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Genergl Introduction.

Most liquids show a steady increase in density
with fall of temperature, and similarly a steady in-
crease in refractivity. Water, however, is known to
be unusual in that st a certain tempersture itt reaches
a maximum density, and below this temperature cooling
produces a decrease in the density. The same pheno-
menon of a temperature maximum has been found to occur
in the case of the refractivity of water. ' 'Tempera-
tures of maxinmum dernsity have a2lso been observed in the
case of agueous solutions. The present thesis is in
two parts desling respectively with the Temperatures of
Maximum Density, and the Temperatures of iaximum Re-

fractivity of some agueous solutions.



PART 1.

The Temperatures of Maximum Density of Aqueous

Solutions. Deviations from the Law of Despretz.

INTRODUCTION.

It has long been known that wsater, which like
other liquids, normally increases in dengity with lqwer-
ing of température, shows & maximum demsity at about 4°C,
and that if the temperature is lowered beyond this point,
the density decreases. Ice is known to be less dense
than water, but as water does not freeze‘until it is
cooled down to 0°C, this does not altogsether explain the
phenomenon of a density maximum occurring at 4°C. It
has been assumed, however, that ice molecules must begin
to be formed in the liguid at a temperature higher than
that at which the liguid freezes entirely. The forma=
tion of these ice molecules of lower density will counter-
aot the increase in density taking place in the liguid as
a resnlt of the temperature being lowered, and eventusally
their influerce will predominate so that the total density
begins to decrease. The tewmperature at which the rate

of exnansion due to the formation of ice molecules is just
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balanced by the rate of contraction of the rest of the
liquid due to fall in temperature is that at which the
maxiiaum density will be found, and this occurs at 4°C.

in the case of water.

HISTORICAL SURVAY.

A considerable amount of work has been done on
the subject of the temperature of maximum density, and it
has been found that asgjueous solutions as a rule show & maxi-
muw density at temperatures lower than 4°C. Despretz
(Ann. Chim. Phys., 70, 5, 49 (1829); 73, 29 (1840))
carried out a number of investigsations on the effect on
the temperature of maximum density of adding various solu-
tes to water. As a result of these he concluded that
the temperature of maximum density of water was lowered by
the addition of a solute, and that the lowering was direct-
1y proportional to the concentration of the dissolved sub-
stance.

De Coppet [Ann. Chim. Phys., 3, 246, 268 (1894);
Compt. rend., 125, 533 (1897); 128, 1559 (1699); 131, 178;
122, 1218 (1900); 134, 1208 (1902) ] also carried out a

great deal of resesrch on the subject. He was particuler-

ly interested in the Tect thut the lowering produced by the



-Ya

gdditiorn of a solute to water was not denendent solely on
the molecular concentration of the solute, but varied
according to the nature of the solute. ~ He measured the
lowering of the temperature of maxinum density produced by
the addition of a gram nolecule of various solutes in a
litre of solution and fourd it to vary considerably accord-
ing to the solute. In this respect it differs altogether
from the lowering of the freezing point by the addition of
a solute, as this depends solély on the molecular concen~
tration. This shows that the lowering of the temperature
of maximum density by a solute is not due simply to the fsct
that the addition of the solute has lowered the freezing
point so that ice molecules are not formed until & much low-
er temperature is reached. Rosetti (Ann. Chim. Phys.,
1867 (1IV), 10, 461; 1869, 17, 370), having considered the
early work done on the subject, tried to connect the two
'1owerings, but was not sble to formulate a law which was
genersglly applicable. Bvidently some other factor must
be taken into account, since the lowering varies with the
nature of the substance.

De Coppet in the course of megsuring the mole-
cular lowering of the temperature of maximum density ob-

tained the following results for the halides:
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Chloride Bromide Iodide
Rubidium 117 13-2 166
Potassium  11°6 12.8 154
Sodium 13-2 14-5 17-0
Lithiom 60 7-0 83
Ammoniunm 7.2 87 11.1

He noticed that the iodide always produced the
greatest effect, and the chloride the smallest, and con=-
cluded that "Le rapport erntre les abaissements produit
par le chlorure et le bromure (ou le bromure et le iodure)
du mbme métal est sensiblement le mfme pour tous les
métaux du groups."

Wright (J. Chem. Soc., 115, 119 (1919)) caume to
the conclusion that, irn the case of simple binary electro-
lytes, o snecific effect could be sttributed to each ion,
and that the molecular lowering due to =2n electrolyte
could be calculated if the lowering of certain similar com~
pounds was known. He took the molecular lowering of
hydrochloric scid ss a standard, and was sble to celculate
the molecular lowering of any salt by adding to this
standard the valuss due to the acidic znd basic radicles

of the salt. In this way he estimated the lowering

for potassium nitrate to be 5°2 (hydrochloric acid) +
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5.75 (potassium; 4 7.2 (nitrate) == 1815, and the
actual value found was 18+0.

In the course of his studies on the variation in
the lowering of the temperature of maximum density by
various solutes, De Coppet (Compt. rend., 115, 652 (1892))
found the dilute solutions of the lower slcohols to be
unusual in fhat they did not obey Des?retz' law, although
the salt solutions he investigated did, and also most of
the solutions of organic subgctances. Ethyl alcohol is
particulerly interesting, and the values he obtained for

it are given below.

Wt. of alcohol in T..D. Lowering of
100 gms. of water.' T.M.Do
009 4-12*°o, -0-12°0
0+642 - . 4416 -0-16
1.306 4429 ' -0+29
2.568 : 4.39 -0-59
3943 ‘ 4.02 -0.02
6.21 | Be17¥ , +0°83
6575 2485 +1-15
7408 225" +1°75
8:46 1-82% +2-18
10-80 -0 19% +4-19
17-12 -8 48¢ +12-48

¥ indicates due to Rosetti, *to Despretz.
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In the case of very dilute solutions an actual
rise in the tempersture of msximum density may be observed,
though as the solution becomes more conéentrated a lower-
ing is produced. McHutcheson (J. Chem. Soc., 129, 1899
(1926)) made a further study of the temperatures of maximum’
density of the alcohols, investigating five. His re=-

sults are given below.

