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GENERAL INTRODUCTION. 



The Progress of science for more than a century 

has been associated with the development of two concepts, that of 

force and that of matter. One of the most important discoveries 

which man made in his study of the universe was that the 

attract~e force between bodies was proportional to the produot 

of their masses and inversely proportional to the square of the 

distance between them. This same law of attraotion was found 

later to govern the foroes between electrically charged 

particles and the forces between magnetic poles. The hypo­

thesis that matter is discontinuous has been very successful 

in explaining the phenomena occurring in the transformations 

of matter. It has however brought with it another problem, 

namely that of the nature and magnitude of the attractive 

forces between the oonstituent particles. When it is 

recognized that the ultimate particles knwon as molecules 

of which anyone substance is composed, are themselves cons­

tructed of a number of discrete entities named atoms, the 

problems resolves itself into two. Chemistry and phYsios 

are faoed with these two problems, an elucidation of tre law 

of force between atoms and an elucidation of the law of force 

between molecules. This thesis is devoted to a study of this 

latt..r force, which is variously known in the ohemical literature 

as molecular attractive force, molecular attraction, residual 

affinity and etc. 
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In the following investigation two methods of 

approach have been utilized. In Part I a study is made of 

molecular oompound formation in liquid systems, particular 

attention being paid to the relation between the struoture of 

the moleoule and the oocurrence of the phenome~on. Parts 11 and 

III are devoted to oareful measurements of -the deviations from 

the Ideal Gas Laws for one and t~ oomponent systems respeotively, 

substanoes being ohosen so that information was obtained upon 

both mOlecular assooiation and molecular oombination in the 

vapour state. 

The following pages of the introduction will attempt 

to show in the light of the modern knowledge of the atom and 

the molecule, what the writer oonsiders to be the general 

nature of intermoleoular attraotion and its effect upon the 

properties of ohemical systems. The place taken by the experi­

mental work here reported in the broader problem will then be 

more apparent. 

The transformations whioh matter undergoes are 

explained by the assumption that the atoms composing the molecules 

rearrange themselves to form new structures. These transformations 

will obviously be governed by the strength and character of the 

foroes between the atoms, in other words by the chemical forces 

or the ohemical affinities. The properties of the substanoe 

as suoh, its density, boiling pOint, freezing pOint and etc., 
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will depend on the foroes between the molecules, which we have 

oalled the molecular attraction. While the solution of the 

problem of interatomio attraction has made great strides 

that of intermoleoular attraction has reoeived relatively little 

attention. 

Consider a substanoe initially in the solid 

state and note how the behaviour of the substance on heating 

is modified by the forces between the molecules. As a solid 

the foroes are of a sufficient magnitude for the thermal 

agitation of the moleoules not to displace them from their 

position relative to one another. The tensile strength of 

the solid will obviously bear some functional relationship to 

this cohesive force which holds the molecules in position. 

As the thermal agitation increases a pOint will be reaohed at 

which this cohesive force is just o~come and the molecules 

will be able to move freely with respeot to one another. 

The melting pOint depends therefore on these forces. Likewise 

the energy change accompanying the dissolution of the rigid 

struoture of the solid will depend on them. Thus for the 

solid state these three important properties are intimately 

related to the foroes in question. 

In the liquid state while the cohesive foroes 

are not now of sufficient magnitude to hold the mOlecules in 

a rigid struoture, still they are great enough to hold the 
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partioles together in an aggregate. Within the liquid a 

molecule is subjeot to foroes from other molecules whi.oh are 

balanoed. At the surfaoe the foroes are not balanoed and we 

have in oonsequence the phenomenon of surface tension. 

Langmuir has shown that on the average the molecules in the 

surface layer of many liquids are oriented, one portion of the 

molecule being pulled downwards more than another •. This work 

has afforded a beautiful oonfirmation of modern theories 

of molecular attraotion, and of polar moleoules which are 

discussed, in an ensuing paragraph. Many molecules will attain 

sufficient speed to carry them through the surface beyond the 

range of attraotion of the other moleoules. The number that 

do this will dep4nd on the relation between the velooities of 

the particles, that is, the temperature of the liquid, and 

the oohesive force between the particles. Thus the vapour 

pressure as a property is dependent on the moleoular attraction. 

Finally as the temperature of the liquid is further inoreased, 

a pOint is reached when the averag.e path of the molecule in its 

thermal movement carries it always beyond the range of molecular 

attraction. It then will oontinue its motion till collision 

with another partiole or the walls of the vessell changes its 

oourse. The molecules will now fill the whole spaoe in whioh 

they are oonfined and the substanoe ie in the gaseous state. 

The point at which vapourization takes plaoe, that is the 

boIling point, and the energy neoessary to aocomplish this, 

that is, the heat of vapourization, are thus intimately oonneoted 
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with molecular attraotion. 

It should be pointed out that two other properties 

of liquids and solids, the oompressibility and the coefficient 

of expansion, must also depend on these forces, beoause 

oompression involves work against them, to push the partioles 

oloser to one another and the expansion by heat measures the 

rate at whioh the thermal agitation gradually inoreases the 

average distanoe apart of the partioles in spite of the forces 

whioh tend to hold them together. The very high pressure and 

temperatures neoessary to oause quite small ohanges in volume 

for liquids and solids are as indioation of the magnitude of 

these forces when the distances between the partioles are 

small. 

In the gaseous state the partioles are moving 

throughout the spaoe in which they are oonfined, and the 

average path~~f a partiole, whioh we oan oall the mean free 

path, is greater than the range in which the attractive forces 

are effec ti ve. Assuming now that at least the effect of 

these forces has been eliminated, the pressure of the gas may be 

oonsidered as due to the impacts of the partioles on the walls 

of the vessels and a simple relation may be derived oonneoting 

the pressure, temperature and vOlume of the gas, a relation 

which agrees with the early experimental work of Boyle, Charles 

and Gay-Lussao and which is known as the Ideal Gas Law. The 

conolusion that the attractive force can now be negleoted is 

erroneous however, for while the partiole is oertainly free 
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from this foroe during the major portion of its path, still it 

does meet with other partioles and therefore for a short 

distance before and after oollision will be subjeot to this 

force, and will have its motion aocordin~lY modified. The 

fraotion of its path during which this force is effeotive, 

will be greater the shorter the patt, that is the higher 

the pressure, and it is indeed found on making exaot measure­

ments that the deviations from the Ideal Gas Law are greater 

the higher the pressure. Also if the pressure is inoreased 

suffioiently, the substanoe returns to the liquid state, that 

is, the substance returns to the point wherethe mean, free 

path 1s no longer grea.ter than 'the range of the attraotive 

foroe. However an inoreaae of temperature offsets this. 

