the liquid, i.c. the temperature 
of the vapour which has surrounde(l 
it; the condenser is then removed 
from C, and the silver is tipped 

A 

directly from A into the calorimeter, ____ _ 
care being taken to avoid splashing. -= = = ==- -
The construction of the tube pre-
vents the heating liquid flowing Frn.61. 

c 

out. As soon as the silver has been auued, stir slowly, 
Hnd make series of temperature readings similar to those 
made with the water at the beginning or the experiment, 
and in the manner described above. Then, if W is the 
water \'alue of the calorimeter, W the weight of silver, 
11)1 that ot the water, t the initial temperature of the 
silver, tl that of the water, and t2 the final temperature, 
8 the specific heat of the silver, and 81 the mean specifi~· 
heal, of water over the range of temperature t1 -t~, 

(t2 - t1)· 81 , (W + w1)=sw(t- t2), 

_ (w +wl)(tz- tl )Sl 
8- w(t- t~) • 
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A table of Npecific heats of watel' at variOllR tempera
tures is given in Appendix B. (Table VIII.). 

Having ohtained the specific heat, usc it to test the 
truth of Dulong and Petit's law: 

Atomic weight X specific heat = C·4. 
Further experiments may he made with aluminium 

and silicon at various temperatures, and their approxi
mate ttgreement with Dulong and Petit's law ohserved as 
the temperature is increased. 

When the solid whose specific heat is to he determined 
is it powder or a suhstrtllCe which is attacked by water, it 
11Iay be scaled, weighed and heated in a thin-walled 
glass tuhe, and introduced into the calorimeter in this 
\yay. The hea,t given up by the glass tube must he 
ta,ken into account in the calculation. If only ImlHll 
quantities of sub.'ltaneeH arc availahle for specific heat 
determinations, Beckmann thermometers mnst he used, 
both to take the temperature of the heated substance 
and the telllperature change of the calorimeter. If 
Beckmann thermometers are used in this cla,SR of work 
they must he compal'e(] with I-lhort, standard thermo
nlet.crs, so that the exact value of their Hcales heeomes 
known. 

In the caSI\ of It HlliJHtanco which is either attaeked by, 
or dissolved in, water, Homc other 1iI1ni(] may he used in 
the calorimeter, f'-!J. aniline, toluelle or turpentine. Of 
these liquidH aniline iH to he prefelTcd. Its Hpecine heaL 
doeH not vary lllueh with temperature, and has heolJ 
throughly investig:tted hy Griffiths (Phil . .Mu.g. 39, 4<7 
and 143). Indeed, aniline is to be preferred to water for 
all determinationH where it does not react with the 
8uhRtanee under investigat-ion, because its hoi ling point 
iR much higher than that of water, and its specific heat 
is only about one-half that of water. The former fact 
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allows of deterlllination:.; being made at, higher tempera
tures than are pOi-\l-lihle with water, and tlle low Hpecific 
heat occasiolll-l much larger changes of tempcrature, 
which ohviously lead to more accurate l'(~RUltS. 'rhe 
;;pecific heat of aniline for temperatures between 150 _520 

i;; given hy the expres;;ion 
s=0'5156+(l- 20) x 0'0004+(t-20)2 x 0'000002. 

Table IX. Appendix 8., gives the Hpecific heat of 
aniline at various temperatures. 

Aniline, which is to he used for thermal determinatiOlJH, 
should be purified by the method due to HaIltz.sch and 
Fresse (Bel'. 27, 2529). This consil-lts ill boiling 
it with 10 per cent. of its weight of acetone 
for ten hours, and then carefully fractionating. 
Aniline purified in this way is free from sulphur 
compounds and does not rea,dily colour in the 
air. 

( b) Specific Heat of Liquids. The specific heal 
of liquidt; may be determined either by the 
method 01 mixtures or by the metholl of 
cooling. 

The method of mixtures is applied to liquids 
in exactly the same way that it i;; a,pplied to 
Holids. The li(pliti is heated in a thin-walled 
glass tuhe, fitted with a cork which carries it 

t hermollleter and a stirrer, as ·illuHtra.ted in 
Fig. 1;2. The tube containing the liquid is place!] 
in a bttt h at a suitably high temperature, and 
kc'pt there until it has taken on the tempera
ture, then it is supported inside a silver vessel, 
similar to the calorimeter veHsel, and its FIG. 62. 

temperature iR taken every minute for ten lllinutes. It 
is then plunged into the water of tlte calorimeter, whose. 
temperature has been taken in the ;;ame way; both 
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liquids are kept stirred, and the temperature of the 
water in the calorimeter is taken until it is falling 
regularly. The method of calculation is exactly the 
same as in the preceding case. 

In the case of liquids which are easily obtained in 
large quantities, the method of mixtures may be applied 
in the following way. The water in the calorimeter is 
substituted by the liquid in question, and a known 
weight of a metal of known specific heat and at a known 
temperature is added to it, and the temperature change 
noted, exactly as in the determination of the specific 
heat of a solid. If, now, w, t and 8 are respectively the 
'veight, temperature and specific heat or the metal, and 
w1, t1 and 81 the corresponding quantities for the liquid, t2 
the final temperature and W the water equivalent of the 
calorimeter, then 

or 

w(t2- t1)+W18](t2 - t]) = W8(t - t2) 

. _ WS(t-t2)- W(t2-t1) 
81 - W

1
(t

2
-t

1
) • 

The principle of the determination of the specific heat 
of a liquid by the method of cooling, is based on Newton's 
Law of Cooling, which states, "That the quantity of 
heat lost, by a substance in a given time, is proportional 
to the mean difference of temperature between the 
substance and its surroundings." 

If, then, the time T, required by a liquid A of specific 
heat 8 to fall from a temperature t2 to one tv be deter
mined, and compared with the time Tv required by a 
second liquid B of specific heat SI to cool through the 
same temperature interval, under the same condition, 
the relationship: 

Heat lost by liquid A: heat lost by liquid B 

:: ws(t. - t, ): W 18, (t. - t,) 
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will be obtained, ",here 11' and wl are the weights of 
A and B respectively. Also 

Heat lost by liquid A : heat lost by liquid B :: T : Tl' 

hence W8(t2-t1) T. W8 T 
'W

1
8

1
(t

2
-t

1
) =T1 ' :. Wl~=Tl' 

If, now, the specific heat of the liquid A be known, say 
(for) water, 8= 1, then 

W T1 
81=-, -. 

W l T 

To determine the specific heat of a liquid by this 
method, about 20 grams of water are weighed out to the 
nearest centigram, in a tube fitted with thermometer and 
stirrer (see Fig. 62). It is then heated to a temperature 
sliglltly above 40° and placed in an empty calorimeter, 
which is surrounded with ice, and the time required ror 
its temperature to fall from 40° to 30° is taken, the 
liquid being stirred slowly all the while. Tho expori
ment is then repeated with about the same volume of, 
the liquid whose specific heat is to be determined, the', 
conditions being kept identical with those of the first 
part of the experiment. The specific heat is then 
calculated by the formula given above. 

EXPEHIl\[ENTS 

(i) Detennine the Spec~tLc Hectt of Ethyl Alcohol. 
Use the method of mixtures for this experiment, making 
use of about 15 C.c. of absolute alcohol, \vhich must be 
heft ted to about 40° in a thin-walled tube. Place about 
200 C.c. of water in the calorimeter, and determine the 
temperature change by mea"us of a Beckmann thermo
meter. The specific heat of the glass tube must be 
determined before the calculation can be carried out. 
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(ii) DetPT?nine the Specific Heat of Nitrobenzene'. Use 
tho method of mixtures for this experiment. Place about 
] 50 C.c. of nitrobenzene in the calorimeter, and heat up 
about fifty grams of granulated copper to about 1 R4° by 
using an aniline bath, as rlescribed under the specitic 
heat of solids. Add the copper to the nitrobenzene and 
determine the temperature change. Calculate the specific 
heat hy the usual formula, heing given that the mean 
specific heat of copper is 0'0966 between 200 -200°. 

(iii) Determine the Specific Heat of Aeetone. Use the 
method of cooling for this experiment. Weigh out 10-15 
grall1fl of acetone, h8at it t,o 36°_37° in a tube, as described 
above, place in 11 calorimeter surrounded by ice, taking 
care that the tube does not touch the walll-' of the 
calorimeter and occupieR a central position in the calori
meter. Allow it to cool to 35° and then determine the 
time rerluired for it to cool to 25°, stirring slowly all the 
while. Make a similar determination for the same 
volume of water. Assuming the specific heat of water is 
unity, calculate the specific heat of acetone by the 
method indicated. 

(r:) Specific Heat of Gases. The Rpecific heat of gases 
requires more apparatus than is usually availahle in 
most chemical laboratories for its determination, further
more, it is not an experiment at all easy of performance; 
it will therefore not be considered here. For physico
chemical purposes, the ratio of the specific heat of gascs 
at constant volume and constant pressure is of morc 
importance. For methods of determining this ratio see 
Chapter VI. 



THERMAL l\IEA8UHEMENTS 203 

4. Determination of Latent Heat of Fusion 

Thn latent heat of fusion is the quantity of heat 
required to convert one gram of a Holid ~mhstance, at 
its melting point, into the liqllid HLate at the same 
temperature. 

The latent heat of fm;ion iH ddermined generally by 
the method of mixtures. A weighed quantity of the 
substance is raised to a known temperature above its 
melting point, and added to a known quantity of watpr 
or other liquid at a known temperature in a calorimeter, 
and the temperature change noted. It will be obvious 
that, before the latent heat can be determined, it i8 
necessary to know the specific heats of the substance 
both in thc liquid and Holid fOl'llls, and also the melting 
point lllUHt bc accurately known. Suppose the melting 
point of the Hubstnnce be to, and that it is melted alld 
raised to a temperature tl ° he fore it is added to the liquid 
in the calorimeter. Let t2° be the final temperature of 
the liquid in the calorimeter. Then the heat given out 
hy thc substance added to the liquid in the calorimeter 
iR made up of three distinct quantities: (1) the heat 
given np whilHt the molten solid falls .in temperature 
from t 1 C to the melting point, which is ellual to 1VS( tl - t), 
where w is the weight of the solid and s the specitic heat 
of the substancc in the molten condition; (2) the heat 
given up at the melting point, as the liquid becomes 
Holid, i.e. 1vL, where L is the latent heat of fusion; and 
(a) the heat given out HR the solid substance cools from 
the melting point to the final temperature of the experi
ment. TlliR is equal to W81(t-(2)' where 8 1 is the 
Hpecitic he11t of the substance in the solid condition. 
The sum of these three quantities of heat iR equal to the 
heat gained by the li(lUid in the calorimeter and the 
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calorimeter itself, in raising them from their initial tern· 
perature t3 to the firml temperature t~. If W be the 
weight of liqui(l in the calorimeter, and 83 its specific 
heat, and N be the water equivalent of the calorimeter, 
then 

or 

(Ws3+ N)(t2 - t:l) = wL+ 1081(t - t2)+ 108(t) - t) 

wS1 (t -t2)-'WS(t1 - t) + (Wii3 + N)(t2-t3) L= -~-.~-.. --.~.------- .----.-----, 
W 

EXPERIMENT 

Dete1'minf! the Latent Heat of Ih~8ion of p-Tol1.~idill(,. 
Before proceeding to the actual determination of tIll' 
latent heat, the melting point, and specific heat of liquid 
and of solid p-toluidine must be determined. 