Temperatures of Maximum Density of Alcohol-wWater Mixtures.

2 M. . M/2. /4. /8. 1/16.
Methyl alecohol  1:90°C 3°65 3°95 400  4+00 -

Ethyl alcohol 0+15 370 4-25 4.20 4-15 -
n-Propyl alcohol - 1.560 330 3+80 4°+15 4-10
iso- " " - 265 3°70 4°00 4°00 -
n-Butyl " - - - 3¢10 3-90 3-90.

He found that, besides ethyl alcohol, n-propyl
alcohol was the only one to give an elevation of the tempera~
ture of maximum density.

Ethyl ether does not follow Despretz' law either,
but a rise in the temperature of maximum density cannot be

seen, even in very dilate solutions.
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Factors governing the lowering of the Temperature

of aximum Density.

In considering why these substances should form
exceptions to DeSprétz‘ law, we must take into account
tﬁree factors which affect the tempersture of meximum den-
sity of solutions.

first, there is the lowering of the freezing point
causéd by the addition of a solute to water, as this in-,
volves the lowering of the temperature at which ice mole-
cules would start to be formed. It has already besn
shown, however, that this factor, while it undoubtedly plays
an important part in the lowering of the temperature of
maximum density, cannot accourt for variatiors, as it should
be the ssme for all solutions of equal molecular concentia-
tion. In the case of salt solutiong the effect might be
increased owing to ionisation of the solute, but certainly
in the case of organic solutions the effect should be con-
stant. In all cases, moreover, the addition of a solute
to water lowers the freezing point, and with it the tempera-
ture of maximum density, so that in no way could this
account for a rise in the temperature of maxinmum density
such as is found with ethyl alcohol.

Another factor which must be of importance in the

lowering of the temperature of maximum density is the co-

efficient of expansion of the liquid. IT a liguid has
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& large coefficient of expansion, a greatér number of ice
molecules must be formed to counteract the effect of the
greater contraction of the liguid with fall in temperaturs.
This mesns that a lower tempersture will be resched befors
the point of maximum density occurs. Agueous solutions
always have a greater coefficient of expansion than pure
water, so the addition of s solute to water will always mean
a lowering of the temperature of maximum density as far as
this factor is concerned. "he coefficient of expansion
is also proportional to the concentration of the solute in
dilute solutions.

The third factor which must be taken into account
in connection with the temperature of maxinum density of
‘solutions is the density of the solution. If a solution
hes a density greater than that of water the formétion of
ice molecules snd conseqguent increase in the concentration
of the remaining solution will have opposite effects. The
decrease in dengity due to the formation of the ice molecules
will be counteracted by an increase in density due to the
rest of the solution bacoring more concentrated. This
will tend to lower the temperature of maximum density. On
the other hsnd, if the solution has a density less than wster,
both the formation of ice molecules and the conseguent in-

crease in concentration of the remainder of the solution will
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result in g decresse in density. The temperasture of
maximum density will therefore be arrived at more gquickly
on cooling, so that a higher tempersature of maximum den-
sity will result.

From this it can be seen that the effect produced
on the freezing point and on the coefficient of expansion
by the addition of a solute to water will alweys tend to
proauce a lowering of the temperature of maximum density.
The éffeot produced on the density, however, will vary in
influence on the temperature of maximum density according
to whether s solution is produced of greater or less den~
sity than wqter.

It aprears then that the unusual results obteined
in the case of the lower alcohols and ethyl ether are due
to the fact that solutions of these have & smaller density
than water. In the case of ethyl alcohol the coefficient
of expansion for dilute solutions is very similar to that
of water, and so for dilute solutions the factor due to the
small density outweighs the slight effect due to increased
coefficient of expansion, and to lowering of the freeziﬁg
point.  As the concentration becomes greater the increas~
ing coefficient of expansion and lowering of the freezing
point produce o lowering in the temperature of maximum

density.
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The three factors which control the lowering of
the temperature of maximum density are all proportional to
the concentration of the golute in dilute solutions, and
so their combined effect should also be proportional to the
concentrstion. This should result in the solution obey-
ing the law of Despretz for dilute solutions at least. In
the case of concentrated solutions these factors are usually,
so great that the temperature of maximum density is lower
than the freezing point, and sb not maeny have been investi-
gated.

* The molecular 1oweriﬁg, however, of hydrochloric
acid and lithium chloride was calculated from the results
obtained with dilute solutions to be gbout 6°C, and so it
was decided to examine solutions or these two substances to

see if Despretz' law was followed for concentrated solutions.

EXPERIMSNTAL METHOD.

A dilatometer consisting of a glass bulb of approxi-
mately 50 c.c. volume and a stem of capillary tubing were
used for these experiments. The contraction of the glass
on cooling was compensated by the presence of the required
smount of mercury inside the bulb. The contraction of the
dilatometer bulb would tend to force the liguid higher up

the stem, but the contraction of the mercury inside the
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bulb would tend to leave room for a greater volume of
liquid in the bulb, and the smount of mercury used was
calculated so that these two effects just balanced, and
consequently only the expansion or contraction due to the
ligquid under invest;gation was seen. To find the amount
of mercury necessary the dilatometer was weighed empty and
then full of water to find its volume. since the co-
efficient of mercury is cbout seven times that of glass, it
was only necessary to add %th of this volume of mercury.

The dilatometer was filled with the required liguid
by means of a dropping funnel and a water puap. A rubber
gtopper with a hole which fitted the stem of the dilatometer
was placed in the funnel, after it had been half-filled with
the liquid, and the dilatometer connected in this way.

The other end of the funnel was connected to the punmp.

