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June 14, 1894.
The LORD KELVIN, D.C.L., LL.D., President, in the Chair.

Mr. William Bateson, Mr. George Albert Boulenger, Professor
Hugh Longbourne Callendar, Professor William Watson Cheyne,
Mr. Robert Edmund Froude, Mr. Augustus Edward Hough Love,
Mr. Francis Cranmer Penrose, Dr. Dukinfield Henry Scott, the Rev.
Frederick John Smith, Mr. Joseph Wilson Swan, and Mr. Victor
Herbert Veley were admitted into the Society.

A List of the Presents received was laid on the table, and thanks.

ordered for them.

The following Papers were read :—

I. « The Molecular Surface-energy of the Esters, showing its
Variation with Chemical Constitution.” By Professor W.
Raysay, Ph.D. F.R.S., and Miss EMiLy AsToN, B.Sc.
Received April 26, 1894,

The investigation of the thermal relations of a series of esters by

Professor Young® has made it possible to determine their molecular:

surface-energies between ordinary temperature and their critical
points ; for the two important constants required for the calculation
of these properties, the densities of the liquids and of their vapours
in the saturated state (their orthobaric volumes) have been carefully

determined by him. Professor Young has had the kindness to place

his specimens at our disposal ; their purity is snfficiently guaranteed

by the proofs afforded in his paper. Before using them they were

tested for acidity, to ensure that no hydrolysis had occurred during
accidental exposure ; but in no case was the reaction acid.

The chief question to which an answer was sought was: Do these
bodies confirm the general law of which experimental proof was fur-
nished by one of the authors in conjunction with Dr. Shields, which
may be thus stated—

At approzimately equal intervals of temperature below their critical
temperatures all normal liquids possess equal molecular suiface-enerqy ?

The analogy of this law with that of Boyle is very striking; the

latter may be expressed in almost identical terms—

#* ¢ Trans. Chem. Soc.,” vol. 63, p. 1191.
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At equal intervals of temperature above absolute zero all normal gases
possess equal molecular volume-energy.

By “molecular volume-energy " is understood the product of pres-
sure into molecular volume, that is, into the volume occupied by the
molecular weight of the gas taken in grams; while molecular surface-
energy signifies the product of surface-tension and molecular-surface,
that is, the surface on which equal numbers of molecules are supposed
to be uniformly distributed, equal to the two-thirds power of the
molecular volume of the liquid.

The apparatus employed for low temperatures was that figured in the
¢ Transactions of the Chemical Society,” vol. 63, p. 1094. A double set
of observations was made, each set with a different capillary tube.
One of the tubes was accidentally broken during the experiments,
and was replaced by one of approximately the same radius. The radii,
as described in a previous paper, were measured by means of a micro-
scope with micrometer eye-piece; tube A had a radius of 001843 mm. ;
tube B of 0°01708 mm. ; and tube C of 001046 mm. These measure-
ments were confirmed by determining the ascent of pure benzene in
the tubes at known temperatures, and this is, on the whole, the easiest
and most accurate method of determining their diameters.

For higher temperatures, the apparatus, described in the ¢ Philo-
sophical Transactions,” 1893, A, p. 662, was employed. In order to
apply a correction for the capillary rise in the barometer-tube in
which the capillary tube D was confined, a determination was made
with each ester at some temperature (usually the boiling point of
alcohol under atmospheric pressure) at which capillary rise had been
determined in a wide tube with tube A, B, or C, where correction was
unnecessary, the ascent being taken, as customary, in inverse propor-
tion to the radii of the tubes. As the variation of capillary rise with
temperature is approximately a linear one, a sufficiently accurate
correction may be obtained by assuming a rectilinear relation. Thus,
for example, if at 78° the rise in the wide tube was 80 mm., and in
the narrow tube 27 mm., it was necessary to add 3 mm. to the rise in
the narrow tube at that temperature. At the critical temperature
the correction is, of course, zero, since at that temperature there is no
capillary ascent in any tube. It was held that this difference
decreased in the barometer tube proportionately with rise of tempera-
ture, so that, for example, if the critical temperature were 278° at
the temperature 178° the correction applied amounted to 1'5 mm.