Determine the meHing point by the method given ill 
sect,ion 1 of this cha.pter, and not in a capillary tube. 

Having obtained the melting point,place about 10 grams 
of p-toluidille in a previously weighed thin-walled tube, 
melt it down to a compact mass, and when it has cooled, 
weigh again. Then draw oft' the top of the tube so thaI, 
the rsubstance is senlcd up ill the bulb, and weigh again. 
From the three weighings, the weight of the p-toluidine 
Hnd the bulb can be obtained. 

Place the hulb in a hellting t,ube (Fig. 61) rtud mise 
it to a tcmperature about 35°, i,e. somcwhat below 
the melting point of p-toluidine; use boiling ether in the 
heating jacket to obtain tllik temperature. When the 
bulb and contents have attained this temperature, i.e. in 
about 20 minutes, tip them into the calorimeter, which 
contains about 300 C.c. of aniline whose weight and telll
perature are known. iStir well, and determine the final 
temperature by the method indicated. The temperature 
determinations throughout this experiment should be 
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made with Beckmann thermometers. From the data 
thus obtained, calculate the mean specific heat of solid 
p-toluidine. 

Remove and clean the bulb containing the p-tolnidine 
and re-heat it, this time using boiling aleohol <1R the 
heating bath; keep it in this bath until its temperature 
is constant. Meanwhile, heat the aniline in the calori
meter to 50°, i.e. above the melting point of p-toluidine. 
When the temperatures of the aniline and the p-toluidine 
are defined, add the bulb to the aniline alld stir until 
the final temperature is defined. From the dt\ta thus 
obtainell, since the p-toluidine has not solidified, cakulate 
the specific heat of molten p-toluidiue. 

All the necessary contributory data having been deter
mined, the actual determination of the latent heat can 
next be proceeded with. Cool the aniline in the calori
meter to atmospheric temperature, and heat the toluidine 
up to the boiling point of alcohol again. When the 
temperatures of both are defined, add the toluidine to the 
aniline and stir until the final temperature is obtaincd. 
'I.'he latent heat can now be calculated, since this time 
the toluidine has solidified. The water L'quivalent of 
the calorimeter, and the heat due to the glass tube must 
be taken into account in all calculations; (the specific 
heat of glass Illay be taken as 0·20). The order of the 
various deterlllinations as described above is the natural 
one, but it will save time if they are made in the 
following order: (1) determination of the melting point; 
(2) determination of the specific heat of the solid; 
(3) total heat change from tlO° to the low temperature; 
(4) specific heat of molten toluidine. In this way the 
loss of time in waiting for the hot ttniline to cool will 
be avoided. 'I.'he same Beckmann thermometer may be 
used for determinations 2 and 3, bnt another one must 
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be uspd for determilmtioll 4, or the origillal one must 1)" 
l'e-set. 

Calculate the latellt heat of fusion of p-toluidine frolll 
the Molecular I~owering Constant (sel~ Chapter 'TIl.), by 
IfH:'11ns of the expre~flion 

()"02T2 

L= .. , 
K 

and compare it with your rl'sult. rrhp yalue of K for 
p-toluidine is 53, awl T i~ t.he freezing- point in abflolutt· 
degrees. 

'rhe following substancefl are suitaL,le for alternativl~ 

or additional experiments: N aphthaleue, ,\l.P. 79°; Azo
benzene, M.P. 08°; J)-dichlorobenzene, M.P. 53°; and 
p-nitrotoluene, 1Il.P. 54°. 

5. Determination of the Latent Heat of Vaporisation 

The Latent Ht'at of VapOl'isatioll is the quantity of 
heat required to couYel't Olle gnLIll of a liquid at its 
boilillg' puint iuto vapour at the sallie temperature. 

There are twu Illetbods w ltich can be cousidered hen" 
for this deterlllination: (i) Calorillletl'ic l\Iethod, (ii) 
Campbell Brown's Method. 

(i) Calorimetric Method. This method is up en to 
serious illaccumcies which are often ditIicult to remove, 
particularly ill the caSe of liquids of high boiling point. 
The method conl:lists ill condensing a known weight of 
vapour at its boiling poillt in a calorimeter, an(l observing 
the temperature challge of the calorimeter liquid. 

Fur the detel'lllillation, tlw ordinary calorimeter will 
serve, but the ini-iide vesi-iel must be fitted with :1 :-;ilver 
spiral A (Fig. 63), which tel'llIinates at the bottolll in a 
bulb B, for holding the condensed vapour. The bulb i,':\ 
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open to the air by <1 tube E. The liquid whose latent 
heat is to be determined is conblined in a flask c, 
which has an outlet tube passing through the bottom, 
as indicated in the diagram. The flask is placed above 
the calorimeter, thus ensuring that the \'[tpou!' does not 

- A 

--
- -~--,..,--:-,....",.--=-=---=""=-' 
--_ - -- -._-

FIG, 63. 

condense until it reaches the calol'irneh'r, and if'! heated 
by a J'ing' hnl'ller D. The calorimeter j,'1 pl'Otected frolll 
t.he hl'at of the burner oy placing <1 thick piece uf wood 
W, cOH~red with af'!bestos on its low!:'!' side, e,nd with 
copper gauze on its upp!:'!' side, above the ordinary 
calorimeter cover. The weight of the ,'apou!' condensed, 
if'! obtained by weighing tIll: silwl' ('ondpnsel' before and 
after the experiment, 

If L be the latent heat of vapol'iNatiol1, 8 the specific 
heat of the condensed liquid and 'W itN weight, t the 
boiling l-loint, 'WI the weight of liljuid in the calorimeter, 
8 1 ib .~peeific heat, tl its initial temperature and t2 its 
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final temperature, and w the water value of the calori
meter and spiral, then 

W(t2 - tl ) + 'WI 81 (t ~ - t1) = L1/' + lC8( t - (2), 

L = ~ W + W1S1)( t2 - t1)-ws( t ~!_2). 
'W 

EXPERIMENT 

Dete)'1nine the Latent Heat oj VaporisotioTI of Ethyl 
Alcohol. Determine the water value of the calorimeter 
and the silver spiml by the method described in section 3 
(this chapter); then fill the calorimeter with water so 
that the spiral is totally immersed, and weigh it to the 
nearest centigram. Place the protecting covers on the 
calorimeter, and light the burner under the flask, which 
contains about 100 c.c. of alcohol, and take the tempum· 
ture every minute until the alcohol hegins to hoil, noting 
Ule time at which boiling commences. Allow tlw alcohol 
to boil until about 20 c.c. have distilled over, thifl ought 
to take 8-10 minutes. Turn out the flame tll1fl take 
the temperature again over a period of about 10 minuteR: 
note the time at which the flame is turned out. Since 
the addition of the heated substance cannot be said to 
takt~ place at a given moment, but extends over a con
siderable period, the time at which half the vapour haR 
been added l1lU"t be taken as the time of the addition of 
the hot substance, for purposes of calculation. 

The method of arriving at the initial temperature is 
the same as previously indicated, that of reaching the 
final temperature is indicated in Fig. 64. The initial 
temperature is gi\'en by b, the final temperature by ((" 
and the difierence (t2 -t1 ) by the distance au. 

"When the temperature measurement" have been com
pleted, remove the spiral, carefully dry it and weigh it. 
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rrhis will give the weight of the condensed vapour. 'rhe 
calculation must then be carried out as indicated 
above. 

(ii) Campbell Brown's Method. The method just de
scribed is extremely laborious, and, except in the hands 
ot an expert experimenter, does not yield trustworthy 
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Tt'me in jl-h'TtuleS 

FIG. 61. 

results. A method much easier from the experimental 
point of view was devised by Rall1Ray and Marshall, 
which, however, was only comparative, and the accuracy 
of its results depended on the purity ot benzene, which 
was used as the standard of comparison. This method 
has been modified by Campbell Brown (J.OB. !:l87, 1903) 
into an absolute method. It consists in heating a liquid 
at its boiling point by an electrically heated wire, and 
weighing the amount of liquid boiled off by a known 
amount of electrical energy. 