The funnel wes then inverted and air sucked out of the dila-
tometer through the liquid in the funnel. Then thes tap
was closed and the appsratus discommected from the pump, and
when air was once more allowed into the funnel, the liguid
ran into the dilatometer. This nroceeding was repegted ;f
necessary, and the finel amount of air expelled by warming

the dilatometer in a can of hot water.

In the case of subsequent experiments the dilatometer

was emptied by slightly warming it first and then cooling to
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allow alr into it, and then inverting so that the mercury
ran out. - The remaiﬁing liquid was then drawn out by weans
of the pump. The dilatometer was cleaned and rinsed with
the fresh liquid before filling.

The compensated dilatometer was clamped inside a
large Dewar flask, Wﬁish was fiiled with water and to which
ice or freeszing mixture could be added as desired. This
was kept stirred continually, and a thermometer hanging in-
to it showed the temperature; The thermometer used wsas _
graduated in terths of a degree, and ranged from éO°C to
-20°¢C. ' The height of the liquid meniscus up the stem
of the dilatometer was observed by means of a cdthetometer.
The cross-wire in the eye-piece of this was brought to the
top of the meniscus and then the reading on the cathetometer
scale and vernier recorded. "he ligquid in the Dewar
flask was brought fo the required temperature by adding
ice and stirring, and the dilatometer was left td acquire
this tempersature throughout. Readings were then taken
at intérvals on the cathetometer, and when they became
corstart were recorded slong with the teuperature of the
'solution. Kore ice was added und the proceeding re-
peated. As the tempersture of the solution became nearly
that of its maxinum density, the readings on the catheto-
meter became closer together, and in some cases it was hard

to determine if sny change had taken place or not. When
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the temperature of maximum density was passed the read=
ings on the cathetometer began to move in the reverse
direction. The turning point showed the tempersture

of maxinmum density of the solution.

BXPERIMANTAL Re3ULTS.

In the case of hydrochloric acid and lithium chlo-
ride twice normsal, normal, and semi-normsl solutions were

examined, and the following results obtained:

Lowering Lowering
Concn. T.M.D. of T.KE.D. Concn. T.M.D. of T.V.D
of water. of water.
HC1 2N -12.4°C 16-4°C LiCl 2N =8+5°C 12-5¢C
N -29 C 6-9 N -1+9 C 59
N/2 11 C  2°9 N/2 1.3 C 27

The temperature of maximum density of water was
also determined using this agpparatus, and was found to be
4°C as wss expected. The lowering of the temperaturs
of maximum density produced by solutions was therefore cal-
culated by subtracting their temperatures of maximum den-
sity from that of water, i.e., from 4°C.

On examining these results it is clear that Des-
pretz!' law is not obeyed in the nore concentrated solutions.

It was therefore determined to investigate some

other concentrated solutions if possible. On considering
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which substances would be most suitable, it was obvious
that those which would not have temperatures of meximum
density lower than their freezing points would be required.
We have already seen that the property which temds to

raise the temperature of maximum density of a solution is
that of forming a solution less dense than water. In
the case of solutions of organic compounds a smaller co-
efficient of expansion is generally found than with salt
solutions, and no ionisation will take place 80 the freez-
ing point will not be unduly lowered, and so fairly high
temperatures of maximum density may be expected. Organic
solutions less dense than water therefore appear to be the
most suitable for investigsetion, but they must also be
sufficiently soluble to give the required concentrated
solutions. The alcohols have already been investigated,
but the fatty amines, ammonia, acetone and asceto-nitrile
were gll examined in the present .instance. The iesults
are given below.

Temperatures of Maximum Density.

CHsNH»  (CHs)oNH {CHz)sN C2HsNH2 (CeHs) oNH
-2:4°%  -6-2°C - 27+1°C  -100°C approx.
+2°2 +1-4 ~1+2 + 08 ~0°9 .

24 5*95 +2+85 2+85 +2°65

3-8 4-0 3-65 5:65 56

Z:9 4.0 2-95 3-8 595
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Temperatures of Meximum Density (Contd.).

NHsz (CHz) 200 CHzCN
2N -1°2°¢C -8-O°G'approx. below -10°C:
N +1-6 -2-15 ~3+35
N/2  2.85 +1°7 +0°7
N/4 B°6 30 2°45
N/8 3.8 36 3.15.

The lowering of the temperature of maximum den-
sity of water exerted by these substances was calculated

by subtracting these figures from 4°C, and is as followss

Lowering of the Temperature of Maximum Density of Water.

CH3NHs (CHz)oNH  (CHs)aN

CeHsNH2  (CpHs)oNH.

BN 6-4°C  10-2°T : 11-1°C 14°)prox.
F 1.8 246 52 B2 449
/2 -6 “45 1-15 1°15 135
N/4 -2 L0 35 35 ‘4
§/se -1 0 -05 ¥ ' .08
NH3 (CH3)2C0 CHazCN.
2N 5:.2% about 12°C _over 1£¢C
¥ 24 615 735
N/2  1-15 243 3.3
N4 .4 1:0 155
¥/8 -2 4 85
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These figures show that the lowering due to the
more concentrated solutigns is much greater than would be
expected by calculation from dilute solutions; i.e., that
there is a deviation from the law of Despretz in the case
of strong solutions.

Exemingtion of Kelative Densities.

Since the dengity of the golution plays such an
important part in determining the temperature of maximum
densgity, it was found at 5° for all the solutions investi~
gated. This tenmperature was chosen as being near that
at which the mein parts of the experiments were carried out,
but yet far enough away from the temperature of maximun
density and freezing poirt for no complications to occur
through the formation of ice molecules. The dengities
obtained are given in the table following. They were

determined in the ordinery wey by wmeans of a pyknometer.

Relative Densities at 5°C.