There is a temperature beyond which the motion of the partiole 

will always be able to overcome the cohesive force and 

liquefaction will not be possible. This is known as the 

oritioal temperature. In the oase of gases·therefore, 

moleoular attraction may be studied through oritioal temperatures 

and through devia.tions from the Ideal Gas Laws. 

Thus far only pure sUbstanoes have been oonsidered. 

Solution~ of one substanoe in another present many interesting 

phenomena in oonneotion with this problem. SOlid solutions do 

not readily lend themselves to study from this pOint of view. 

Liquid solutions have however received a very extensive study, 

partioularly in respeot to Raoult's Law. This law in its 
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generalized form is most easily stated thermodynamically but for 

the purpose of this discussion it will be considered in the form 

of a vapour pressure law. In a solution which obeys Raoults 

Law, the Ideal Solution, the partial pressures of the oomponents 

are proportional to their respective mol-fractions. In other 

words, the relative number of molecules of type A and B which 

esoape from the surface of the liquid ia proportional to the 

aotual number of molecules A and B present in the liquid. 

Actually there are not many solutions whioh obey this law and 

the reason will appear from a oonsideration of the following 
(1) 

faots in the manner due to Hildebrand, a method Which is 

in olose aooord with the method of the preceding discussion. 

If the field of foroe around the molecule A is qUite similar 

to that around moleoule B, then in the solution it will 

be quite immaterial to A as far as its motion is ooncerned. 

whether it is surrounded by 4 molecules of type A and 3 of 

type B, or whether it is entirely surrounded by moleoules of 

its own type. So its esoaping tendenoy will be unaltered 

and its partial pressure will depend only on the number of 

type A present in the solution. The solution will obey Raoult"s 

Law. If however the field of force around B is muoh larger 

or smaller than that around A then it does matter how many of B 

are grouped around A and the esoaping tendenoy of A will be 

affeoted to a measurable extent. Now Hildebrand made an 

exhaustive tabulation of the properties whioh we have shown to 

depend on the attractive force and was thus able to place all 
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ordinary substanoes in a table ln the order of the greatness 

of the attraotive force whioh they possessed. In spite of 

the fact that the exaot relationships between the properties 

and the forces are unknown, the different properties plaoe the 

substanoes in the same sequenoe in suoh a table. This in 

itself is important oonfirmation of the point of view adopted 

but he found further that preoisely those solutions whioh 

oonsisted of substanoes possessing moleoular fiel~of equal 

strength, aooording to the above methods, were the solutions 

whioh did obey Raoults Law. Solutions whose oomponents 

differed widely in attraotive forces showed large deviations 

from Raoults Law. 

In the oase of gases the rule analogous 

to Raoult's Law is Dalton's Law. In the Ideal Gas Solution 

the total pressure of the gas 1s the sum of the partial 

pressures, whioh the oomponent gases would exert at the 

same temperature and in the same volume. Studies of the 

deviation from this rule have only been made in a very few 

oases, but the results are in agreement with the meohanism 

assumed in all the preoeding disoussion. Them ls, however, 

some indioation of a further phenomenon whioh might mean 

that the field of force around the moleou1e is not symmetrical, 

in other words that one part of the molecule should exert a 

stronger attraotive force than another. The worm of Langmuir 

mentioned is of oourse indioation of this same thing. The 
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phenomenon is sometim~ referred to as regional polarity in a 

nomenolature whioh refers to moleoules with an attraotive 

field of foroe as polar moleoules and to the toroe itself 

as polar i ty. 

An enquiry into the reasons for such a phenomenon 

as a regional polarity neoessitate. a brief disoussion of the 

modern theory of valenoe and at the same time a more intimate 

pioture will be obtained of the oause of the polarity itself, 

whose effects we have shown to be so far-reaching upon the 

properties of matter. Without going into the historical 

development of the pioture the following summary oan be given. 

Atoms have been shown to oonsist of positively oharged and 

negatively oharged oonstituents known respeotively as protons 

and eleotrons. The exaot proton-eleotron oontent of all the 

atoms is now known. A study of Roentgen Rays and of speotra 

has shown that the eleotrons are grouped around the positive 

nuoleus in olasses, the eleotrons of one olass differing 

from those in ano'iher in their energy-oontent. The periodio 

table and the valances of the elements show that there is a 

tendency for oertain elements to lose or gain eleotrons in 

an attempt to obtain oertain eleotron configurations which for 

some reason are more s·table than others. The inert gases 

have already these configurations and therefore show no tendency 

to lose or gain eleotrons,that is ,they have zero valance. 

Interaction between atoms consist therefore in a redistribution 

of their electrons so that all approach as near as POssible the 
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stable oonfigurations represented by the inert gases. 

If an atom lost an eleotron it would be positively oharged 

and one that gained an eleotron would be negatively oharged. 

Sodium ohloride is a good example of a oompound formed by 

the ooourrenoe of both those prooesses, the sodium attaining 

the oonfiguration of neon and the ohlorine atom the configuration 

of argon. In other oases the eleotrons available are not 

suffioient for both atoms to attain the stable arrangement 

independently and in those oases they accomplish the result 

by sharing pairs of eleotrons. Under these oonditions the 

pair of e1eotrons may occupy all positions intermediate 

between the two atoms, the position being dependent on the 

rel~tive attraotive foroes of ,the nuclei. Stereochemioa1 

faots have shown that this pairing tends to take p1aoe in 

definite positions around the nuo1eus.ln other words,the 

valenoe forces are directed, and the mo1eou1e of the resulting 

oompound has a very definite spatial arohitecture. Eleotron­

ioa11y we may oonsider that the eleotrons oooupy definite 

positions around the nuo1eus or, whioh is more probable, that 

the orbital motion of the eleotron has a definite position 

with respeot to the nucleus. 