The apparatus consists of a round-bottomed flask C 

(Fig. 65) of about 100 c.c. capacity, fitted with it neck B 

which is expanded at the top A to about 3'5 CIllo diameter. 
'fhe Beck is also fitted with two side tubes a and b, 
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which are bent as indicated in the diagram. 'The 
expanded neck is fitted with a ground glass stopper 8, 

which lias a small hole at the top h. The experimental 
tube D is a thin glass cylindrical vessel, pierced by a i-llwtll 

a 

FIG. 6[,. 

hole f at the top, and is about 10 Cill. 

long' and 2'5 Clli. diameter. It contains 
a spiral of thin platinulll wire P ahout 
:n cm. long and 0'12 ml11. diameter, 
the ends of which arc fmH~d through 
the glass allll project into the tubes 
(~ and b respectively, 'which contain 
mercury, awl by which electrical con
tact is !tHUle bdween the spiral and 
the hattery. The neck of the flask 
is titted with a glass covel' G, which 
has It side tube T to which a con
denser is attached. The llwrcury 
contacts are connected through a 
lIlilli:.tlmneb'r I'eading up to (j amperes 
and an adjm;table resistance with a 
battery of four accumulator cells. A 
voltmeter, reading to -do \'olt is al,w 
connected to these contacts in a 

separate circuit provided with a key. 
To carry out a determination with this apparatus, 

about 50 c.c. of the liquid are placed in the flask C, then 
the experimental tube D is ctLl'efully weighed, and about 
three-fourths tilled with the liquid, and again weighed. It 
is then placed in position, and the cap and covel' glass G 

are replaced, and the liquid in C is caused to boil briskly. 
This is allowed to go on for exactly 20 minutes, thf'n 
the boiling is stopped, and ",hen D is cool enough, it 
is removed and l'e-weighed. It will be found to have 
lost slightly ill weight. This 10:;:; must be used to 
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correct the tlnal loss in the experiment. The tube and 
caps are replaced, and the liquid in C set boiling; ill 
ahout ] 5 minutes th'e lieplid in D will have been raise(1 
to t.he hoilillg point. The current is tlwn switched Oil. 

awl the 1i<[lIi(1 in D will immediately begin to hoil. 
The :·i\lce(,ss of the experiment dependH 011 the 11Oiling' 
in D ()eeul'ring lJimultalll'llUsly with the Hwit.elling· 011 

of tlw (,lInellt. '1'hi8 can alw[l,YIJ be pnsun·(1 by coating' 
the spiral with platinum ]J1ack 11e£ol'e the eXllul'illll'nt. 
The best way to do this is to moistell tllP spiral with a 
."iolutiulJ or ell lomplat.inic acid, :11ll1 then to paRS l~ Clll'l'l'nt 

through tlw wire to heat it to reuness. When the experi
ment heM, lJeell lJuccessfully started, the 1tIJlltwtel' and 
vultlllete]' are l'pad every two lllinutes, the tilne awl 
l'callillgs bciug uoted. The mo~t suitable current strength 
to l>.ll1ploy iH 3-.5 amperes, which Hhoul(1 be kept going 
for about 20 lllinute~. The current is thell Hwitclwd off 
amI C is Htopppd boiling. Theil D is rPllloyed, cooled 
and re-\\'C'ig-hed. The lo".~ ill weight, lllillWl a quautit.y 
pJ'oportiolJal to the loss at the previous heating, represt'lJts 
the (luantity of liquid evaporated hy the electrical energy 
expended, Hince the liquid in D il> kept at itH l)oilillg 
poi lit by the vapour from C, ami the electrical energy 
is only URl·d to perforlll the actual vaporisation at the 
boiling' point. The correction factor, which IIlUlJt Le 
applipd to the loss of weight of the tuht, D, i . .., obtainefl 
thm;: suppose in the prcwious heating, the liquid in D 
loses 'I{) .grams ill t ltlinuteH, and the actual deterlilillation 
takf'''' t1 lIlillut(·s, then the amount to he sllhtrac'tl'd from 

wt 
til!' total losl'; of \\'Ceight is eflual to -i 

If E iH the Illean electromotive force hetween t.lle' ends 
of tlw spiral, as giYell lJY the voltmeter n·aelings, and C 
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the current strength from the ammeter readings, then 

E 
R=-, 

C 

where R is the I'csiKtallce of the platinulll spiral in ohmK. 
It is known by Joule's Law that the heating effect of 

a current is proportional to the product of the resistance 
in ohms, the time in Reconds, and the sqllnl'(~ of the 
eurrent strength in amperes; i.ll. 

H = C2Rt X 0'24. 

Hence, by this exprpssion, we gl·t the lluantity of heat 
used up in vaporising W gl'l1ms of the liquid, where W i.~ 

the corrected loss of weight Ot tlw tube. If, then, L 

represent the latellt heat of vaporisatioll, 

H 
L= . 

W 

EXPERlMENT 

DeterTrl,ine the Lu.tn/f Heat of Vapo1'isctfion of Rt/iP1'. 
Prepare pure anhydrous ether for this experiment by 
shaking up ordinary ether with two Reparate quanti tieR 
each of ha1£ its own volume of water; sepa,rate, and 
allow to stand over calcimn chloride for 8-4 hours, theu 
place over sodiUlll wire for 2-3 hOIlI',"', mHl tinally distil 
from a Hask coutaining sodium wire. 

Use three accumulators aR the source of current, with 
a resistance of 1-3 ohms ill the circuit, so that tlll' 
ammeter registers ()'[j-l ampere. Allow the current to 
How for 15 minutes. It i" expedient to carry the pre
liminary heating ()ver the sallle length of time. 

Calculate the latent heat of vaporiRation by the 
formulae gi veIl above, and cOlllparL' it with the valtI<' 
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obtained frolll the molecular rir,;e of boiling p()int. 

O'02T~ 
L=--; 

K 

K for ether iH 21"£5, and T i" the boiling point in absolute 
llegrees. From your result" calculate the molecular 
latent heat or vaporisation ML, where M iH the mole
cular weight, and determine the value of the expression 

IVI--'=, which, accordillg to Trouton's Rule, should be nl)out 
T 

21, and should have the same value for allliquidR. 
Further experiments may be carried out with oenzene, 

alcohol and methyl-acetate. 





APPENDIX A 

DETERMINATION m' l\WLECULAR WEIGHTS IN 
fiOLUTION 

fl. By the Dewpoint Method. The method proposed by 
Cumming (.l.C.8. HJOD. 95. 177:2) for the determination of 
the vapour pressurr of Holutiolls and hydrates under cert.ain 
circumstances can be used as a llwthon for the determina
tion of the molecular weight of :mbstances in solution. 
This method is applicable in the case of all solvents which 
have a moderately large vaponr pressure at ordina.ry 
temperatures, and which iH accurately known at all tempera
tures up to about 50°. It is not efficient for sparingly 
soluble substances and Illay only he used effectively where 
the disflolved substance is Roluble to at least 0·:3 mol in 
100 grams of the solvent, and has an inappreciable vapour 
pressure at, the temperature of the experiment. 

This method is based on the principles involved in the 
determination of molecular weights by the lowering of the 
vapour pressure of the solvent when a substance is dissolved 
in it (page 97). 

The measurement of the vapour pressure of a solution 
by thiR method consistR in measuring the temperature at 
which dew is deposited from an atmosphere containing 
vapour in equilibrium with the solution under investigation, 
and by means of vapour pressure tables ascertaining the 
vapour pressure of the pure solvent at that temperature. 
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This value is the vapour pressure of the solution at tlw 
temperature of the experiment. If now the vapour pressure 
of the solvent is found from the tables at the temperature 
of the experiment, the lowering of the vapour pressure of 
t,he solvent, brought about by dissolving the substance 
under investigation in it, is at once known. 

The apparatus used consists of a wide-necked gla:,:;-; 
bottle B (Fig. 66), fitted with a rubber stoppel' 0 throngll 

A 

: 13 

\ .. ~.I 
L___j 

FiG. 60. 

c 

which pass a highly poli8hed silver 
cylinder A, closed at the lower end, 
and a glass tube c which is provided 
with a well ground stopcock. 'I'll" 
silver cylinder is 2 cm. diameter and 
10 cm. long and is fitted with a rubber 
stopper which canies a thermometer 
graduated in h/ and reaching almost 
to the bottom of the cylinder and two 
na1'l'OW glass tubes, one of which, U, 

just passes through the stopper and 
the other, b, reaches to the bottom of 
the silver tube. 

To lllllke a determination, a solution of known con
cpntration i:-; placed in the hottle B, the stopper 0 carrying 
the silver tube and ;;topcock inserted and the bottle ex
hausted by Illeam, of a water pump. The stopcock is closed 
and the hottle placed in a glass fronted thermostat at a 
known temperature, T, and kept at constant temperature 
for wille hours, until the atmosphere in the bottle is in 
equilibrium with the .~olution. The silver tube is then 
half-filled with ether and the stopper carrying the thermo
meter and glass tubes placed in po:-;ition. The tube n 
is attached to an aspirator and a current of air drawn through 
the ether at such a rate that the temperature falls slowly. 
Whilst the air is being drawn through the silver tube is 
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closely watched until dew just forllls on it. When this 
takes place the thermometer is read (to) and the air current 
reduced so that. the temperloltnre rises very slowly until 
the last trace of dew has evaporated from the poEshpd 
surface. The thermometer is again read (tl0). The mean 

of these two temperatures) !12+ t, which must not differ by 

more than 0·2°, is the dewpoint. The vapour jll'eHSure of 
the solvent at the dew point and at the temperature of the 
experiment, T, is now obtained from vapour pressure 
tables. 

From the data thus obtained the molecular weight is 
calculated as follows: 

Let jJ be the Va,pOlU' pressure at the dewpoint, i.e. the 
vapour pressure of the solution, p' the va pour pressure of 
the solvent at T. 'rhen p' - p is the lowering of the vapour 
pressure. 

It is known that the relativn lowering of the v'apour 
pressure is equal to the ratio between the number of dis
solved molecules and the total number of molecules in the 
solution (see page 97). Hence if 11 be the number of 
disRolved molecules and N the number of molecules of 
l-;olvent n 

--
n+N 

Let [/ be the weight of substance dissolvrd in G grams of 
solvpnt ~1nd let m be the molecular weight of the diD-

solved substance and M that of the solvent, thell n = fl_ 
G m 

and N = 1Vi' Substituting the;,;c value;,; in the equation 

above 

and 'fI1 = r./iY . --/!-' 
G p-p 

\ 
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To ('mmre succe;.;f' in 'I'orking this method the olltsirle of th" 
silver tube must be highly polished and if any liquirl poli, L
ing material is used in obtaining the nrcessary high poli,,]J, 
the tube must be washrd with absolute alcohol to remon' 
the last traces of the polish and finally rubhed with soft 
chamoit-; leather. [t has heen shmyn by ;\lrBain and 
Ralmon (Froc. Roy. Soc. 1920, A97. 44) that the appearalH'l' 
of the first trace of dew and its final disappearance is more 
pasily detected if a part of t.ltr tube if; treated so that no 
dew forms on it. This is done h.v cir('ubting boiling water 
through the tube and at the I'allle time dipping the bottolll 
angle at one sial' into conductivity water. The water 
evaporates at on('(' from the angle on removing it from tIll' 
conductivity water and thereafter no dew will settle on tl)(~ 
surface which has been treated. ThiH refinement applie8, 
however, only to aqueou8 f'oluhom.;. with non-aqueous 
solutions the dew still forms all over the surface. 