1

CHaNH» (CHs)2NH C2HsNH2 (C2Hs)NH (9@3)3&
9826 9765 9805 9759 -
9912 -9870 -9895 9872 9822

9957 -9924 9945 9926 -9910
9977 -9970 9974 .9963 *9951
*9590 - 9987 - 9988 - 9982 9970



NH3 CHsON  (CHs)200  CoHsOH
*9851 +9908 *9874 *9856
+9922 -9954 -9956 «9915
99569 9972 -9968 -9956
9979 -9968 .9988 9977
+9988 - +9991 «9995 +9986
These densities when plotted against the con-
centrations give approximately linear graphs. Since

the density thus varies directly with the concentration,
even in concentrated solutions, this cannot be responsible
for the deviation from Degpretz' law which is found in v

strong solutions.

Exemination of Coefficients of Expansion.

The coeffioienté of expangion of the various
solutions wers glso examined. They were determined by
means of the dilatometer used for finding the temperaturses
of maximum density, and were tsken between the temperatures
12+5°C and 1E°C. This temperature range was chosen
simply becsuse it was convenient, and also free from com-
plications due to freezing. The coefficient of expan-
sion was calculated from the formule

Vig - Vio.s
2*5%x Via:'s
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where &a = +the coefficient of expansion
Vis = the volume of liquid at 15°C

end Vig. 5 == the volume of 1liguid at 12-5%C.

The 2:5 is the difference in temperature inC.

In practice, the height of the liguid up the

stem of the dilatoﬁeter at 15°C was noted by means of the
cathetdmeter. The temperature was then lowered to 12-5°C
and the height of the liguid at that temperature noted.

The difference between the two readings of the cathetometer
gave the fall of the column of liquid in centimetres.

This was then multiplied by the area of the bore of the
dilatometer stem to‘give the contraction of the liquid in
cubic centimetres, and this figure divided by 2:5 times the
volume at 12:5 € to give the coeflicient of expansion of the
liquid. |

The area of the bore of the dilatometer stem was

determined by filling a portion of the stem with mercury,
measuring the length of it, and then allowing it to rurn out
and weighing it. Knowing the temperature at which the
experiment was performed, and the density of mercury at that
temperature, it was easy to find the volume of mercury used,
and from this the area of the bore, sirce the length of the

column was also known.
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The coefficients of axpansion obtained are

given in the following table.

Coefficients of Expansion between 125 C and 15°C.

CH3NH>2 (CH3)2NH CoHsNH2 (CoHs)2NH  (CHs)sN
-0002024 .0002450  +0002480  -0004037 -
1592 1690 1725 2043  +0002095
1432 1422 1447 1565 1574
1378 1360 1250 1358 1410
1360 1350 1350 1350 1375
NH3 CHaCN (CH3)2C0 L2Hs0H
-0002310 -0003260 - -0001900
1610 2220 -0001953 1495
1480 1800 1670 1405
1415 1550 1440 1380
1375 1470 1363 1365

These coefiicients of expansion when plotted
2gainst the éoncentration show excessive increase witn in-
crease of concentration. This is shown when the "mole-
cular increase of coefficient of expsnsion" is worked out.

fhis was calculated from the formula
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where im = the molecular increase of coefficient of expansion,

ag = the coefficient’ of expansion of the solutionm,

[4]
]

the coefficient of expansion of water,
N « the concentration of the solute in gram-moleculegs
per litre.

If the increase in tne coefficient of expansion
was directly proportionsl to the concentration of the solute,
then the wolecular increase thus obtained should be a con-
stant. The results obtained are given below, and it
will be seen thet in most cases the values obtained for con-
centreted solutions are much greater than those for the

more dilute solutions.

Molecular Increase of Coefficient of Expansion.

CHaNH2 (CH3)2NH CoHsNH2 (C2Hs)2NH (CHz) 3N
+0000337 +0000550 +00005665 +0001345% -
242 340 375 693 -0000645
164 1150 294 420 448
112 40 000 32 240

80 00 000 00 200
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NH3 CHaCN (CHz)2C0 C2Hs0H

* 0000480 Q000905 ; . =0000275
260 ’ 870 «0000600 . 145

260 900 640 ' 110

260 800 360 120

200 960 104 120

This excessive increese in the coefficient of
expansion in concentrated solutions would explain the de-
viations from Despretz' law, since they also occur in con-
centrated solutions. This theory is supported too by
the fact that aceto-nitrile, which has a practically con-
stant molecular increase of coefficient of expansion, obeys
the law of Despretz. Ammonis also has a constant mole-
cular increase of coefficient of expancion for solutions
varying ir strength from N to N/8 and for this range it
obeys the law of Despretz. - for the more concentrated 2N
solution the molecular increase of coefficient of expansion
is much greater, znd here the lowering of the temperature
0f maximum density is also more then would be expected.

In the case of ethyl alcoﬁol the molecular increase of co-
effieient of expansion is practically constant, but the

coefficient of expansion is so small that for dilute

solutiong it is outweighed by the other factors and the smsll
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dengity of the solution produces a rise in the temperature

of maximun density as already suggested.

CONCLUGSTIOTN.

We conclude that, as a rule, Despretz' law is
obeyed in dilute solutions but not in concentrated solutions.
The deviation shown in concentrated solutions is in the
form of an increased lowering of the temperature of mexi-
munm density, and is due to the excessive increase in the

coefficient of expansion of concentrated solutions.
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PART II.

The Temperatures of Meximum Refractivity of

Aqusous Solutions.

INTRODUCTION.

This subject was suggested by the previous study
on the temperature of maximum density of agueous solutions.
The occurrence of g maximum on the curve showing the re-
lation of densgity to fall in tempersture was explained by
the fact that ice is less dense than water and ice molecules
are suppnosed to be formed above the freezing point. The
lower density of these counteracts the increase in density
due to fsgll in temperature of the liguid, and at a certain
point produces a decrease in the density of the solution.