In oonneotion with moleoular attraotion the 

important pOint in the above pioture is that there is an 

eleotron shift when atoms oombine to form a mo1eoule. This 

means that in general in a moleoule the centre of positive 

eleotrifioation will no longer ooincide with the oentre of 
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negativ e eleotrification. In the case of sodium ohloride 

the separation of the oentres is very great and suoh a 

substanoe is said to be very polar. A struoture consisting 

of positive and negative eleotrioity a finite ·distanoe apart 

is an eleotrio doublet. and as such possesses an eleotl'-·io 

moment. It therefore would have an attraotion for like 
\ 

struotures, oonsequent upon the tendency of the whole system 

to reach an arrangement with minimum potential energy. 

If this this argument is valid therefore every molecule in 

general will have an attractive field of foroe. Furthermore, 

since the valence foroes are directed in spaoe, a molecule 

of a rather complex arohiteo·ture might possess an eleotrio 

moment in one section much greater than the moment of other 

seotions and under oertain conditions the molecule would there-

fore tend to be oriented, and to orient other moleoules 

with respect to itself. This regional polarity might be 

expeoted to have important' effects upon possible reactions 

between two molecules. 

That such eleotrical doublets pictured above 

have an existence has long been a part of the optical theory 

associated with the study of refractive indioes and dielectrio 

oonstants. Reoently a number of men from these properties 

have oaloulated the aotual magnltudes of t~~)eleotric moments 

for the moleoules of very many substances. The agreement 
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between the relative polarities of groups of substances as 

determined from chemical behaviour and as calculated from 

optical theory is truly striking. 

Polarity in molecules induces still other pheno-

mena besides those already disoussed. In some cases 

attraotive forces are eo great that oomplexes are formed 

in which the molecules still retain their molecular struct~s 

but the struotures as a.whole assooiate to form larger 

struotures the units of whioh are molecules. These, when 

the oonstituent moleoules have been unlike have been known 

as moleoular oompounds; when the oonstituent moleoules are 

alike the phenomenon is known as association. Water and the 

alcohols are the commonest examples of the latter class of 

substanoes, and deviations from the generalizations conneoted 

with surface tension and the heat of vapourization have shown 

that undoubtedly in the liquid state these substanoes are 

associated, although nothing more than a rough estimate of the 

extent of the assooiations can be determined. The study of 

molecular oompounds from this pOint of view has been obsoured 

_, the attempt to explain them on the basis of subsidiary 

valenoes of the same general character as the ordinary 

valenoes but smaller in intensity. In the case of oxygen 

oontaining oompounds, the oxonium oompounds, this theory 

was in general quite suooessful, but the majority of 

moleoular oompounds do not admit of suoh an explanation 

and reoourse must be had to the more general theory outlined 
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above. In the oase of the oxonium oompounds even, the 

polarity theory might well apply, sinoe the two valenoes of oxygen 

have a spatial direotion and thus every oompound oontaining 

oxygen would be very polar, if the two valenoes were direoted 

to the same side of the atom, say, towards the oorners of a 

tetrahedron. This latter pioture is not improbable sinoe 

the external group of g eleotrons in the oase of oarbon takes 

that oonfiguration and the oxygen atom in oombination has the 

same group of g eleotrons. If the polarity theory of mole­

oular oompound formation is correot this phenomenon will afford 

a good method for the study of the relative polarity of the 

members of a series of compounds and from this it shOUld be 

asoertained how the field of molecular attraotion is dependent 

on the moleoular struoture. 

It is hoped that the above review will suffioe 

to indioate the importanoe of an investigation devoted to a 

study of moleoular attraotion, its oauses, magnitude and if 

possible the laws whioh govern it. Since the field is relative­

ly speaking new the intial generalizations and hypothea~s 

must perforce be rather sketohy in oharacter and must be oon-

sidered as tentative explanations only. Stil1,the recent 

advances in the knowledge of the structure of the atom and the 

moleoule offer a foundation for the attaok of the intermoleoular 

problem whioh has hitherto been entirely wanting and so advanoe 

in this field should now be rapid. 



P~TI 

MOLECULAR COMPOUND FORMATION IN THE LIQUID STATE. 



Moleoular Combination has been shown to ooour 

in a wide variety of systems by the applioation of the 

Phase Rule to the freezing point-oomposition diagrams. 

This method is partioularly good beoause there is no 

ambiguity in the interpretation of the results inasmuoh as 

a oompound formed between the two oomponents showethat a very 

strong attraotion exists. Other workers have shown that 

organio substanoes oontaining oxygen, such as the aloohols and 

ethers form addi t i ve compou'nds "i th the halogens and the halogen 

hydrides. The hypothesis advanced to account for the 

existence of these oompounds was based on the supposed 

tetravalenoy of oxygen. ( 
3) 

In the oourse of an investigation of these 

oxonium compounds several systems of non-oxygen oontaining 

substances with the halogen hydridee were examined with the t" 

objeot of showing that, in the absenoe of oxygen~ oompounds were 

not formed. The system ohloroform-hydrochloric acid illustrated 

this. But oontrary to expeotation, toluene was found to form 

an addit ive oompound with hydrobromic ac id similar to an 

oxonium oompound, and further experiments showed that toluene 

and chlorine oombined to form suoh oompounds. It has been 

pOinted out in the introduotion that moleoular oombination 

may be explained by means of the foroes of moleoular attraotion 

whioh polar moleoules possess, and that therefore on this view 
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the oxonium oompounds need no speoial hypothesis as distinot 

from that required for other moleoular oompounds. 

The present investigation has been arranged 

to determine the nature of these toluene oompounds by 

ascertaining whether aromatio and unsaturated hydrooarbons 

in general behave in a similar manner. Toluene is composed 

of oarbon and hydrogen, two elements whose valenc1es are 

especially well defined and invariable. Moreover in the case 

of oarbon in general the four pairs of eleotrons in the outer 

group have eaoh an element or radi .0&1 attached to them so 

that the minimum of polarity will be induoed by the asymmetrical 

dist~1but1on of the elements or radicals. The unsaturated 

groups in the oase of toluene are assumed to be the basic 
(~) 

cause of the polarity in the molecule. Norris has before 

suggested that unsaturation might induce moleoular oompound 

formation. Bow far this view is justified will appear in 

the course of this report. 