We regarded it as unnecessary to increase labour by taking ob-
servations at each 10° rise of temperature; since a few points on the
curve serve to show whether the rectilinear relation holds. The plan
of experiment was as follows:—The pressure tube containing the
capillary tube was heated in the vapour of chlorobenzene, boiling
under atmospheric pressure about 132°, the exact temperature
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‘naturally depending on the barometric pressure of the day. As none
of the esters boiled much above 100° at atmospheric pressure, it was
-possible by lowering pressure to cause them to boil at 132°, especially
s in filling the tube a trace of air was purposely left in the liquid.
It is not necessary that this air should be visible as a bubble, but it-is
sufficient if the liquid is not thoroughly boiled in vacuo. It may
appear strange that such a course was followed, but repeated expe-
‘rience has shown that if a liquid is wholly deprived of dissolved gas
by boiling it 4n wacwo, it is impossible to cause it to boil, even ab
atmospheric pressure, although heated to 100° above its normal
boiling point.

Having determined the capillary rise at 132° the pressure in the
jacket was lowered, so as to canse the chlorobenzene to boil at 78° or
80°, care being taken not to allow the gas present in the upper part of
the tube to condense wholly. The rise was again noted. The tube
was then jacketed with quinoline vapour at about 185°, as well as at
higher temperatures, and readings were again taken. Some six or
seven points on the curve were thus determined, a sufficient number
to characterise it.

It will conduce to clearness to give the essential data at this stage,
reserving details of experiment to the Appendix, where they are
tabulated. For completeness’ sake, the results previously published
in the ¢ Philosophical Transactions’ for methyl formate and for ethyl
-acetate are here included. ,

As the molecular surface-energy of a liquid, provided it. does not
dissociate with rise of temperature, may be calculated by means of the
equation

Y(Mo)? = I(r—d)

(where [ is a constant characteristic of each liquid but varying only
slightly from 21, 7 is the temperature measured from the critical
point downwards, and d is a constant), the liquid is sufficiently

characterised by giving the values of %, the critical temperature, and
d. They are as follows :—

Table I.
Critical
temperature,

Ester. C.° k. d.
Methyl formate ....... 2140 2:042 59
Methyl acetate ....... 2337 2109 45
Methyl propionate .... 2574 2182 53
Methyl butyrate ...... 28125 2:220 375

Methyl isobutyrate.... 26755 2:248 525
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Table I-—continued.

Critical
temperature.

Ester. ce ks d.
Ethyl formate........ 2354 2:020 45
Ethyl acetate. ........ 2510 - 2226 67
Ethyl propionate....., 2729 2-240 49
Propyl formate ....... 264:85 2110 4-85
Propyl acetate........ 2762 2-227 50

It is evident at the first glance that it is the acid radical which
determines the value of %, for it increases progressively with the pro-
gressive increase of its molecular weight. Young has noticed a
similar relation to hold with the ratios of absolute temperatures at
corresponding pressures to absolute critical temperatures, but in other
relations which he has investigated, there does not appear to be any
analogous regularity.

As regards the values of d, they appear to fluctnate as the series
is ascended in the order of complexity of acid radical, but too great
dependence must not be placed on the values given. A very small
change in & would make a considerable difference in the value to be
assigned to d.

An attempt has been made to ascertain whether molecular volumes
admit of more regular comparison at temperatures at which mole-
cular surface-energies are equal. This appears, however, not to be

the case. Thus, at the value 890 ergs, the group of four isomerides
gives the following numbers :—

Ester. Molecular volume.
Methyl butyrate ...... ceseenes 126-17
Methyl isobutyrate.....e-.... 125-93
Ethyl propionate......... e.e.. 12680

Propyl acetate .....esvene... 12716

The agreement is no better than at their boiling points under
normal pressure.