HFrom this it sppears that the existence of & tem-
perature of maximum density depends.on the fact that the
change of density on freezing is in the opposite direction
to the change in density produced by lowering the temperature
of the liguid. W/ith most of the other properties of
liguids, such as viscosity or surface tension, the change on

freezing continues to be in the same direction as that on
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lowering the temperature in the liquid stete. It is
clear then that these properties will show no maximum

point when the liguid ig subjected to a continuous rise

or fall in the temperature - even over a range including
the freezing point - but will continue to decrease or in-
crease as the case may be. The property of refractivity,
however, we find is anslagous to that of density in that
the refrsctive indsx of ice is less than thst of water,
(being 1°31 for ice, sand 1°3% for water), although the re=
fractive index of water increases with falling temperaturse.
Here then we havg a cage where the change on freezing is

in the opposite direction to that produced by fall of tem-
perature in the liquid, and so we may expect to find the
existence of a temperature of maximum refractivity for

water.

HISTORICAL SURVAY.

On investigating the work previously done or this
subject, we find that few measurements of refractivity have
been made at low temperatures. Jawin however (Comptes
rendus, 43, 1856, stvudied the relationship between refractive
index and density of water, and took reedings with his
interferometer down to 0°C. 3ince the temperature of
maximum density of water is 4°C, he expected to find a maxi-

num refrsctivse index gt that point if the refractive index



depended on the density. He did not find any change at
4°C when he raised the temperature‘progressively from 0°C
to 20°C. But as the refractive index of ice is lower
then that of water, he concluded there must be a maximum
refractivity about 0°C, the ice molecules formed counter-
acting the increase due to lowering the temperature of the
water. He thus concluded that there was an znalogy be-
tween the temperature variation of refractive index and
density, but that the maxirnuw points occurred at different
temperatures.

Thig difference seems easily explicable, assuming
the theory of the formatioq of ice molecules above the
freezing point, because the change of refractive index on
freezing is only 105%, while the change of density is sbout
9ﬁ- It is therefore obvious that a greater concentration
of ice molecules must be formed before their‘effect will be-
come visible in the case of refractive inderx, and this mesans
that the licuiad Will need to be cooled down to a lower.tem=
perature. This explains why the temperature of maximum
refractivity of water is as low as 0°C, while the tempera-
ture of maximum density is at 4°C.

Pulfrich also measured the refractive index of

water at low temperatures - his readings ranging from +10°C
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to -10°C. He found the meximum point to be even lower
than that suggested by Jamin, being between -1°C and -2°C.
As his work was most carefully carried out under very
favonrable conditions - he waited to tske his resdings till
the temperature of the o&tside.air was as cold as he requir-
~ed it - his results should be correct. Eetteler (Ann.
der Physik, 33, 1888) also carried out some measurenents

on the refractive index of water, and though not many were
at low temperatures, he obtained readings at -5°C and -lO°C,
which showed a distinct turning point in the curve.

Having thus established the fact that a point of
maximum refractivity of water could be determined, it was
decided to investigate the effect on it of the addition of
golutes snd to find if this produced a lowering which obey-
ed the same laws as the lowering of the temperature of

maximum density.

BEXPLRIMENTAL iSTHOD.

In the first place the temperature of maximum
refractivity of water was determined by means of a Zeiss
Dipping Refrsctometer. Coﬁsiderable difficulty.was
experienced at the beginning in the carrying out of this

and the further experimerts owing to the need for work at

low temperatures and the difficulty in using a refractometer
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under such conditions. In the instruments used by
Pulfrich and Jamin the temperature was hard to control
and could not always be determined accurately. The
present work was done by means of a Dinping Refractometer,
which mede the temperature reguletion very simple. The
liquid under investigation was contained in a small besker
or weighing bottle just large enough to ensble the nrism
at the end of the refractometer to fit into it comfortably.
This besker was fixed on the end of the refractometer by
means of a wide piece of rubber tubing, so that the junction
was water-tight, although the begker could esasily be changed.
The refractometer was then clamped so that it was held in
a vertical plsne with the small beaker dipping into a much
larger one filled with water and used as a temperature re-
gulator. The water or freezing mixture in this was kept
gtirred by a stream of air being constantly blown through,
and the temperature was read off a thefmometer hanging into
it. This thermometser was graduated in tenths of a degree
from -20°C to +20°C. A small inclined mirror was placed
below the beaker and served to reflect the 1light from an
electric lamp through the liquid under observation.

Direct readings can be made using the Dipping
refractometer and for the present nurpose did not need to

be converted into actusl refractive indices, as it was only
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necessary to see if the readings were becsoming higher or
lower, and to find the temperature where the change took
place. The ayepiece contains a soale, and g micro-

meter screw enables tenths of this to be determined accurate~-
ly.» 4 variation of 4+ 0°1 of a scale division corres-
ponds to g mean error of £3:7 units of the fifth decinal
nlace of the mn, value.

When the instrument was first used it was found
to work very satisfactorily at ordinary temperatures, but
when cooled down to low temperatures a film of moisture con-
densed on the top of the prism inside the instrument.

This caused blurring, and the readings could not be taken
with any accuracy. It was then attempted to keep any
moist air from entering the refractometer by enclosing it
in a tin case containing calcium chloride - only the top
and bottom of the refractometer being allowed to project.
This arrsngement, however, was cumbersome and not very
effective, and it was finally discovered that a small piece
of calcium chloride Wrapped in lead foil and placed on the
uppér surfsce of the prism was quite sufficient to absorb
any moisture, and did not interfere with the observations
a8 was a2t [iret anticiﬁatea-

Rezdings were then asble to be taken without

difficulty down to the point where the liguid froze.
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Unfortunately it was found that, in the case of all
golutions, freezing occurred before the temperature of
megximum refreactivity had been resched. To meet this
difficulty the point of msximum refractivity was obtained
by drawing graphs showing the change in refractivity per
degree.
- dr

The change of refractive index per degree (dt)
decreases with fall of temperature till at the temperature
of mgximum refractivity - the turning point of the curve =~

it is equal to zero. If then the value of %% be plotted

against temperature, and the curve so obtained exterpolated

dr
dt

is of zero value, it follows that this temperature is the

to determine the tempersture at which the coefficient

temperature of maximum refractivity.