The above outline may suffioe to show the value 

of a researoh oonfined to investigating the effect of the 

structure of a hydrooarbon on additive oompound formation. 

With this objeot in view it was thought desirable to examine 

the following systems: benzene, toluene, ethyl-benzene, mesityl-

ene, acetylene and allylene; hydrobromic aoid to be the 

seoond oomponent in every case, 

The principle of the experimental method was 



the ordinary one of measuring the freezing pOints of various 

oonoentrations of hydrooarbon~hydrobromio acid. Many exper~ 

imental diffioulties had to be overoome, and, as these 

varied from system to system, no general desoription oan be 

given, but the special methods used in examining eaoh system 

may best be outlined separately, together with the results 

obtained. 

The temperatures throughout were measured 

by means of a platinum resistance thermometer oonsisting 

of a ooi1 of fine platinum wire fused into a ~uartz rod. 
w~ 

The variable resistanoe in the Wheatstone bridgeA&OcuratelY 

oalibrated, making it possible to read the temperature to 0,10 • 

The ffeezing pOints quoted, bowever, may be taken as aoourate 
o to only 1.0 , this being the error involved in observing the 

disappearance of the solid phase. This was deemed suffioiently 

aoourate, as the relative variation of freezing pOint with ooncentr, 

tion is ~ulte large. 

It might be well to mention that for the first 

few points in the benzene-hydrobromio acid ourve a pentane 

thermometer was used, but it was found to be not very aocurate, 

due largely to~e fact that pentane settles very slowly, while 

the manipulation at the precise time of determining the pOint 

must be very quiok; so the platinum thermometer Was arranged 

and used throughout. 
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The hydrobromic acid was prepared by dropping 

bromine on a mixture of red phosphorus and water, passing 

the gas evolved through wash bottles containing phosphortts 

and water to prevent oontamination by bromine, then through 

a tube phosphorus pentoxide, and oondensed in ,a large test 

tube surrounded by solid oarbon~dioxide, well moistened 

with ether. 

To determine the desired percentage composition 

of the hydrooarbon-hydrobromic acid mixture the weight methOd, 
(3) 

described in detail by MoIntosh and Maass was used wherever 

possible. 

The determinatione were carried out in a large 

test tube, the rubber stopper of which was bored to admit the 

thermometer, the stirrer, and also had a larger hole to admit 

additions of other oomponents. In the case when the oomponent 

to be added Was a liquid, the larger 'hole was olosed by a small 

stopper which was removed and the addition made by means of 

a pyonometer. If the seoond oomponent was a gas, the small 

stopper was replaoed by another in whioh was a delivery-tube 

through which the gas was passed. In the case of additions of 

benzene' the delivery~tube of the pyonometer was of oapillary 

size, so that loss by evaporation from the end should be a 

minimum. A blank test was run to determine its exaot amount, 

and it was found that by quiok weighing it was too small to 

affeot the peroentages, taking into aocount the large amounts 

of the oomponents whioh were being used. 



As the means of oooling and freezing the mixtures, 

the usual oarbon-dioxide moistened with ether was used. With 

this, temperatures down to -7SoC. oan be obtained, and if lower 

temperatures are re~u1red, the tube could be fitted with a 

stopper and the oarbon dioxide-ether mixture subjeoted to 

eva,ouat ion. Temperatures a8 low as -1150 C. were reached 

quite easily in this way. 

The prooedure in detail was as follows. The 

empty tube with its stopper, stirrer and thermometer was 

weighed olean and dry. Then hydrobromio aoid was distilled 

into the tube in suffioient quantity to just oover the ooil of 

the platinum thermometer. The delivery-tube through whioh 

the distillation was made was then removed and the stopper with 

stirrer and thermometer fitted to it. It was then weighed again 

and thus the amount of hydrobromio acid determined. The 

pyonometer with hydrooarbon was weighed, a oertain amount added 

to the hydrobromio aoid in the tube, and then quiokly weighed 

aga.in. This gave the peroentage of the mixture whioh was then 

thoroughly mixed and its freezing-point determined. Another 

addition of hydrooarbon was made, the freezing-point of the r .. 
new mixture determined and 80 on. It was found that oonsequent 

upon the warming up of the solution after eaoh addition of the 

hydro-oarbon, some of the aoid evaporated. Aite r eaC!ll two or 

three additions, therefore, the tube with all its oontents 

was weighed and the lose of hydrobromi0 aoid eo determined 
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distributed in proportion over the previous peroentages and 

thus the oorreotion made. At the end of a series of determina-

tions, (usually six or seven were the most that oould be made 

at a time), the whole oontents of the tube were dissolved in a 

large quantity of water and the amount of hydrobromio aoid 

determined by standard alkali. This analysis neoessitated 

a very slight oorreotion to the peroentages. 

In the oase of benzene, pOints on the curve 

from lOO~ hydrobromio aoid to 56~ hydrobromio acid were 

obtained by this method. At the oonoentrations of the last 

few points the oomponents were only diffioultly soluble one 

in another and the loss of hydrobromio acid, while stirring to 

thoroughly mix them, rendered the acourate oaloulation of the 

peroentage impossible. So this portion of the ourve had to be 

disoontinued and a fresh start was made from the pure benzene 

side. The tube with known amount of benzene was weighed, 

some hydrobromic aoid distilled in and the tube reweighed. 

Thus the peroentage of the mixture was asoertained. The 

freezing-point was then determined. More hydrobromio aaid 

Was distilled in, the tube reweighted and another freezing-point 

determined. In this way points from zero per oent hydrobromio 

aoid to 1~.5% hydrobromio acid were measured, but above this 

oonoentration the hydrobromic aoid would not dissolve under atmos­

pherio pressure. Thus by the weight method, similar to 

that used by other experimenters, a oonsiderable portion of the 

ourve was oompleted, but there remained the gap from l4.5~ hydro-
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bromio aoid to 56~ hydrobromio acid. To determine pOints 

in this part of the ourve, new methods evidently had to be 

de9ised. 