EXPERI]vlENTS 

(i) Determille tllp Moleculf/r Wright of Cf/1'bnmide in 
.lqueoll8 807utioJl. Make a solution of carbamide con
taining about ;30 grams of carbamide in 100 grams of water. 
Both quantities must be accurately weighed. Place 
about 50 e.c. of the solution in the bottle B (Fig. 66), 
fix the silver tube, stopp!')' and exhausting tube in position 
and remove as much air as possible by attaching c to a good 
water pump. Then close C and place the bottle in a glass 
fronted thermoRtat at 25°, ':;0 that the water of the thermo
stat reaches to the top of the neck of the bottle. Leave 
the apparatus in the thermostat for It hours until the 
equilibrium has been reached. Then place about 20 c.c. 
of ether in the silver tube, A, and insert the stopper carrying 
the thermometer and tubes. Attach a to an aspirator and 
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draw a f;low current of air through th(~ dh{~r and carefully 
\yateh the "il\'f'r tube for the first indication of dew. When 
dew appear;; rt'ad the thermometer, reduce the air current 
amI watch for the entire disappt'aranee of the de\Y. When 
t hi;; oceur~ note the temperature again. Ca.lculatt' tll!~ 

dCIYpoint and look up the vapour pre8snre of water at this 
temperature and at the temperatun~ of tIl(' thermostat in 
n~pour pressure tables (Bee Appenrlis B.). From the 
pressure Y<lItH'1S tIm" obtained calculat{) the Illolecular 
weight by the method indicated a!Jo\"('. It mils! be 
especially note(l that two experiments may not be 
carried out immediately after one anotht'r with the 
same ,;olution. Time must alway;.; be allowed for the 
equilihrium condition,; to re-establish themselves after 
an experiment before a second measurement is made. 
Generally it will be found that an hour is sufficient for 
this pnrposp. 

(ii) Deterillil/e tlie Degree (1 /olti8ati(/1/ oj Ammoliium 
Xitrate in Aqu('ous SolutiO/IS oj Various COllcrntratiolls at 
:25°. JY[ake up solutions containing :W, to, and 50 grams of 
ammoniulll nitrat8 in 100 grams of water,' re"pectively, 
and determine t,he vapour pressure of ('ach solution at 25° 
by the method just described. From the reomlts calculate 
th{; a,pparent molecular weight in each caKe. -From the 
a !lparent molecular weight calcu~ate the degree of ionisation 
as follows: 

Let iii be the apparent molecular weight in all,\' given 
casp, and (l the degree of ionisation. Let N be t,he numbe]' 
of molecules of amlllonium nitrate in the Hollltion. Then 
the number of molecules ionised is aN and these yield ~aN 
IOn>;. The total num bel' of molecules present is, therefore, 
N - aN + ~aN. Consequently the ratio 

N - aN + :daN; N ; ; 80 ; m 
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givef' the degree of ioni;.;atioll where 80 is the molecular 
weight of the non-ionii-led amllloniuIll nitrate. 

80-m 
a=~~ . 

m 

The \lewpoint nwthod lIlay be ll;<ptl, awl imleec1 was first 
put forward for the determination of the vapour presi-lun~ 
of solid hydrates. The method of procedure in these 
ca:,;es is indentical with that described above. 

(iii) Determine the Dissociation Pres8u re of tlie Prl1ia
hydrate of Copper Sulphate at 25°. Partially dehydrate 
1-2 grams of the pentahydrate of copper sulphate by heatillg 
it to 100° for 50 minuteN, awl thoroughly mix the partially 
(lehydrated salt with 10-15 graIlli-l of freshly powdered 
pentahydrate. Place the mixture in the bottle B, exham;t 
and place in a thermostat at 2ti° for about 36 hours. Then 
proceed with the determination of the dewpoint as de
scribed above, and from the dewpoint obtain the COlT(~spond
ing yapour pressure. This preSf'lll'e is the dissociation 
prm,sure of tlw pentahydrate at 25°, 

b. Boiling Point Method. 

i. Cottrell's method. A modification of the a.pparatm; 
and procedure of the original Beckmann boiling point 
method has been ,lm;cribec1 b.v Cottrell (J. Allier. Chem. Soc., 
1919, 41, 721) and further slight modifications by \Vashblll'll 
and Read (ibid, 1919, 41, 729). The principle involy('d 
in both modifications is the sume. The object in hoth 
eases is to approximate more nearly in the determination 
of the boiling point of wlutions, to the conditions which 
obtain in the determination of the boiling point of a pure 
liquid. In the latter determination the bulb of the thermo
meter is placed in the vapour of the boiling liquid and is 
covered uy a layer of the condensed vapour which is in 
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equilibrium with the vapour, that is, at the same tempera
ture as the vapour. 

In order that the boiling point of solutions should hI' 
determined under similar conditions tIl(' apparatus :-:hO\\,l1 
in Fig. 67 was constructed. It consists of a boiling tube 
B, 19 cm. long and :~·5 cm. cliam., connected b:v meam, of a 
side tube and ground joint, i, with either a water condenser, 
1fJ, fOl'liquidK boiling at tem-
peratureK up to 100', or with 
a spiral air condenser for 
liquids boiling above this 
temperaturC'. ~\ groulJ(l 
glass stoppel'S, opell both 
at the top and the hottom 
fits into neck, n, of t,llP 
boiling tube. The bottom 
of this stopper il:l continued 
for 8 cm. by a glass cylinder 
t, 2 em. diameter, which 
serves u:-; a jacket to the 
thermometer and prevents 
liquid falling from the con
denser coming into contact 
with the thermometer. In-
side tIle jacket t a two-arnwd 

G 

glass tube, s, made of ~-4 llun. tubing is loosel~' supported. 
A further glass tube a is connected at the joint of the 
tubes s, amI this tube is terminated by a small funnel f. 
1'hio; s~'stern of tubes, A, which may be termed the 
pump, rests lightly Oil the bottom of the boiling tlllw 
and is jJrevented fmlll completel.v shutting off a. Rlllall 
space at the bottom b:v small beads of gb~s which are 
fused at several points round the rim of the funnel. The 
upper portion of the pump illside the jacket is held centrally 
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by other small glas;;; head" as Rhown in the diagram. A 
Beckmann thermometer C is supported by a rubber stopper 
r, in the neck of the glaRs stopper 5, and its bulb lies hp
tween the two arms of the pump. The apparatus is heated 
directly by a Rlllall flame placpd a few ce.ntillletreH below B. 

The two arms of the pump Jlta.v iulvantageously lw 
replaced hy three similar arlllR :-;et at ] :wo to each other: 
by this small change the pump is more easily held in its 
proper position (Sptmcer, .T. Amer. C'hem. 801'. 1 \)21. 
Feb.). 

When a liquid is boiled in B. hubbIes of vapour formed 
under the funnelf rise in tlw tube ({, and project the hoiliu.!.( 
liquid UJl the tubes 8, and onto the stem of the thermometer. 
whence it rum; down the bulb and RO keeps it moist with 
the boiling solution which is in equilibrium with the vapom 
fillillg the apparatus. Tll1l.~ the heating of the therlllu
meter bulb is effected in exactly t.be 1'11mc way as in tIlt' 
ordinary boiling point deterlllination. 

The apparatus jWlt described is superior to tht' originnl 
Beckmann apparatuR in the following poillts : 

(i) Superheating i" practically illlpossibh>. 
(ii) Determinatiolls can he canipel out. \'pr.\' mucll mol'(' 

rapidly without an~' loss of arcnracv. 
(iii) The apparatus is lE'sS sensitive to air Cllmmts than 

the usual form. although it iR not ath'i:-;ahle, evell willi 
this apparatuR, to at.tempt det(,],l1linations in a direct 
draught. 

RXPERIMRNT 

Determil1r thr Mo7ecular Weight of Coffeine in Chloroform 
Solution. Weigh carefully about 40 gram;; of ehlorofo1'1ll 
into the builing tube of the apparatutl described above. 
Place two 0)' tllJ'(~e bea(li-; at, the bottom of the tube and 
insert the pump, then take the ground Rtopper, bring it 
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carefully over the pump and twist it securely into its 
Reating. Next place the thermometer, which has been set 
for chloroform. into position hking care that the rubber 
stopper is so placed that the bulb of the thermometer 
almost reaches hut does not touch the joint of the upper 
limbR of the pump. Attach the condenser and commence 
to heat the boiling tube with a small flame, about 1~-2 
crn. high, placed :3-4 cm. below the tube. When the ther
mometer showR a constimt reading note the temperature. 
Hsing a len:; to ohtain the third place of decimals. Remove 
{he fi::tme, and when the chloroform haR ceased to boil, 
add 0·2-0·3 grams of caffeilw which has been previously 
dried at 100° to expel the water of crYRtallisation. This i" 
most cOllvenielltly done by ]'rllloving thl' condenser and 
projecting the caffeine in the form of pellets through the 
side tube. Now determine the boiling point of the solution 
in the :;ame way as before. Further readings may be 
obtained by adding additional weighed quantitie:.; of 
caffeine. From the data thus acqnired calculate the mole
cular weight as described on page 101. 

ii. M'Coy's Method. The apparatus and procedure pHt 
forward by 1\1 '(;oy constitute a modification of the Walker
Lumsden method and are dE-signed to remove some of the 
defects of the original method. The cbief advantage 
gained by M'Coy's apparatus lies in the nse of the boiling 
tube also as the vapour heating jacket. Thp apparatu,~ \ 
consiRt:.; of a boiling tube B (Fig. 68),22 cm. long and 4 cm. 
diameter, which is blown into a hulb at the lower end. 
The boiling tube is fitted with a side tubp Ii which is closed 
during an experiment by means of a piece of rubber 
tubing and a pinchc()ck. A tube A, :.!O cm. long and 2·7 
cm. diameter, graduated in cubic centimetrefl, is held 
centrally ill B by a rubber stopper. 'rhi,", tube i:.; connectt'cl 
by a ~ide tube to a condcuser c and has a nalT()\\' tube b 
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sealed into the side at a. The narrow tube is blown into a 
small bulb b at its lower end and this is pierced by it 

number of small holes. A Beckmann thermometer j" 

placed i.n the gmdul\ted tube and held in ]losition by a 
rubber stopper. 

The chief advantage of this form of apparatm; lies in 
the fact that the liquid in A is heated by the vapour whicl! 
enters it through the side tube ab and by contact with the 

vapour which rises from the' 
boiling liquid in B and sur
rounds t,he graduated tuhe. 
This has as a result tit(_, 
reduction of the amount of 
condensation of vapour inside 
A and consequently more read
ings may be made with one 
quantity of solvent in the 
graduated tube than is possible 
with the original apparatus. 