An attempt has also been made to find whether the boiling points
at corresponding pressures bear a constant ratio to the temperatures
of equal molecular surface-energy. Taking that ratio of pressure to
critical pressure given in the fifth line of the table on p. 1245 of the
paper in the ¢Transactions,” and dividing the corresponding tem-
perature for each liquid by the temperature of equal molecular
surface-energy, the following ratios are obtained :—
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Ratio.
Methyl formate.......... 295:6/280'1 = 1-055
Ethyl formate........... 3114/3109 = 1-002
‘Methyl acetate .......... 31375/317'5 = 09879
Propyl formate.,......... 3325/348'2 = 09545
Bthyl acetate......ov.... 3277/3421 = 09625
Methyl propionate ....... 331'1/846'3 = 09559
Propyl acetate........... 346:75/3692 = 0:9393
Ethyl propionate ........ 344:6/367°0 = 09391
Methyl butyrate........ . 3483/3750 = 09290
Methyl isobutyrate. ...... 838'75/362:0 = 09356

These numbers may be roughly arranged into four groups : methyl
formate, the isomerides of the formula C;HO,, those of the formula
C,H0,, and those of the formula C;H,;,0,. They suffice to show that
the molecular surface-energies are not comparable for non-isomeric
bodies at corresponding pressures.

It must, therefore, be concluded that, although a certain rough
analogy exists between the corresponding temperatures and pressures
of the esters and their molecular surface-energy, yet the causes
which determine deviation from the deductions from the equations
of condition for fluids, are still more operative in causing deviations
when surface forces are under consideration.

These experiments add eight more compounds to the list of six
given in the ¢ Phil. Trans.,’ 1893, A, p. 662, showing that within wide
limits of temperature the molecular surface-energy of non-associating
compounds is a linear function of the temperature; and as the law
has been found to hold between more restricted limits of temperature
for other thirty (‘Trans. Chem. Soc.’, vol. 63, p. 1191), it may be
taken as placed on a firm basis.

A certain number of substances, among which are to be found the
alcohols and the acids, show deviation from this law. Reserving to
another occasion the grounds for inferring that this deviation points to
molecular complexity, it is advisable to inquire here whether it is legi-
timate to assume for compounds which follow the law that their mole-
cular weight in the state of liquid is the same as that of their gases.

Strictly speaking, the conclusion does not follow. The similar
form of the surface-energy equation to that expressing volume-energy
is a mere analogy; there is no physical connexion as yet manifest
between the two.* There is no positive evidence to show that the
molecules of such liquids as follow the law do not associate in twos,
or threes, on assuming the liquid state. ~But one thing is certain, if
they do, all associate to an equal extent, and the degree of associa-
tion is not altered by rise of temperature.

* This conclusion must be modified in view of the recent memoir by van der
Waals (see p. 181).
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These two assertions are probably not true; it is unlikely that
mere liquefaction should produce in all cases equal association; and
it is unlikely that a rise of temperature should not cause the dissocia-
tion of an associated body. Change from the gaseous to the liquid
state may be regarded as essentially equivalent to increase of pres-
sure, since each produces approach between the molecules, diminish-
ing intermolecular distance, and bringing so-called chemical forces
into play. Now it is well known that equal rise of pressure does not
always produce equal increment of association; hence it is unlikely
that association to an equal extent should be caused by the reduction
of the volumes of compounds until they are approximately equal.

This kind of proof is not unknown to chemists; it is employed,
tacitly perhaps, in the fundamental statement that the molecular
formules of hydrogen, oxygen, nitrogen, &c., are Hy, O,, and N;. On
this basis rests the usually accepted molecular formule of all com-
pounds, and they are accepted because they are the simplest expres-
sions which admit of equations of chemical interchange being
written. It is true that subsequently to the adoption of such a
standard its justice was confirmed by Kundt and Warburg’s deter-
mination of the ratio between the specific heats of mercury gas at
constant pressure and at constant volume, thereby rendering it ex-
tremely probable that the molecular formula of mercury is Hg;, and
consequently that of hydrogen H,; and by the discovery by Victor
Meyer that the molecular formula of iodine at high temperatures cor-
responds with I, But such confirmations merely supported the
generally received assumption (for assumption it was then) that the
molecular formulse of most gases are directly comparable with that of
hydrogen as H.,.