The only defect in this method is that the line
obtained is not straight but a curve, so that the point ob-
tained by its exterpolation cannot be determined very
accurgtely, but it anpeasred to be the most practical metﬁod,
and the error should not be very great. The line drawn
is nearly straight, and may be taken as such for the pur-
pose of exterpolation.

A number of experiments were carried out in this
wWay, and the temperature of maximum refracfivity obtained

for water snd for g and % solutions of some of the common
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acids and their lithium, sodium, potassium and ammonium
salts. The refractive indices were resd off every 4°C
down to a temperature where the change per degree was less
than 05 of a s¢ale division at the mean temperature of the
final range, or till the liquid froze. Each investigation
was carried out twice in order to make sure that the experi-
ment was sufficiently accurate, and it was found that fhe
results obtained were fairly close together. In every
case the instrument was kept at the required temperature

for a quarter of an hour before a reading was taken, and

then a second reading was tsken five minutes later as a

check on the first one.

EXPERIMENTAL RESULTS.

The results are given below:

Water.

Tempersture :
in % 10 6 2 -2 -3 ~4

Reading on ‘ .
refracto- 16-42 16-90 1717 17-17 17-15 17-09
meter 16.44 1688 17 - 17 17.18 17-15

Refrac tive

-5

17 -05

index 1-23370 1-33289 1-33424 1°33424 1-23416 1-32397 1-23385

These preliminary readings were taken direct, and

the vglue of the refractive index obtained from tables
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supplied with the instrument. It can be seen that a
maximum point occurs between 2°C and =-2°C. |

When it was found that the temperature of meximum
refractivity of solutions had to be obtained by means of a
graph, it was found for water in the same way .

As an illustration of the method of working, the

complete set of figures obtained is shown below.

Temperature Reasding on «*e differ- %% Mean tem-
gcale. ence. perature.
10°¢C 16°44
16 +42 ,
*46 - . !
6°¢C 1688 3 = Clls .8 v
16°90
2°¢ 17-17 28 . 07 4°C
1717 x
-2°¢ 1717 +01 = +002 ——0°%
1718 T

A graph drawn according to these figures shows
the temperature of maximum refractivity to be -0-3°C.
The experiment was then repeated at different

temperatures, and with a fresh sample of water.
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Results:
Tempergture Regding on ‘e differ- ar Mean tem-
scale. ence. at persture.
8°C 16°67
1668
. : + 33 =, °
£°0 17-00 s 082 —— 670
17-02 .
0°¢C 17 .17 -17 - o
17-18 T = c04z 20
-4°C 17-12 _ +06 . o
1715 T = 015 -2°¢

A graph drawn for these -figures shows the tem=
perature of meximum refractivity to be -0 C.

Thegse graphs may be found appended at the back of
the paper aiong with the others drewn for the various solq-
tions. | '

The temperature coefficiert of refractivity was

also determined - being teken between the temperatures 20°C

and 15 %. The results for water were:
Temperature Reading on .*. differ- dr Mean tem-
scale. ence. dt perature.
- ,
20 ¢ 14°59
' 14°59
106 214 — 17.5%
15 % 15+64

15-65
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The temperature coefficient of refractivity at
17.5°C is therefore .214 of the scale reading of the in-
strument .

Proceeding in this menner a coumplete series of

N

acids and salts were examined at both % and % strengths.

The figures for HC1l and ites lithium salt are given here.

Those for the other acids and salts are all similar, and
were obtained in the same way, so only the graphs drawn
from them sre given, and the final temperstures of meximum

refractivity which were obtained.

N
SHC
/E/ﬁﬁﬁperature Reading on Difference dr Mean tem-
scale v at persture.
,(1) 20°¢ 24.98
79-99 110 - .22 —— 17-5°
15°% 26+08 v
2609
é 8% R7 42
47 '40 0456 = .14 600
© 3 .
! 4°C 27.95 '
27.98 o
' .30 = 076 — 2 °C
o =z
0¢C 28+28
28427
| dE o 08 ——a2fC
-4°C 2838 ’
28.39
e ————————
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Temperature Reading on Difference E_E Mean teme
scale at perature.
- (2) 20°C 24.99
24498
-1-—5—03 = 20 —— 17°5°C
15°¢ 26+00
£6+00
n°c 27«36
27«34
‘24 = ‘11 500
30 2778
27 79
: B0 = .06 — 1%
«1°¢ 28-04
28404 Y
205 = .012_—— -3°C
o )
-5°¢C 28.09
28°09
~— Temperature Reading on Difference Mean tem=-
scale at perature.
~-_—---—-————
0 zoce 19-88
19°90
.l?')-l_’i = +208 —— 17.5°C
15°¢C 21°03
21-03
8°¢C 22+16
22.18
_’_g?. = .082 6°C
40C 22.28
22°
29 _ o712 2°c
4
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Ym0l (conta.)
e .
Temperature Reading on Difference dr Meafy tem-
' scale ' at perature
0°¢ 2280
22+78
‘25 = 001 —_ =2°C
-4°C 2282
' . 22-82
(2) 20°C 19°89
1989
lgll = g2 —— 17+5°
15°C 21-00 '
21+00
9°¢ 21°92
21+92
e = 115 —— v°e
5°C 22 .38
2238
229 - 072 __"' 3°C
e 4 -
10 22467
22+69
| | 4 = .01 -1°c
o _ 4
-3 C 28+72
2272
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? ] .
Temperature Reading on Difference g.% Mean tem-
gscale perature.
(1) 20°C 2427
24.29
. ' l%li =  +28 —— 17.5°C
15°C 2539
25440
7°c 26+09
26°10
%8 = .45 — 5%
z° @ 26 +68
26+68 :
;%é = .065 — .1°C
«1°¢ 2695
26+9%
;%2 = .0828 — -3°C
-5°C 2703
27 +0%
(2) 20°C 2437
2437 : ,
10l = .p0 ——17.5%
15°C 2538
2538
8°c 26459
: 2659 )
4L - 102 —— 6%
4°C 2700
2700 .
20 = .15 —— 2%
0°c 27.28
o7 32
27 30
-98 = .020 —— -2°C
-4°¢ 27 38