Resouroe was had to the following manipu­

lation. A small bulb was blown at the end of a small glass 

tube. This was weighed, the bulb partly filled with benzene 

and reweighed. The bulb was then immsersed in the solid 

oarbon dioxide~ether mixture and hydrobromio acid distilled 

in by means of fine capillary tubes. When suffioient 

hydrobromio acid was thought to have been added, the delivery 

tubes were withdrawn, a oork inserted and the tube reweighted. 

If t~e peroentage was about where a pOint was desired on 

the ourve, the next stage was begun. If not, more hydrobromio 

aoid was distilled into it, using, of oourse, fresh oapillaries. 

When a satisfaotory percentage had been obtained a stiff wire 

was attached just above the bulk and by means of a small 

blow-pipe flame the bulk was sealed off. The stiff wire 

was for the purpose of holding the bulb, the lower portion of 

whioh was immersed in solid oarbon dioxide-ether mixture 

while being sealed off. The mixture in the bulb was then 

allowed to warm up, the oontents to mix thoroughly and the 

freezing-point determined by a method iD be outlined presently. 

After the freezing-point was determined the wire was removed 

from the bulb and the latter was weighed aocurately. Tbe 
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long entranoe tube formerly attached to it was also weighed 

aoourately and thus the amount of hydrobromio aoid exaot1y 

estimated. The freezing pOints of the oontenta of these 

bulbs were redetermine4 some weeks later and found not to 

have ohanged. To oheok the percentages the mixtures were 

ana1yzed as follows: The bulb, previously weghed, was 

immersed in oarbon dioxide-ether mixture and the tip out off; 

it was then- dropped into a large Erlenmeyer flask filled with 

distilled water, and oovered. The hydrobromio acid was 

absorbed by the water and determined by standard alkali. 

The bulb itself with the tip whioh was broken off was oare­

fully dried and weighed aoourately. This analysis gave 

results oonoordant with the peroentages as determined by 

weight, as the following figures taken from the first few 

samples will indioate. 

By weight ., •• 

By analysis • • 

• • 

• • 

Peroentages 

The results by analysis were probably the more 

aoourate as there was less opportunitY.for the entranoe of such 

disturbing factors as the evaporation of the benzene; they were 

therefore taken as the true peroentages. 

In order the measure the freezing-points of 

the mixtures in the bulb., use was made of a oooled ether 
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bath oontained in an unsilvered Dewar flask. The temperature 

of the ether bath oould be lowered by the addition of a few 

lumps of solid oarbon dioxide and raised by the addition 

of a little more ether. A oontinuous stream of air 

bubbling through the bath kept it stirred and maintained a 

uniform temperature, as registered by the thermometer immersed 

in it. This arrangement makes it possible to keep the bath 
o 0 (5) 

at any desired temperature between the limits 0 and -75 • 

The bulb held by the wire was p1aoed in the bath and its 

oontents thoroughly stirred by shaking and turning it. By 

ohanging the temperature of the bath the pOint was obtained, 

at whioh the last traoes of solid in the bulb did not grow on 

being left for some time; this Was a ainimum. Now the 

solid was oomplete1y melted by warming up the bath a few 

degrees, and the bath was then oooled by stages till a point 

was reached at which the solid just disappeared. This was 

taken as the freezing-point of the mixture. The differenoe 

between the minimum pOint obtained and the first pOint after 

warming the bat~ was only one or two degrees, eo that the 

points were determined with sufficient aoouraoy. 

The values obtained for the freezing-points 

of the benzene-hydrobromic aOid system are given in Table I and 

represented in Figure I. It will be seen that no compound ie 

formed between these two substance, as there is no suggestion of a 

maximum at 50.1% acid, oorrespOnding to a one-to-one compound 

or 36.6% oorrespondin~ to a· oompound two benzene to one acid. 
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TABLE I. 

Freezing Points of the Benzene~Hydrobrom1c Acid System. 

% Acid 'by weight. 
Freezing Tem~erature 

Degrees C. 

0.0 5·1+ 

5.9 1.3 

12.9 -3.5 
14.5 -4.0 

27.05 -12.5 
,).6 -20.5 

:;8.2 -26.5 
42.0 -31.0 
1+6.6 -39.0 

48.02 -40.0 

51.0 -42.0 

57.1 -47.0 
65.2 -56.5 

73.5 -65.0 

77.g -70.5 

85.7 -79.5 
8S.97 -87.5 
92.96 -95.0 

96.13 -90.0 

100.0 -!6.0 



Since a compound forms between toluol and 

hydrobromic acid and yet no combination ocours between 

benzene and the acid, it was thought that ethyl benzene would 

logically be the next hydrocarbon to investigate. A-very 

pure sample was obtained 'from the laboratories of the 

University of Illinois; its boiling pOint was 136.50 
and 

its melting point -92.40. With this substance, as with 

the benzene, the slight cloudiness visible on oooling, 

due to minute traces of water, could only be remov~d by pro­

longed standing over sodium. The treatment of the ethyl benzene 

was precisely similar to that of benzene with the exoeption 

of the use of bulbs. This Was not necessary as the hydro­

bromic acid is soluble in the hydrooarbon at ordinary 

pressures. It is interesting to note that the acid is also 

fairly soluble in toluene 'and mesitylene, both of which form 

compounds, while in benzene, which does not form a oompound, 

it is relatively insoluble. By the additions of the hydrooarbon 

to the acid, pOints on the curve were obtained from 100% acid 

to 26.3% acid. The last two pOints were very difficult to 

determine as the metaatable phase would persist in coming out. 

Its melting point, of course, was at a much lower temperature. 

By repeated trials the stable higher melting phase was also 

obtained. Thmfor a short period there is a metastable 

prolongation of one section of the curve. The remainder of 

the curve Was oompleted by additions of the acid to the 

hydrocarbon. Liquid air was neoessary for oooling.purposes 
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sinoe temperatures as low as -1300 were required. 