Even at this present date the doctrine of the uniform expansion of
gases at high temperatures rests on a similar basis. It has been
shown by Victor Meyer that at the highest temperature attainable in
a gas-furnace—some 1700°~—hydrogen, oxygen, and nitrogen main.
tain the same ratio of expansion towards each other. One of two
conclusions follows :—either that the expansion of all three gases is
uniform with increase of temperature, or that all three gases dis-
sociate equally with equal rise of temperature. ~Needless to say that
the first alternative is universaily adopted.

We have thought it well to state in full the reasons for adopting
the assumption that the molecular weights of such liquids as the
esters are not changed on their assuming the liquid state. It is now
evident that such a statement is an assumption, a hypothesis; but it
is one for which there is a great deal of probability, probability of
the same kind as that which led to the adoption of the usually
received molecular formuls for gases.
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Prof. W. Ramsay and Miss E. Aston.
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11. Experimental Results at Higher Temperatures.
Radius of Tube = 0:011197 cm.

l o
Substance. 2 )2 v. (v(Muo)k 7(01\2/{10)' % and d.
Methyl formate.. ... . .. . . e 2°042
d=59°
Ethyl formate ......| 80-0° | 3:881 15°50 | 306-2 | 304-9 2020
1316 | 2°344 961 | 201°0 1988 d = 45°
185°0 1-224 386 915 927
210°0 | 0+685 175 447 422
Methyl acetate,.....| 78:2° | 3:498 | 16-31L | 3189 | 818°5 2109
132°4 | 2-392 981 206°0 | 2042 | d=45°
1850 1-202 390 910 932
2000 | 0872 251 613 616
2150 | 0°512 1-21 315 300
Propyl formate .. ...| 85:0° | 3665 | 16-60 | 37L'9 | 3602 2110
181+7 | 2796 11°58 | 2725 | 2707 |d = 4-85°
1850 1+740 6-14 | 1572 1582
2100 1-251 386 1042 105 *4
2370 | 0°659 168 492 48 5
Ethyl acetate ...... ve . . . . 2226
d=6-7°
Methyl propionate ..| 78:0° | 3-750 | 1731 3831 | 879°3 2182 f
132+6 2682 11:09 | 261°8 | 2607 d=53° |
1849 1-634 573 1470 146 -7 1
2377 | 0°500 1-14 343 314 [
Read from curve { 2400 | 0°440 096 293 264 l
b 2500 | 0188 0-31 10°1 44
Propyl acetate......| 100°0° | 8-474 | 15-10 | 382'8 | 3813 2227
132-6 2877 1178 | 310°2 3087 d = 50°
185°0 | 1°893 676 | 1915 | 192-0
2100 1-412 4-57 1355 136°3
: 2382 | 0854 230 735 735
Ethyl propionate....| 100°0° | 3442 | 14-97 | 880°1 | 376°2 2240
132-2 | 2-880 1177 3102 | 304-1 d=49°
1850 1 -864 6°59 1875 1859
2100 1-384 441 1315 1299
237:6 | 0-812 2 14 688 68 1
Methyl butyrate ....| 100:0° | 3-591 1592 | 400°2 | 894 -1 2220
1325 3001 12+49 3253 8219 |d=3875°
1850 | 2-033 741 207 -3 206 °3
2100 1-532 509 148 7 1498
2380 | 0°980 2+81 877 877
Methyl isobutyrate..| 100°0° | 8-311 | 1436 | 365°0 | 3648 2248
132:2 | 2-728 1110 | 2928 292°3 |d = 525°
185°0 1726 603 1721 173 -8
210-0 1-250 390 |[117°0 |[117°6
2376 | 0694 178 56 -6 555