27 38
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dgi01
7}
Pemperature Resding on Difference Q{_ Mean tem-
scale d perature.
(1) 20°C 18-85
18°84 .
o 298 = 196 —— 17¢5°C
15° 1982 5
1982
8°¢ 21°00
21400 |
S = 105 — 6%
4°¢ 21-40
21-44
;%E = .055 —— 2°
0°c 2164 ]
2165
| 98 = 001 —-Fc
-2°C 21-.67
21-68
(2) 20°¢C 19.26
19.28 v .
' ;éQZ = .14 — 17.5%
15°¢ 20°35
20°34
11°¢ 2214
22-14 4
;29. = .4 — Po
7°C 21 .58
21 +58 .
;%Z = .092— 5 ¢C
3°C 21-94
21°95 ,
;%9 = .045 — 1°C
1°C 22-13
22.15
22-11
e ————————
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The temperatures of maximum refractivity obtalned

from these are as follows:

N gey -42% ¥opigp -4°3°C
z -442°C z VGl g.8°c
E HO1 "2'100 lg_ iC _2.500
7" _2:°¢C 7 48l To e
The complete set of results is given below:
Temperatures of Maximum Refrsctivity.
HC1 HBr HI HNO, .
3 -4+2 -2+8 -3+5 -6°5
~4.2 =340 -39 -7.4
E -&-1 -2°1 =30 -3+5
& -2°1 -2+0 -3.0 -3.4
NaCl NaBr Nal Nell0 5
I ~7-5 -6+0 -6+3 -11-2
& -9+8 =740 -6-8 -10+9
N -5 440 -4 3 -7+0
1 -3+6 -39 -4°2 -6°6
KC1 KBr kI KNOs «
X -65 -7.8 -8°3 -10-0
s -7.5 -8-1 -8+5 -9°8
N —505 _5.5 —4!‘5 "6.2
1 -3+0 -4+2 -4°2 -5°4
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CONSIDEEATION Of RZSULTS.

We may now exemine these results to see what
conclusions can be drawn from thém.

In the first place we expected from analogy with
density that they would obey Despretz' law, that the lower-
ing due to a solute depends on its molecular concentration
in the solution. The results bear out this law to a fair
extent, though in most cases the lowering due to a semi-
normal solution is not guite twice that of the %.

Below is given a table showing‘the 1oﬁering of the

temperature of maximum refractivity = the value for water

being taken as -0+5 <.

Lowering of the Temperature of Maximum Refractivity.

. ENO .
HC1 HBr HI 5
) =37 -2-4 -%2 -6°5
2
g‘ -1-6 -1-6 ~2+5 -30
NaCl NegBr Nal Nall0 3
21 -s1 -6-0 -6-0 -9-5
E -3l -35 -5+8 -6°3
4
;—‘ 6.5 7.4 7.9 -9.4
N -gen -7z -%+8 -5+3




LiCl LiBr Li LiNO .
- - — -
Yo 3.5 -3.3 -4.9 -6+
2
% “"109 —2.1 -3,1 _2.5
. 35 C1 N Br M I NE NO .
Py -4.9 =441 -5.2 -7.4
E "2'8 —2!2 _2-4 _4_07
4
H,50, H.CVOH CH _COOH C,H CO0H
g =57 -4.Q -%+8 -4.3
% ~2+9 -1-4 -2°1 -2°3
Na,s0, .COON& CH ;000Na CoH 5C00Ns
N o{
Pl -11-8 -57 -7+4 -8-0
‘123# -4-8 37 -2-9 -35
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From these figures we can only ssy with cer-
tainty that the lowering increases with concentration.

We cannot say that it depends directly on it. The
method of determining the lowering of the temperature of
meximun refractivity is perhaps not accurate enough to
show a marked regularity - certainly it cannot be obtained
with the gsame accuracy as that of dsnsity, where the
following of Desnretz' lav was clearly shown.

The coefficient of expansion of the solution
was found to influence the lowering of the tempersture of
maximum density, so the corresponding property was also
investigated in the case of refractivity. The re-
fractivity was measured at 20%. and at 15°., and the
difference per degree calculated from the results. This
gave the spproximste increase in refractivity at the mean
temperature, i.e., at 17°5°C. The temperatures taken
were quite arbitrary, being selected as convenient, and
. sufficiently removed from the freezing point to ensure
that there would be no interference due to formation of
ice molecules.

The results are given on the following page:
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Temperature Coefficients of Refractivity.
Tater = -21. The figures refer to scale readings of
the refractometer.
HC1 HBr HI HNO 4
N
3 *22 *22 *2b ‘26
*22 -22 ‘25 <27
% 20 .22 -23 24
21 ‘22 -21 24
NaCl HaBr Nal NalN0 3
l\I :
5 <23 <27 +28
n *25 27 *28
% .22 *23
23 ‘24 ‘25
XC1 KBr KI ~ KNOs3
g— 25 25 "27
26 27 27
. .
z 025 ‘22 .25
<20 ‘22 ‘24
Lic1 Lisr Lil LiM9
N
5 22 21 "sl
+20 . .22 .04 26
N ‘
T +20 . 21
21 <21 20 22
\”_
y NE 01 IH Br i 1 I N0,
g’_ -19 022 '24‘
) 20 <23 <22
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H 50 H.CO0H CH COUH C H COOH
N 2 4 - - “2"5
2 .26 24 .24 .04
(2 26 .25 24 24
% 24 .22 24
24 g2 .21 20
Na 50 H.COONa CH CO0Na ¢ H COONa
T 274 - - T T2 s
I .22 .36
2 .22 30 28
.IZ‘ -20 23 22
: 22 .22 .21

It can be geen by comparing these figures with
those representing the lowering of the temperature of maxi-
mum refractivity, that as.would be expected a high tempera-
ture coefficient is found for those solutions which show a
‘marked lowering of the temperatare of maximum refractivity,
and vice versg.