The values obtained are given in Table 11 and 

are represented by Figure 11. It will be notioed that 

here there are two oompounds formed, one oontaining ~3.3~ 

aoid oorrespondingto one ethyl benzene~one hydrobromio aOid, 
o melting at -105.5 I the other oorresponding to two ethyl 

benzene-one hydrobromio aoid melting at ~103.go and oontaining 

27.6~ acid. 

The temperatures in brackets represent the 

temperatures on the metastable portion of the ourve 

oorresponding to the oompositions indioated. 
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TABLE 11 

Freezing Points of the .thyl Benzene-HYdrobromio 

Acid System. 

% aoid by weight 
Freezing tem~erature 

Degrees C. 

0.0 -92.4-

8.94- -97.7 . 
19.4 --103.6 

23.3 ..... (-11S.5) 

2 6.; -104.0 (-115.2') 

2s.6 -104.0 (-112.6) 

;;.g -110.2 

;6.2 -109.0 

40.0 -106.0 

45.7 -106.3 

52.4- -10e.8 

58.9 -112.2 

65.4 -116.7 

70.1 -120.5 

75.2 -125.2 

79.7 -125.0 

85.2 ... 105.S 

90.7 -96.5 

95.1 -90.8 
100.0 -86.0 
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The fact that ethyl benzene forms two oompounds, 

one of which is a two to one oompound, led to a close investi~ 

gat ion of the nature of the toluene-hydrobromic acid curve 

obtained by Maass and McIntosh. The maximum here oorresponds 

to a compound -~ two toluene-one hydrobromio aoid. However, 

it was decided to make check determinations on the part of 

the ourve near the maximum to see if that was the true maximum. 

The experimental manipulation was similar to that in the 

previous curves, oarbon dioxide-ether mixture under vacuum 

being used as the freezing agent. The values are represented 

in Table III and in Figure III are indicated in their relation 

to the values obtained by Maass and Molntosh. The values 

at the maximum are seen to correspond very closely, indicating 

a compound of the constltuion two toluene-one hydrobromic 

acid, melting at -86.50 and containing 30.5% aoid. 
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Figure Ill. 
The System Toluene-H"drobromic 1-cid . 



TABLE III 

Freezing Points of the Toluene-Hydrobromio 

Acid System. 

Freezing Temperature 

% acid by weight Degrees C. 

6.7 -96.6 

23.6 -89.0 

26.s -S8.3 

29.5 -87.6 

34.g ... 88.0 

39.9 -S9.O 

43.7 -90.6 

90.2 -101.5 

92.7 - 95.8 

95.1 - 91.6 

Continuing the series it was thought that the 

dtmethyl substituted benzene ring might be very interesting. 

But at the time the pure xy1enes had not as yet been prepared. 

The symmetrioal trimethyl substituted benzene derivative, 

mesitylene, was, however, obtained. The sample used was 

lahlbaum's, purified by repeated distillation over sodium 

and allowed to stand for some days over sodium wire; its 

boiling pOint was 164.5° and its melting pOint -53.5°. The 

prooedure was identical with that in the case of toluene, 

oarbon dioxide under vaouum being again resorted to for freezing 

purposes. 



-29-

The values obtained are shown in Table IV 

and represented in Figure IV. It will be seen that 

there is a well-defined maximum oorresponding to a oompound 

one mesitylene-one hydrobromio aoid of oomposition 40.3~ acid. 

It might be interesting to pOint out that 

saturated solutions of hydrobromio aoid in the substituted 

benzene oompounds when allowed to stand for some time at room 

temperature give evidenoe of ohemioal interaotion, oontrary 

to the usual oonoeption of the behavior of aromatio hydro-

oarbons towards halogen aoids. Benzene here, too, exhibits 

its usual obemioal inertia, a solution of hydrobromio aoid in 

benzene remaining unchanged after months. 
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TABLE IV 

Freezing Points of the Mesity1ene Hydro­

bromio Acid System. 

~ acid by weight. 

0.0 

2.7 

4.5 

11.6 

18.5 

25.6 

30.3 

35.0 

40.3 

41.5 

48.! 

50.2 

51.7 

55.9 

57.9 

6~.2 

72.7 

77.95 
g4.5 

91.8 

100.0 

Freezing Temperatuxe. 
Degrees C 

-53.5 

-56.5 

-57. 5 

-65.5 

-68.5 

-66.5 

-64.5 

-63.0 

-61.5 

-61.7 

-61.7 

-62.2 

-62.5 

-67.5 

-6g.4 

-g2.0 

-90.0 

-103.5 

-105.0 

-98.5 

-86.0 



The experimental treatment of the liquid 

hydrocarbons, with the exoeption of benzene, it has been 

seen, presented no outstanding diffioulty. The mutual 

insolubility of the two components in the case of the 

benzene was overoome by the somewhat tedious yet very accurate 

bulb method. The oases of acetylene and allylene, however, 

presented much more difficulty. The two components are 

gaseous at ordinary temperature, introduoing the awkwardness 

attendant upon the handling of such substances. Furthermore, 

the melting pOint of acetylene is sO low that to preserve 

it in the liquid or solid form the carbon dioxide-ether mixture 

had to be kept qontinuously under vacuum. The most cogent 

argument against using the ordinary method was furnished by 

the fact that at room temperature the two oomponents may 

react with one another and thus while distilling one gas into 

the other their vapors would meet above the surface of the 

liquid and this phase would be contaminated, producing an 

irregularity in the results, this irregularity not being 

constant, but increasing with the number of new additions of 

gas made to the system. 

The bulb method which had already been tried 

out in the case of benzene was the apparent solution of 

the difficulty but had to be modified for the treatment of 

gases, so that the composition of the mixtures would be 



aoourately known. This was done by the addition of the 

oomponents by volume and the apparatus desor,ibed in a 

subsequent paragraph was evolved to accomplish this, after 

trials of various other n~thods. 