In making a determination 
about 50 c.C. of solvent and 
a few beads are placed in B 

and ] 2-16 C.c. of solvent in the 
Fw. (;8. graduated tube A. The side-

tube is closed by the pinch
cock and the condensrr attached. The tube B is now 
heated with a small flame so that the liquid boils briskl~' 
which eventually bring,; the liyuicl in thr graduated tub(_' 
almost to its boiling point. As soon as the liquid in the 
graduated tube becomes hot the vapour in the jacket 
rises to a and forces its way through the side-tube intu the 
solvent in the graduated tube and speedily brings it to the 
boiling point. \Vhen this point is reached the flame is su 
adjusted that the liquid in the inner tube boils slowly 
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but regularly and a very slow distillation into the con
denser takes place. When the thermometer gives a reading 
which is constant to 0.001 0 for 30 seconds the reading is 
taken. The pinchcock is removed and the flame then 
withdrawn; should the flame be removed before the 
pinchcock is opened the liquid in the inner vessel will all 
be driven over into the boiling tube. When the apparatus 
has cooled slightly the volume of liquid in A is reduced to 
about 12 c.c. and the substance under investigation added. 
The new boiling point is then taken as before and the 
volume of the solution read off on th.e graduated scale. 

EXPERIMENTS 

(i) Determine the Molecu7ar Weight of Dinitrobenzene in 
Alcohol Solution. Proceed exactly as described above, take 
1·5 grams of dinitrobenzene and make as many observations 
as the volume of the solution will permit. From the data 
obtained calculate the molecular 'weight as described on 
page 113. 

(ii) Determine the Degree of Ionisation of Sodium Chloride 
in Water Solut~'on at tIle Boding Point. Pmceed as before, 
using 1·0 grams of sodium chloride. Calculate the degree 
of ionisation from each reading by the method described 
on page 109. 

SPEOTROSCOPY 

The labour of making a calibration curve for the gradua
tions of a spectroscope scale, as described on page 163, 
may be entirely saved and more accurate values of the 
wave-length of spectrum' lines obtained by using a spectro
meter which is graduated to give directly the wave-length 
of the lines examined. Since a very excellent spectro. 

p 
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meter of this type (the Hilger wave-length spectrometer) 
is to be found in almost all physical and chemicallabora
tories it has been deemed advisable to describe this 
instrument and the method of using it here. . 

The Hilger Wave-length Spectrometer (Constant Deviation 
Type). In this instrument a compound prism is used. 
This prism is made of heavy glass and has a refractive index 
for the D line of 1·65 and is capable of giving sufficient 
dispersion to ensure accurate readings of wave-lengths 
over the range 385,u,u-800,u,u. Although the prism 
(Fig. 69) is made in one piece, it may be regarded as com-

A posed of two 30° right-angled 
prisms, ABD and DCE and one 45° 
right-angled prism ABC as shown 
in the diagram. When a ray of 

c light enters the prism at the face 
AD, and is at the correct angle 
for minimum deviation it travels 
to the face AC in a direction 

FIG. 69. which is parallel to BC. When it 
reaches AC it is totally reflected and travels then at right 
angles to its previous direction; on reaching DE it passes 
ont of the prism and is refracted as shown in the diagram. 
The ray of light travels both prisms ADB and DCE at 
minimum deviation and consequently the emerging beam 
of light is at right angles to the incident beam. Hence, 
it follow", that since every ray which enters the prism 
at the angle for minimum deviation must leave it at 900 

to its original direction, the telescope and collimator of the 
instrument must always be at this angle to one another. 
Consequently the telescope I and the collimator C (Fig. 70) 
are rigidly fixed on a heavy stand at 90° to one another. 
The prism p is mounted on a firm metal table and held 
in position by a screw a placed above it. The prism table 
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is rotated by means of a fine steel screw, the point of which 
presses against a projecting arm attached to the prism 
table. This screw is attached to a calibrated drum, 0 

(Fig. 71), from which the wave length may be directly 
read by means of an index, I, which runs in a helical slot v, 
cut in the drum. The point of the micrometer screw is of 
hardened steel and it presses against an optically polished 
and flint hard steel plug which is let into the arm mentioned 
above. 

FIG. 70. 

The instrument is adjusted and used as follows: Focus 
the cross-wires in the telescope by moving the eyepiece, E, 
and clamp both telescope and collimator firmly in position 
by means of the screws, d, taking care that the slit, S, is 
vertical. Clamp the prism firmly but gently in position 
on the table. Illuminate the slit with the light from a 
sodium burner placed about 6-8 inches away. Then 
adjust the slit by the screw, g, until the yellow images seen 
in the telescope appear as two very narrow lines. Should 
the slit be too wide only one broad line will be visible, but 
on making the slit narrower this will be resolved into 
two narrow yellow lines. These lines are the 0 lines. 
Now rotate the drum until the index points to the wave-
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length 5896 and look for the sodium lines, if the line 
nearer the red end of the spectrum is coincident with the 
intersection of the cross-wires the instrument is in perfect 
adjustment. If this is not so and if the lines are not 
perfectly sharp, as is generally the case, focus them by 
carefully twisting the milled ring, S, on the telescope and 
then loosen the prism clamp and carefully move the prism 
until the yellow line nearer the red end of the spectrum 

D 

v 
FIG. 71 

exactlv coincides with the intersection of the cross-wires. 
When this is done tighten the prism clamp and note whether 
on passing the eye slowly across the eyepiece the line and 
cross-wires show any relative displacement. If they do 
not the adjustment is correct. To test this move the drum 
until the other line, D", coincides with the cross-wires and 
note the reading. If the adjustment is correct this should 
be 5890. 

In adjusting the position of the prism it will be found 
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that only the very slightest movement wjIl usuaJIy be 
necessary. It is extremely important that the faces of the 
prism should not be touched by the fingers. 

The type of instrument described yields results which 
are aBsociated with certain fairly constant Bmall errom. 
TheBe errors have been computed to have the following 
mean values : 

Error in AU 

14000 .4.U 15000 Au 16000 Aut 7000 AU 18000 Au __ 

I 1 I 1 I 1·6 i 3 \ 5 

Wave length 

EXPERIMENT 

Measure the Wave Length of the Lines of the Visible 
Spectra of Hydrogen, Helium, Calcium and Strontium. 
Set up and adjust the wave-length spectrometer as de
scribed above. Then proceed to measure the principal 
lines of hydrogen. For this purpose use a hydrogen 
" vacuum" tube, preferably of the" end on" type (page 
177). Connect the electrodes of the tube to an induction 
coil which is in its turn connected to 4-6 cells. Place the 
tube so that the horizontal column of light is immediately 
in front of the Blit and concentric with the collimator. 
Then, starting with the index at either end of the scale on 
the drum commence turning the drum until the first line 
makes its appearance. If the ind~x was originally at 8000 
this line will be red. Continue turning the drum until 
the line coincides with the intersection of the cross-wires. 
Read the wave-length and pass on to t.he next line which 
comes into the field of view, measure this in exactly the 
same way and then continue the process lmtil the index 
has reached the other end of the drum, that is until the 
whole of the visible spectrum has passed before the eye-piece. 
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When the hydrogen lines have been measured replace 
the hydrogen tube by a helium tube and proceed in exactly 
the same way with this gas. Strong lines will be visible 
in the red, yellow, green, blue and violet parts of the 
spectrum. 

The spectra of calcium and strontium may be obtained 
by illuminating the slit of the spectrometer with the light 
from a bunsen flame, in which a platinum wire, 'which has 
been moistened with hydrochloric acid and dipped into tIl(' 
Rolie! chloride of the metal, is held. This method of ob
taining the light is tedious and always requires two persons 
for Ratisfadory work. A method due to Beckmann, 
described below, is better; it requires only one person and 
may be used in the case of all substances which colour a 
bunsen flame when held in it on a platinum wire. 

When the illumination has been obtained proceed with 
the measurement exactly in the same way as described 
above. 

Beckmann's Spectrum Lamp. The apparatus (Zeitsch. 
physikal. Ohem. 1907, 57, 641) con
sists of a glass bulb A (Fig. 72), 
which has two tubes nand m at the 
top and bottom respectively of such 
a diameter that it will pass over 
the tube of a bunsen burner as 
shown in the diagram. At the side 
of the bulb is another tube b which 

FIC+. 72. is ground to take the bent tube c. 
The apparatus is placed so that the air inlet of the burner 
is opposite the side tube. 

To use the apparatus, a small quantity (5-10 c.c.) of a 
fairly concentrated solution of the salt under investigation 
is placed in the hollow part of c, together with two or three 
pieces of copper-coated zinc and a little diluted hydro-
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chloric acid. The generation of hydrogen produces a 
fine spray of the solution, which is carried by the air entering 
the burner into the flame and so produces the necessary 
illumination which generally is very intense. 

For the best results, the generation of hydrogen must 
not be too violent and foaming must not occur; the space 
above the liquid must always be open to the air and never 
be filled with hydrogen bubbles. 

The copper-coated zinc is prepared by placed pieces of 
granulated zinc in a 0·5 per cent. solution of copper 
sulphate solution for one minute, removing and washing 
with water. This material ensures a regular evolution of 
hydrogen in small bubbles. 