In the case of the lowering of the temperature
of maximum density a definite value was attributed to each
ion. following out the same idea for refractivity we
86t a somewhat similar result, although not so well-defined.

The table on the following page.shovs the results obtained.
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Lowering (in °C) of the Tempersture of Maximum Refractivity

of Hydrogen by g iMetal.

caused by Replacement

Solutions.

™o =

i

Na
K

NE,,

Na'

g Sdlutions.

.-b'—.—.————-.——.
Li
Na
K

NH
4

Na

S < : . o ot 4
Bown by & given ion is ‘roughly twice es great in an 3

4

Br 1
0°9 17
346 28
5°0 4+
1.7 240

H.CO0  CE_CQ0
17 36
Br i

‘5 -6
1-9 1+3
17 1°3

‘6 0

H.CO0 CHL£00
0°8

2+3

-0°2 .5
340 25
29 349
0-9 1°5

¢, 000 Mean
3.7 3.8
ggs Mean

-0°5 .2
33 2+0
2-3 1-6
1°7 9

_c_zg_scoo Meén

1-2 1+6

one, as would be expeoted.

Comparing these figures we find that the lowering

We are
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therefore able to calculate an approxiczate molecular value:

Li = -9 X =171

Ne = 75 | N, = 3.9

If the lowering of hydrochloric acid is taken as

8 standsrd (as was done in the case of the lowering of the
temperature of maximumAdensity); the molecular lowering of
any salt should be calculable by adding to the hydrochloric
acid value the valﬁes corresponding to the acidic and basic
radicles. Unfortunstely the values obtained for the aci-
dic radicles varied considerably, so standard values cannot
be given here.

An interesting point is the resemblance of the
figures obtained for the lowering of the temperatures of
maximum refractivity to those previously obtained for the
lowering of ths teuwperature of maximum density (Wright,

JoCnSo, 115, 119} M

Lowering of temp. of mexi- Lowering of‘temp. of mgxiuum

mum refractivity of density of N solutions.

J soTlutions. Z

1 Br I NO ¢1  Br ¥ "N
£r = 2, 2= 3
E | 3. 24 B 6°5 H 2.6 37 (4:4) (6-2)
Li) 2.5 3.3 4.9 6.3 Li | 2-8 38 (4%6) (6:2)
KEl6:5 7.2 p.9 g-a k | 55 6.5 (7-4) (9:0)
WBl49 49 5.5 7.4 vy | 36 47 (5-4) (7°2)

#phese values_are calculated
from % results.




affect on temp. of maxinmum
refractivity in ¥ solutions
of replacement 2 of hydro-
gen by a metal.

¢1 3r I O |Mean
Ii 2 9 1.7 2 5
Na| 44 3.6 2-8 3.0 |25
K '8 B5°0 4.7 2:9 (3.9

ME 1.2 1.7 240 9 1°5

Lowering of temp. of maxi-
mun refractivity of

%_éolutions.

fair}

¢ Br 1 no,
g 16 16 2:5 3+0
Mho19 21 31 25
Yoo 3.1 35 3 63

=
ro
-3
&
.
»

38 53

Yy 2.8 g.2 -4 4wy

affect on temp. of maximum

densgity in N
replauement2 of hydrogen

by a metal.

@ B 1
Li 2 1 .2
Na | 3°6 37 3°6
X 2.9 28 30
MH, 1-0 1°0 1-0

=
(@]

mol»-

AV
.

solutions of

o
©

o
L]

-
<

Lowering of temp. of maxi=

mun density of %

Li
Na

golutions.

Cl
13
1.4
o5-1
2.8
1.-8

1°8
1°9
3°7
32
2°3

L)

22
23
4+9
3T
27

i)
31
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Effect on temp. of maximunm Bffect on temp. of maximum

refractivity in ¥ solutions density in N solutions caused

caused by repla-* cement of by replace¢Z ment of hydro-
hydrogen by a metal. gen by a metal.

¢l Br I KO | Mean Cl Br 1 Lv |ilean

. - - s | T - - - T3 | T
Li 05 .5 .6 - .5 .2 Li -l .1 -1 O -l
Na| 15 19 1°2 3.3 20 Na 1-8 1°9 18 1°9|1°9
K| 11 17 12 2:3| 16 K 1-5 1+4 1.5 14 ]1+5
B 1.2 -6 0. 1.7 -9 NE, 5 B 5 5| °5

It can be seen that this is very close, and
even more so if the aversge for each ioﬁ is taken across
the series. This may be taken as a fair resding, as
any inaccuracies shouid be aporoximately balanced and
wiped out. The figures obtained in this way are very
Similgr, which really shows that the lowering effect of
8ny ion is gimilar for both the temperature of maximum

density and:the temperature of maximum refractivity.

CONCLUSIODN.

As a result of thigs study on refractivity we

condlude that the temperasture of waximum refractivity of

¥ater is lowered by the sddition of solutes. This



~5H=

lowering is approximetely proportional to the molecular
concentration of the solute: certainly it increases
with increasing corcentration. As in the cage of
density, a greater 1owering is found in solutions which
show a. high temperature coefiicient. A definite
lowering velue can also be attributed to each ion, and
these values are found to be very similar to those gl-
resdy obtained for the lowering of the temperature of

maximum density.
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