The aoetylene was generated by dropping wat~r 

on oaloium oarbide oovered ·with alcohol, passed through two 

wash~bottles containing chromic aoid and potassium hydroxide, 

respeotively, through a tube of phosphorous pentoxide and 

oondensed in a large test-tube by means of oarbon dioxide-ether 

mixture under vaouum. The chromio acid removed the 

phosphine, whioh is as a rule present, the potassium hydroxide 

removed the oarbon dioxide and the phosphorous pentoxide removed 

the water. The condensation by solid oarbon monoxide under 

vacuum eliminated the nitrogen and oarbon monoxide which are 

sometimes present in sample s made by this method. The 

substance thus colleoted was redistilled through wash bottles 

oontaining fresh reagents and passed into a large gasometer. 

A sample taken from this was found to be absorbed without 

residue in saturated bromine water. 

The gasometer containing the pure produot 

was oonnected at A to the apparatuB represented in Figure 

V. The hydrobrom-io acid was prepared in the usual 

way and distilled into the tube B, the delivery tube being 

sealed off at the end. L and K were large flasks of approx-

imately one-liter oapaoity, C and D smaller flasks whose 

volumes were about 150 0.0. These volumes bad been aocurately 



K 

Figure V. 
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oalibra.ted as well as the volume of the tubing from the two-

way tap at X to the manometer M. At E a series of bulbs 

were arranged 12 in number) only 6 being shown in the diagram. 

Immediately above eaoh bulb there was a small oonstriotion 

in the tubing and a little higher a tap by whioh it could be 

shut off from the system. All joints throughout the 

apparatus were of glass. The prooedure was as follows: 

The taps on the tubing leading from the reservoir to L were 

olosed and the tap leading to the vaouum pump at P opened) 

this seotion thus being exhausted. The tap oonneoting 

the system to the reservoir was opened onoe or twioe to 

allow a rush of aoetylene through the tubing) to wash 

out thoroughly any air in that seotion of tubing. Similarly, 

the tap oonneoting B to the vaouum pump P was opened 

suddenly once or twice) thus drawing the air out of that 

seotion. Meanwhile the whole apparatus from the taps at 1 

and! to the manometer M had been completely evacuated by 

an automatio meroury pump oonneoted at~. Then the taps 

on the tubes leading to the bulbs at ! and the bulbs at C' 

and D were turned off. Acetylene was admitted to the large 

flask L until about atmospheric pressure was reaohed. It 

was then sbut off from the reservoir and conneoted to the 

small bulb Q. When equilibrium had been established the 

tap at 1 was closed and the pressure read as registered 

on the manometer at ~ Tbe tap was then opened to one of 

the bulbs surrounded by liquid air and the acetylene from the 



bulb C thus oondensed. A oaloulation hadbeen made previously 

of the drop in pressure neoessary to give the required 

amount of aoetylene and as the meroury reached this height 

in the manometer the tap oonneoting the bulb to the system 

was olosed. The volume formerly ocoupied by the gas was known 

and the ohange in pressure in the system: therefore the 
(~ 

quantity oondensed could be aocurately oaloulated. The tap 

at a was now olosed, the tap at ~ being onoe more opened to 

exhaust thoroughly t~ tubing from X to M. When this had 

been accomplished, the pump was cut off by olosing the 

tap, and the two-way tap at X opened to K, whioh had been 

previously evaouated. Hydrobromio aoid was then admitted 

to this flask by warming up the liquid in B. The prooedure 

now was the same as in the oase of aoetylene, exoept that 

the small bulb D was used instead ~f C, the aoid being 

oondensed on top of the hydrooarbon in the bulb. A oaloulation 

had been made before hand of the ohange in pressure whioh 

would be requiSite to give the desired peroentage with the 

amount of aoetylene already oondensed, and the oondensation of 

the aoid was stopped at the right pOint by turning the tap 

at the head of the bUlb. This was then sealed off at the 

oonstriotion with a small blow-pipe flame and the freezing 

(f) The density of the gases used had been determined by a 
method desoribed in the Appendix. 
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pOint of the mixture determined. For the handling of the bulb 

during the sealing off and after sealing off, a stiff wire 

was attached in the following manner: amelI strip of adhesive 

tape was wound round the neok and round this the pieoe of 

stiff wire was bent, but not very tightly, on acoount of the 

danger of breaking the bulb off at the small oonstriotion above; 

it was then bound in place by fine, flexible wire. 

At first oondensation was oarried out from the 

large flasks only, but the ohange in pressure obtained was 

so small that any end in its reading would have had too great 

an effeot on the aoouraoy of the work. Therefore the small 

bulbs C and D were introduoed so that the drop in pressure 

was 50 or 60 oentimeters. 

Sometimes, to obtain the required amount of 
w 

hydrooarbon or aoid in the bulb, the small volume C or ~ 

would require to be filled from the large flask L or K one, 

two or more times. When the supply in L or K beoame very 

low, more oould be obtained from the reservoir in the one 

oase, or by warming up the liquid in the other. 

At all times after the first oondensation of 

the acetylene the bulb was kept immersed in liquid air, and 

thus when the ao~ was oondensed on top of it at the temperature 

of the liquid air the solid hydrooarbon had no appreoiable 

vapor pressure and thus there was no vapor whloh oould reaot 

with the inooming aoid vapor. The acid oondensed as a 
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solid and the two substances were kept in t~t condition 

until the bulb had been plaoed in the bath and had warmed up 
o gradually to about -90 J when for the first time the two 

oomponents were allowed to mix thoroughly. 

The freezing points of the mixtures in the 

bulbs were determined in preoisely the same way as those 

of benzene-hydrobromic acid. The low temperatures 

required in this oase necessitated the use of liquid air 

to cool the bath, and to do this conveniently it was arranged 

as in the diagram, Figure VI; N and T represent the bulb 

and thermometer, respeotively. R is a small bulb into which 

was led a tube from the Dewar flask oontaining the liquid 

air. Thus when desired to cool the bath, a little liquid 

air was introduoed into this bulb. S is a tube from which 

issued a oonstant stream of dry air to keep the liquid of the 

bath well stirred and thus at a uniform temperature. The 

liquid used was in this case petroleum ether on aooount of 

its low melting pOint. With this arrangement the temperature 

of the bath was under oomplete control and by introducing from 

time to time just the right amount of liquid air into the 

bulb C, the bath oould be kept at constant temperature for 

almost any length of time desired. The values obtained from 

the various peroentages are given in Tavle V, and are graphically 

represented in Figure VII. 