A further modification of this apparatus, consists in 
fusing into the bottom of C, tKO plittinum wires. These 
are attached to a b>tttery when the generation of hydrogen 
and oxygen by electrolysis produces the necessary fine 
spray of the solution, which is carried as before into the 
flame. There iH not the slightest danger of the flame 
striking back into the glass vessel and, with either modi
fication of the apparatus a steady and continuous coloured 
flame may easily be obtained. 
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TABLE I 

RELATION BETWEEN VOLU.\IE AND APPARENT 
WEIGHT 

Tern )era-I ,\pparent I Volume of 
t I I" eIght of an Apparent 
ure 1 c,c. of ,Vat"r Ciram 

10° 0'9986 l'(lO133 
11° O'f)985 l'(lOl.J.3 
12° 0'9984 1'0015J 
130 0'f)9fl:3 l'OOHi6 
14° 0'f)982 1'00180 
15° 0'9981 1'0019:3 
160 0'9979 1'00209 
170 ()'9977 1'002:.26 
180 ()'9976 1'00:.244 
19° 0'90H 1'00263 
20° 09972 1'0021'3 
21 ° 0'9970 1'00:105 
220 O'f)!)68 1'00:3:.27 
23° 0'9965 1'00350 
24° 0'9963 1'00375 
25° 0'9960 1'00400 

I 

I 

I 

:llERCURY 

.A pparent 
Weight of 1 c.c, 

of Mercury 

13'5782 
13';)757 
13'5.33 
13';;708 
1:3'56fl3 
13';')659 
13'5634 
13':;.-,09 
13'5489 
1:3'5460 
13'5435 
13'5411 
13',,:386 
13'5361 
13'5336 
13'5312 

Volume of 
an ApI al'ent 

Ciram 

0'073683 
0'073697 
0'073710 
0'073724 
0'073737 
0'073750 
0'073764 
0'073777 
0'073790 
0'073804 
0'073817 
0'07:3831 
0'073844 
0'073807 
0'073871 
0'073884 
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TABLE II 

DENSITY OF WATER 

Temperature Density I Temperature I Deniity 
. I 

0° 0'99986 21° 0'99802 
1° 0'99992 22° 0'99779 
2° 0'99997 23° 0'99756 
3° 0'99999 24· 0'99i32 
4· 1'00000 25° 0'99707 
5° 0'99999 26° 0'99681 
6° 0'99996 27· 0'99653 
7° 0'99993 28° 0'99626 
8° 0'99987 29° 0'99597 
9" 0-99981 30° 0-99567 

10° 0'99973 31· 0-99537 
n° 0'99963 32° O'9H505 
12° 0'9'1952 33° 0-99473 . 
13° 0-99940 34° 0-99440 
14° 0-99927 35° 0'99406 
15° 0-99913 40' 0'99224 
16° 0'99898 50' 0'98807 
17° 0'99880 60' 0'98324 
18· 0-99862 70° 0'97781 
19' 0'99843 80· O'9il83 
20· 0-99823 90· 0-96534 
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TABLl~ III 

BOILING POINT OF WATEU AT VARIOUS PRESSURES 

Pressure rl'empera- I Pressure I Temnera- I Pressure Tempera-
ture I 

I 
tu'jOe 

I 
ture 

725 mm, 98"68 
t-

990 '44 765 mlll'l 100"18 745 TInn, 

726 
" 

98"72 746 
" 

99"48 766 " , 100"22 
727 

" 
98"76 747 

" 
99"52 767 " 

100"26 
728 

" 98"80 748 
" 

99"55 768 
" 

1000 '29 
729 

" 98"84 749 
" 

99"59 769 
" 

100";33 
730 

" 
!.lS"87 750 

" 
mt'63 770 

" 
100"37 

731 
" 

98"92 751 
" 

[)!.l'-67 771 
" 

100°'40 
732 

" 
98'-95 752 

" 
!lDe'70 772 

" 
100"44 

733 
" 

98"99 753 ,. DH"74 773 
" 

100°'47 
734 

" 
HH"03 754 

" 
!l9'-78 774 

" 
100"51 

735 
" 

H9"07 755 
" 

9lt'82 775 
" 

100''[l;') 
736 

" 
9H"l0 756 

" 
9f)"85 776 

" 
100"58 

737 
" 

99"14 757 
" 

[lCt-89 777 
" 

100"62 
738 

" 
9f)"18 758 

" 
9Do'93 778 

" 
100'-66 

739 
" 

9f)"22 759 
" 

9fJ"'96 779 
" 

100"69 
740 

" 
9!t'26 760 

" 
100"00 71'0 

" 
100"73 

741 
" 

99"29 761 
" 

100"04 781 
" 

100"7') 
742 

" 
99"38 762 

" 
100"07 782 

" 
100°-SO 

743 
" 

99"36 763 
" 

100"11 78:3 
" 

100"84 
744 

" 
99"41 764 

" 
100"15 

t 

784 
" 

100"87 
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TABLE IV 

VAPOUR TENSION OF MERCURY 

Temperature Vapour Tension Temperature Vapour Tension 

70° 0'24 mlll. 170' 8'09 mm. 
800 

I 
0'35 

" 
180· n·oo 

" 900 0'51 
" 

190· 14'84 
" 100' 0'74 

" 
2000 19'90 

" noo 1'07 
" 

2100 26'35 
" 120' 1'53 

" 
2200 34'70 

" 130' 2"17 
" 

2300 45'35 
" 1400 3'06 

" 
2400 58'82 

" 150' 4'27 
" 

2500 75'75 
" 160' 5'90 

" I 
260 0 96'73 

" 

TABLE V 

TENSION OF AQUEOUS VAPOUR 

II I 
Temperature Vapour Tension Ii Temperature "Tapour Tension 

,I 

40 6'Omm, 19· W·,! TllIll, 

50 6'5 
" 

200 17'4 
" 6° 6'9 

" 
21 0 18'5 

" 7° 7'5 
" 

22 0 19'6 
" 80 8'0 

" 
230 20'9 

" 90 8'5 
" 

24° 22'2 
" 100 9'2 

" 
25' 2:~'5 

" 11 0 9'8 
" 

26' 25'0 
" 

120 10'5 
" 

27° 26'5 
" 1:3' 11'2 

" 
28' 28'1 

" 140 11'9 
" 

29' 29'8 
" 15· 12'7 

" 
30' 31'5 

" 
160 13'5 

" 
31· 33'4 

" 17· 14'4 
" 

320 35'4 
" 18· 15'3 

" 
330 37'4 

" 
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TABLE VI 

SURFACE TENSION OF WATER 

Temperature Specific Cohesion Surface Tension Surface Tension 
in mg, per mm, in dyne$ per cm, 

W 15'103 7'541 74'00 
1I 0 15'074 7'526 73'86 
12° 15'045 7'510 73'70 
13° 15'015 7'495 73'56 
14" 

I 
14'985 7'480 73'41 

150 14'961 7'465 73'22 
160 14'931 7'450 73'11 
17° 14'900 7'434 72'96 
18· 14'877 7'420 72'82 
19° 14'846 7'404 72'66 
20° 14'82a 7'439 72'53 
21° 14'796 7'374 72'37 
22° 14769 7'359 72'22 
23° 14'739 7'344 72'08 
24° 14'710 7'329 71'93 
25· 14688 7'314 71'78 
26° 14'656 7'298 71'63 
27· 14'632 7'283 71'48 
28° 14'604 7'268 71'33 
29° 14'579 7'253 71'18 
30° 14'566 7'238 71'03 
31" 14'528 7'222 70'S8 
32° 14'504 7'208 70'74 

--
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TABLE VII 

WAVE LENGTHS OF SPECTRUM LINES OF METALS 

The strollge.st line.s are printed in heavy type 

Metal Colour of Line 
I 

'Vave Length in 
Angstrom Units 

Barium violet 3910'0 
violet 3993'6 
violet 4130'9 
blue 4554'4 
green 49:34'2 
green 5535'7 
green 5777"8 
yellow 5853'9 
orange 6141'9 
red 6497'0 

Caesium blue '. 
4554'4 

blue \ 4593'3 
green 56()4'0 
yellow 584[l'l 
orange 6010'6 
orange 6210'4 
red 6723'6 
red 6973'9 

Calcium blue 4226'9 
green 5588'9 
orange-red 6162'5 
red 6499'8 

Indium violet-blue 4101'8 
indigo-blue 4511'1 

-
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lIIetal I -Colour of Line Wave Length in 
Angstrom Units 

-, -_. I Potassium 

I violet 
4044'3 yellow 
5782'7 

I 
red 

6938'8 red 
7668'5 red 
7701'9 

-
Copper 

violet 
blue 4022'8 

green 4275'3 

green 5105'7 

green 5700'4 

-- 5782'3 

Lithium 
blue 
yellow 4602'3 

red 6103'7 
6708'2 

-Sodium 
yellow 

5890'2 yellow 
5896'1 

RUbidium 
violet 
violet 4202'0 

green 4215'7 

red 5724'4 
red 6298'7 
red 7805'6 

7950'4 -trontium 
blue 
green 4607'5 
red 5481'1 
red 6408'6 

6550'5 ---lallium 
green 

5350'6 
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TABLE VIII 

SPECTFIC HEAT OF WATER 

Temperatur~_I __ Specific Heat II Temperature 1~~~peCifiC Heat 

---Ii 
0° 1'0051 55° 1'0051 
,0 
J 1'0027 60° 1'0065 

10· 1"0010 65° 1"0079 
15° 1'0000 70° 1"0092 
20° 0"9994 75° 1"0104 
25° 0'9993 80° 1"0113 
30° 0'9996 85° 1"0119 
35° 1"0003 90° 1"0121 
40° 1'0013 95° 1"0120 
45° 1'0024 98° 1"0120 
50· 1'0037 100· 1"0118 

TABLE IX 

SPECIFIC HEAT OF ANILINE 

Temperature Specific Rea.t 

15° 0"5137 
20° 0"5l55 
25° 0"5175 
30° 0'5198 
35° 0"5221 
40" 0"5244 
45° 0'5268 
50' 0"5294 
52° 0"5304 
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TABLE X 

CORRECTION FOR CONVERSION OF WEIGHT TO 
VACUUM STANDARD 

Corrections ar~ given in milligN1n$. 

Density Correction D . I Correction I Dcnsicy I Oorrection eJJSJty I 
I 

0·7 +1·57 2·0 +0'457' I g·O -0010 
0·8 +1·36 2·5 +0·337 i 10·0 -0·023 
0·9 +1·19 3·0 +0·257 I lI·O -0'034 
1·0 +1·06 3·5 +0·200 12·0 -0·04:1 
1·1 +0'95 4·0 +0·157 13·0 - 0·051 
1·2 +0·86 4-5 +0'124 14-0 -0·057 
1·3 +0·78 5-() + ()-()\l7 15·() -0-063 
1·4 +0'71 5·G +0·075 16·0 -0-068 
1·5 +0'66 6-0 +0·057 I 17·0 -0-072 
1·6 +0·61 6·5 +0·042 18-0 -0,076 

I 

1·7 +0·56 7·0 +0·029 I 19-0 -0,080 
1·8 +0-52 7-5 +0·017 i 20·0 -0·08:3 
1·9 +0'49 I 

8-0 +0-007 I 21·0 -0·086 
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'l'ARLE XI 

VAPOTTn PHI,;SSURE OF' WATER 

1 _ _:::_!_-IO 1~1_~I_-4o 1~\ __ 60 ~I~!~ _!10 

o· 4-;'7\l114-61~ i ~'M71 ·1-(;,,1 I 4'715 ~'7:,() i 4·78;' 4·820 4'~;'" 1 4-,'<9() 
1 Q ·H)~fi 4·fJ6~ II 4·BnS I ;;'IJ:~~ Ii ;-)0071 ;,. lUi": J)·].J.4 ;,.] ~1 !).:! II) r ;-,'2;;fj 

~: ~:~~,~ ~:~;;, ~:~~:; ~:~~~ (~:!!~ ~:~~:: ~:~;~ ~:~~~ ~:~~I:'I ~;:~:;,~ 
4° n,ull n'!!41 6·187 (j':2:n: 0·274 6·:n8 I o':J63 (i·40t{ U'-lG:~ I (j··HIK 
:," t)·j4~~ 6·589 I 6·6:15 (i'681! 6'728 6'iiG: u'SB2 6·870 ()'~HS I 6'\H)n 
fi O 7-014 7·06:3 7112 ,-161 I 7-210 7-260 ,-;llO ,-3tH 7'41~ 7-46:) 
,0 i-514 7-566/ 7-618 7·670 I 7-723 7-776 7'8~0 7·883 ,·n::7, 7·mll 
f<O 8'(H6 8'101 8·156 8-212 8'268 8-324 8.;181 8·438 8-4% I H':"-'~ 
\1' 8-6\0 g-669 8-728 8-787 8-846 8-906 8-U6tl 9'026 g'U1\' !l.j4,; 

100 n·~LO 9·272 9'3:{4 9·:W6 9'459 9';'23 9'58H 9·650 B·i];") O'7NO 
II' !)'1~45 9:911 9'977 lO'043 1O'liO 10'177 1O·~.j:' 10-31:)110.:;,'1 1O·.j:,() 

12" IlI'JIII 10·589 10·65\1 10-729 10'800 10'871 111-l14:1111'0'5 11-11" 11'IUO 
1:1' ll·~;n 11·807 11·381 11·45" 11·530 11·606 l1'6H~ 11·758 ,11'8:1:, 11'~1~ 

14" 11 9,,9 12-067 12·146 1~'225 12'304 1~'384 J2-464 12-545 12·6~!) 12·711,.; 
I;,' 12·7\)0 12·872 12-9,5 1:l·039 1~-123 13-207 13-292 13·378 1:l··~6< 1:1·,,:,11 
!(iD J:l-637 13·724 13·812 1:1·901 1:1-1)90 H-079 H'169 14·259 14.;350 14·HI 
17' 14·5:33 14·625 14·718 14-812 14·906 15'000 15'093 15-191 15'~1<7 1;"::,'=; 
180 15-480 15·,,78 15-676 15·775 15-874 15·974 16·074 16'175 16·277 16';:;\1 
19" 16·481 16-585 16·689 16·,0;3 16'897- 17-00:3 17'109 17·216 17 :1:2;) 17'4:)0 
20' 17'5;39 17-648 17-757 17·~67 17-978 18'089 18-~01 IS':U3 18·426 18·540 
:11' 18·655 18·770 18·885 19·001 Ig'118 19'236 19':154 19·47;l 1~'Jn2 19'71~ 
22' 19-8:32 19-9:\3 20·075 20-198 20'3~1 20-445 20-570 20·695 20·821 20·947 
~T) ~1'074 21·202 i 21·330 21·459 21·58H 21·i20 :21'850 21'~83 22·11G :!2·2.J:U 
2-1" 22·38;) 22'518: 22·654 22·790 22-9:!7 i;3'065 2:;'203 23·342 28-482 2:;'82:! 
'''," 23·763 23-90" 24'04R 24·192 24·336 24-481 124-627 24-773 24·920 25·068 
;~)o ! ::!~'217 25·367 i 25·517 25·66R 25·820 25'972 I 26'125 26·279 26·434 26-590 
i7° /1 26·747 26-90,) 27,063 27·222) 27·382 :27'543 127'i01 27'866 28'209 28'19~ 
~~' 1 28·358 28-524 28·690 28'857', 29·025 , 20-194 129'364 29'535 29·707 29·879 
29' 30·052 30·226 30'401 30-577 130-754 130'932 Ii 31-111 31-290 31'470 31-652 
~lO' 31·884 32-017 32-201 32·385' 32-571 \ 32-758 32·946 33-135 33-025 33-515 
:)]' 38·706 ;3:3-899 34·093 34·287 34·482 - 34.678134-876 35-074 35-273 35-47;; 
:l~o ;3_S-674 :15'87~ 36-079 :36·28:3 36'489: 36-6\15 36'902 37'110 37·319 37-5;lO 
:n° I 37-741 :17-953 3,1-167 :18<381 38'596',38'8131 :19·030 :19·249 39·46\) 39·689 
:w i :19·911 4fH:l4 40':157140-582 40·809' 41·036 41-264 H'49:) 41.7='4

1

41 '955 
:1;;' ! 42'lHR ' 42·422 I 42,6,,7 42'89~ 4:H30: 43-368

1
43'608 4:3'848 44·mo 144-3:3:) 

I I I I 

s_c_ 
From Landolt and Hiirnstein's Tabellen. 

t..! 



Abnormal molecular weights 
Absolute alcohol. density of 

density, definition 
errors 

Absorption spectra 
photographing of 

Accidental errors 
Acetic acid, molecular weif(ht 

of. 
vapour density of 

Acetone as solvent 
latent heat of yaporioation 

of. 
molecular elevation of 
molecular weight of 
specific heat of 
vapour density of 

Activity, optical. . . 
Alcohol, ethyl, latent heat of 

vaporisation of 
refractive index of 
specific heat of . 
surface tension of 
viscosity of . 

Alcohol, methyl, refracti,-ity 
of . .,. 

Alum, refractivity of. . 
Aluminium, specific heat of . 
Ammonium chloride, disso-

ciation of 
solubility of 

Ammoniulll nitrate, ionisa
tion of . 

Analysis, spectroscopic, of 
mixture . 

Aniline, estimation of . 
molccular weight of . 
molecular volume of 

INDEX 

PAGE PAr.R 
108 Aniiil10, purification of lUn 

67 s"lubilitv of 12n 
52 specific heat of I n9. 2:19 

6 Anthracene,mo"'cular weight 
16fi of . 11+ 
169 Anthropoff.. 47 

2 Apparent weight of I C.c. of 
water (Tabh') 2:12 

SO Apparent weight "f 1 c.c. of 
S() mercury (Table) 2~2 

107 Aqueous vapour, tension of 
(Table ). :'>:l:i, 241 

110 Associating solycnts 101' 
110 Association, degree of , 109 

74 factor, calculation (If,Sl, i41, 14" 
202 factor, for water 144 

74 of benzamide 1 U 
14n of benzoic acid, 121 

of nitrobenzene 110 
208 Asymmetric atoms I;) I 
18(; ~tructure , J;-)~ 
201 Atomicity :,12 
147 of oxygpn. SS 
1:37 Atomic rcfractidtv 18:\ 

,-olume, definiti;m ii:l 
ISH Azobenzene, dpllsity of (is 
ISH lllolecular weight (If . 1]0 
191'l 

Baly 
81 absorption lube 

Hi8, 171. 17:.' 
171 

l:l;l Beckmann apparatus (boiling 
point) 

219 (freezing point) 
Beckmann thermumeter 

16,; Beckmann spectrum lamp 
12!! Benzamide, association of 

ti7 molecular weight of , 
Wi Benzene,molecular volume of 

242 

101 
IlU 
lO:l 
230 
IH 
lU 
6., 
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PA(a: 
nf'nzcnp, stufa"" ten~ion uf. I-U 
Bpn:wic acid, association of. 121 
BerkeJey, Earl of 94 
Boiling point, del1nition 100 

constant . 101, Wi, 103 
Boilin.t.!: point, corf0ct.ion of, 

ttl 760 mm. . 189 
dl,termination of 18\) 
of water at various pres-

sures {T"IJle/. 23-4 
Boiling point method for 

molecular weights 100 
Hrcdig, 98 
Brombpnzene, molecular vol· 

unw (if . li7 
vapour density of 74 

Bromine, "tolllic refmctivity 
of . 183 

Burettes. calibmtion of 24 
Shdlhach . 24 

Caffeil10, 1l1l'llSllrCI1lCllt of 
molecu)"r weight of 22i 

Calcspar, density of 57 
Calibration, definition. 11 

of burettes 24 
curve for spectrometer 16:1 
of measuring flasks . 20 
of mercury thermoll1eil'l's. 27 
of pipettes 22 
of thnlll"collpies 31 
of wci"hts 16 

('alorim(:(E'r . 190 
i'amphE'1l Brown . . 206, 209 
Cane sugar, Jl\()Jecular weight 

of (by osmotic pressure), 96 
molecular weight of (by 

vapour t(,l1sioJl) !l!l 
osm otic prE'ssure of . 98 

Capillary tube, measurement 
of mdius d . 143 

Carbamide, measurenwnt of 
molecular weight of. 218 

Ca,rbon, atomic refractivity 
of , 183, 185 

Carbon-dioxide. density of. 70 
ratio of sppcil1c hf'ats of. 8!l 
solubility of 125 

(,hI"ral hydrate, dissociation 
of. 81 

ChIOl'ilH', atomic rdractivity 
of. 185 

Ch 10m· benzene, lll( ,It'cular 
volume of 67 

Clement and Desormes 85 
Coefficient of l'I'fraelion In 
Collie spectrometpr calibra· 

tion tube 164 
Constant erTors 2 
Constant deviation sfieetra-

meter , 226 
Constitutivp influence of reo 

fractivity 185 
of viscosity . . . 138 

Copper sulphate, density of . 58 
Copper sulphate, measure-

ment of dissociation 
pressure of 220 

Correction for exposed thread 
28, 188 

Cotterell 220 
Crompton. . . 73. 197 
Crompton's pyknometer 64, 65, 68 
Cryohydric point 34 
Cryoscopic method of mole-

cnlar weight determina-
tion lUi 

Cumming 215 

Dale and Gladstone 17;:; 
Degre" of association 109 

dissociation 109 
])ensity, ahsolute 52 

of azobenzene . liS 
()f carbon-dioxide 70 
(If ferric oxide . 57 
of gases, determination of 68 
of liquids,determination of 59 
of liquids, determination of, 

aG boUing point Gl 
of liquids of high freezing 

point. , , . 65 
"f solicls, ddermina tion of, 

by burette method . 54 
"f solids, dE'tcrmination of, 

by method of floating. 51i 
of solids, dptprmination of, 

sp<'citic gravity bottle 55 
relative 52 



Density of tartaric acid soitl-
hans (Table)'. 159 

of water (Table) 232 
D,,"ch . 171 
Desormes and Clement 8;} 

Dewar and Fleming 29 
Dewpoint 215 
Dissociating solvents 109 
Dissociation, degree of, of 

ammoniulll chloride 81 
Dissociation. dcgrep of, of 

ammonium nitrate 21\1 
dt'gree of, of chloral hydrate 81 
degree of, of potassium 

chloride 90 
Dissociation, degree of, of 

sodium chloride 22;j 
Dissociation prps8ure of cop-

per sulphate 222 
Drying of gases 44-
Dulong and Petit's law 198 
Dumas 71 
Dunstan ,,0 
Dymond 50 

Gases, density of . 
drying of , 
soln bility of 
sppcific heat (If 

Geissler tubes 
Gladstone and Vak 
Grease, non-volatile tap 

removal from glass 
GriffithR 

PA(H3 
OS 
44-

12:{, 12(; 
8t,202 

17fi 
17;, 

40 
22 

198 

Half-shad,,\\' angle [,,2 
H antzsch and Fresse Ion 
Hartley \14, 10K, 171 
Heat, specific, determination 

of , 
High temperature O\'cns 

lilt 
41 

Hilger spectrometer 
Hofmann, vapour 

220 
density 

method, 
Horn and :l'loI'se , 
Hydrogen, atomic refracti \'ity 

of, Uia, 
Hydrometers 

is:; 
58 

[nde", refractiw , 173 
Influence of constitution on 

~;Jllis,ion spc('tm . 
Errors, abHolHte 

ac('i<i('nta! 
coustant . 
C'xjlNilllC'ntal 

100 viscositv I :,l> 

influence of, oU rt'snlts 
parallax 
l'plative 

Ether, latent beat of \ "1'0l'
isation of 

Ethvl acetate, lIlolecuhtr 
"'wei~ht pf 

alcohol, },f'fradivity lif 
Exposed tht'rmollll'ter thn""!, 

correction for 28, 

Ferric (lxid(', density of 
}'lenlillg all(1 D<'wa,r 
Fraunhofcr lines , 
:Freezing point cow.;tant 

point method , 
Fn'ssp all'! Hantz:;cb 
:Fusioll, latent heat of. ' 

Ii Influence "f ('t>nstilutioll on 
2 refractivity , HG 
2 Io({"benzene, molecul"r YO]UlllC 

3 of, 1i7 
6 Ionisation of amlllonium 

24 nitrate , 21!J 
o sodium chlorid,> 22,~ 

Isatin, constitution of Hi? 
212 

.Joules' Law, 
71i 

)0;1; , Kohlrausch method 
hrating weights 

188 Kundt, 

212 

of cali· 
16 

8.:i,86 

Landsberger boiling I't>int 
57 method for nio]ccular 
2!l weight , III 

1(;7 Latent heat of fusion, 117,203 
117 of fusion of p-tolnidine 204 
1 Hi of vaporisation 200 
I \HJ of vaporisa,tion of alcohol, 208 
203 of vaporisation of ether 212 
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Laurent • 
PA('E 

\;)2 
21\0 Law of cooling. Newton's 

Lipl'ieh polarhnPll'r 
Liquids. solubility of 

sl'e()ific heat of . 

l.i;!. [.i+ 
127 
HHl 

specific heat of. t1wthori of 
cooling. 

s]'l'ciik heat of, mdh",( (\f 
lnixtures 

Lithium light • 
LogarithnlS, use of 
Lor{'ntz and I~ ,renz 
Loth"r ~jeyer 
LUDrica,nt for g]a~B tap::; 
Ludlam boiling: point, appara· 

tus fur molecular wf'i!!ht,s 
Lumsden awl \Y"lker boiling 

point "l)paratuo for mole
cular weights 

200 

199 
17(; 

;. 
17.> 

til 
+1; 

11+ 

111 

~hjl of opectru III • \(i:: 
:\larshall and HaUlsay . 21H) 
;\i-Co'y . • ;!:?;! 
)1('an ,'alups, calculatiun "f 8 
~lea"ul'itlg: flasks, calibration 

cl. ~ 
Melting point, determination 

cl. l~ 
1h'rl'ury 1)\lll1jl. TI)l'[)]cr 45 

Anthro[Jutf 47 
~h-rcury. puriticatiun of 49 

""pour knsion "f (Tabl{'). 23'> 
weight of I ".c. (TablP) 2:32 

Metals. spe(-trum lines of 
(Tables) 2:n.238 

Methyl alcohol, refractivity 
of . l)ll) 

iouid ... molecular w('igi1( <If SO 
iodidt', \-apour density IIf. SO 

l\[in(ltlllltl deviation, an!!lc (if W:l 
::'l"kenlar d('l'reHHion CO;:'SLlllt j 16 

dc\";!(ion constant 101 
heat. of a gas at constant 

pressure 8.J-
h,'at of ,t "as at constant 

\'ohllnc.!.:-> H-l: 
rotatio/l liiP 
In\atinn <If turpentine ].,,, 
rdracli,'itv 1-;~) 

surface " 1411 

11Ilk.C'\llar ,;urf"c(' (,llcrgy 
volume of Ul'Jli('!lt' . 

definition (If. 
d('\el'min"t,i(oIl "f 

wf'i:.rht of (tcetic a.cid 
acetone 
anthraCCll!' 
aZll b(,llzelle 
benzanlicle 
caffeine 
l'ane Rugai' 
carbamid" 
ethyl acetate 
tnl>thvl i"di(t.

l),\GE 

1.J-l 
H7 
.J:; 
\):~ 

SO 
7.J-

11+ 
lUI 
11.J-
212 

\l\i 
~18 
,Ii 
~(I 

d ini tr:o benz('rl<:'. 22,j 
JI- toluidine 
iHIaflhthpJ 

., in ~t\1\lhon 
weight. rktf'l'Jninatir)ll uf 

(boiling poiut method) 

l:ll 
122 

(lO 

100, 221), 22:~ 
wf'ight, dE'tE'l'minativll of 

(dewpoint method) 215 
w"ight, dell'l'mination "f 

(freezing point method) 
\wight, dl't('rmination of 

(oslIlotic pre,sure) . 
w('ight, determination of 

(vn,pour pressure) . 
weight. determination of 

118 

(l7 

(dsc()sit,v method) l41 
:lloleeular wdghts, abnormal lOS 
:ljol1ochroma(ie light 155,173,171; 
:\IOTSO and Horn. • . 93 

Xapilthul, tlloj,>euJar weight of 1 'N 

Newton\; law of cooling 200 
Nicol prism . 149 
Nitrobf'llzt'JH't a.$:~(lciatioJl of, 

in benzene llO 
lllolecllla.r volume of li7 
~jlecilic Ill'at of 202 

()bs~rv"ti()n tub",; for polari, 
md!'T Ifill 

Uplical actiyity 149 
Osmotic pr(,ssllre, dekrmina-

tion of . 91 
detel'lninatlun of, of cane 

8ugar Uli 
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U:')l11otie pressure, detl'l'llllna· 
linn of, of potassiulll 
chloride. 95 

1J.J-
124, 1:\" 

24 
41 

measurement of 
Ostwald 

calibrating pipett!' 
\l8, 

()Y",ns, high tpTlIpcl'aturc 
Oxygen, atomic reiraetivity 

of. 18:1, 
atomicity of . . 
mtio of specilic hCltt~ of 

Pttrallltx, errors of 
Petit and Dulong, la \\' of 
Pipettes, calibmtioll of 

method of drying 
Ostwald calibrating. 

Polarimeter, adjustm~ellt of 
Laurent . 
Lippich 

Polarimetry. 
Polarisprl li(lht, rotatillll of 

th", pian,' of . 
Pope and Plorkin . 
Potassium chloride, dissucilt-

lB., 
B8 
88 

21 
lHS 

22 
:!:l 
24 

J.j7 
L,2 
li54 
U9 

IJfj 
lG2 

tion of . \)(;, 121 
solubility of 1:~:! 
osmotic 'pressure of 90 I 

Potassium iodide, dis:';oci,,-
tion of, 110, 114 

solubility of, in alcuhol 13:1 
Pouseuille, viscosity appar-

atus . 
Pressure, clis,sueiation, of cop

per sulphate 
Prism, Nicol 

13;; 

2:!O 
lJ9 
li!i 
179 
49 

Pulfrich refractolllder 
determination of zero of 

Purification of mpl'cury 
I)yknomder, Crolllptl)n's 

Perkin's . 
51, 135 

,38 
(it Ramsay and Lothar ,',leyer's 

Quinoline bath 80 

Radiation, correction "f tUll-
perature for . 195, 20\1 

H<l111say and Haykigh . 2 
and Marshall 209 

rtamsay's pyknometer. ol, 58 

Ratio (If 'I'('('ilt(' h(,<lts pf car
botl-diusid(· 

Clement and VeSOl'llH's' 

metlwd. 
Klindt's method 
of oxygen. 

Haykigh, Lord 
}{pad and 'Washburn 
Rdract.ioll, cocffieient I)f 
Refractiyity 

atomic " 
constitutive influencc on 
lud"x of . 
molecular. 
specific 
of ttlcohol . 

alum 
mixtures 

Hdractometer, adjlliilllll'llt of 
Pulfrich 
zero of 

H..Jativl' dmsity. definition. 
errors 
lilwering of yapour pressure 
viscosity . 

P.Illll 

Hii 
8(; 
89 
2 

2:W 
In 
Ii:l 
18:\ 
18;; 
In 
17" 
l7.; 
180 
185 
ISH 
178 
175 
179 

52 
6 

97 
134 

Re1110Vai of grease from ghlSS 
Hesistance thermometers 
l{o~{'r and Thorpe 

22 
28 

I:H, 138 
Rotation, specific 

uwlecular . 

Sakuri boiling point method 
for molecular \I'eights 

~Pllli-permeable membrane", 

150 
150 

II1 

defini tion 91 
preparation of. . 92, 9:1 

Sensitivclless CUlYC of balallce IJ 
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