Figure VI. 
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TABLE v. 

Freezing Points of the Aoety1ene­

Hydrobromio Acid System. 

~ aoid by weight Moleou1ar ~ aoid 

0.0 0,0 

19.4 7.2 

30.0 12.9 

39.S 15.4-

4-9.9 24-.2 

56.0 2g.4-

61.9 34-.3 

64-.0 36.1 

69.9 4-2.g 

74-.5 J+g. 4-

76.0 50.0 

7S.0 53.2 

g3.4- 61.7 

S5.; 65.6 

g7.5 69.4 

g9.9 74.3 

100.0 100.00 

Freezing Temp. 
Degrees C. 

-Sl.g 

-g2.5 

-S5.7 

-8g.2 

-93.2 

-97.3 
-101.3 

-103.7 

-109.6 

-113.1 

-115. 2 

-117.6 

-125.2 

-126.0 

-120.2 

-115.0 

- g6.0 



It oan be seen here that there is but one euteotio; that 

is to say, no oompound formation oocurs between the two 

oomponent.s. 

The marked bend on the aoetylene side of the 

ourve is oaused by the meth~d of plotting, due to the small 

moleoular weight of acetylene relative to that of hydrobromio 

aoid. This is seen to disappear if the ·ourve is plotted 

moleoularly as indioated by the dotted line in Figure VII. 

Some interesting faots were noted as to the 

behavior of the bulbs when allowed to warm up to room temper­

ature. Those whose oontents were represented on the right 

side of the euteotio after & short time exploded violently. 

The r~maining bulbs when broken some weeks later still 

oontained large amounts of hydrobromio aoid even though there 

was in the mixture a large exoess of aoetylene, that is to 

say, no interatomio oombination between the substanoe had 

ooourred at relatively high temperatures. In a previous 

attempt to determine the freezing pOint ourve of the two 

oomponents, a platinum stirrer was used, and it was noticed 

that a dark brown oil formed at the surface of the platinum, 

whioh oil persisted on the warming up of the mixture. 

It was thought that the platinum had oatalyzed 

a reaotion between the two oomponents and therefore a bulb 

was made in the usual manner oontaining a pieoe of platinum. 
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This bulb after a short time exploded with great violence, 

shattering to small pieoes a large glass jar in which it was 

standing. This apparently indicates that the platinum 

had oatalyzed the interatomio reaotion between the components. 

In view of the results obtained in the oase of 

benzene and toluene, the study of the system allylene-hydro­

bromio aoid hadspeoial interest and importanoe. The prepara­

tion of the hydrooarbon, which was attended with many 

difficulties and took much time, presented in itself many 

pOints of interest and is disoussed in the Appendix. 

The procedure to determine the freezing-point 

ourve was quite similar to the case of acetylene. Since its 

boiling pOint was considerably above that of the solid 

oarbon dioxide-ether bath the storage tube described in the 

Appendix could be sealed direotly to the apparatus and the 

substance drawn off for use in warming the tube as in the case 

of the hydrobromic acid. 

The values obtained are given in Table VI. 

and are graphically represented in Figure VIII. It can be 

seen that there is a definite maximum at a point corresponding 

to a oompound one allylene-one hydrobromic acid. 
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Figure VIII . 
Ths Sy s tem Allylene-Hydrobromic Acid . 
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TABLE VI. 

Freezing Points of the Ally1ene-Hydrobromic Acid 

% acid by weight 

0.0 

30.6 

45.3 

54.2 

54.3 

57.6 

60.s 

64.6 

66.3 

68.0 

70.5 

73.9 
131.5 

e5.0 

90.3 

95.4-

100.0 

System. 

Freezing Temperature. 
Degrees C. 

-106.0 

~113.3 

-122.6 

-131.0 

-130.9 

-130.5 

-128.6 

-127.5 

-12g.4-

-127.1 

-129.0 

-130.2 

-136.0 

-139.4-

~121.5 

-102.1 

- 136.0 



The behavior of aoetylene and allylene towards 

hydrobromic aoid supports the hypothesis that the formation 

of oompounds in the ordinary sense, that is, those in whioh 

the linkages are atomio, is preoeded by moleoular oompound 

formation. It was notioed that when the bulbs oontaining the 
, 

allylene and hydrobromio aoid were allowed to warm up to room 

temperature, the atomio oompound was gradually formed, while 

in the oase of aoetylene bulbs, no r.eaotion seemed to take plaoe. 

This may throw light on the vexing problem of the velooity 

of organic reactions. 



SUM M A R Y. 

To summarize the experimental work. Aoety1ene 

and benzene fo not form mo1eoular oompounds with hydrobromio 

aoid at low temperatures. The existenoe of a oompound of the 

oomposition two toluene-one hydrobromio acid melting at ~g6.5° 

has been verified; oompounds of the composition one ethyl 

benzene-one hydrobromic aoid melting at -105.5°, tw~ ethyl 

benzene-one hydrobromio acid melting at -103.g0, one mesity1ene­

one hydrobromio aoid m[ting at -61.00 , one a11y1ene-one 

hydrobromic acid melting at -127.0°, have been shown to exist. 

One oan conclude therefore that unsaturation does 

tend to induoe molecular oompound formation but may not 
v 

neoess~ri1y do so, as is exemplified in the cases of benzene 

and acetylene. In these two substances the symmetriaal 

arrangement of the linkages apparently corresponds to a 

symmetrioal distribution of the positive and negative oharges 

in the molecular struoture. When there is an alkyl sub-

etitution in this structure this symmetrical distribution 

is disturbed, the molecule as a whole, acquires an electrio 

moment, a polarity, and thereby acquires the ability to form 

molecular oomplexes. This is in aocord with the behaviour 

postulated in the introductory disoussion and agrees with 

the oaloulated eleotric moments of these molecules as derived 



from optioal data by Smyth (loo.oit). The following are his 

figures • For benzens .20; toluene, .~o; ethyl benzene, 

• ~6; mesitylene, -36; bydrobromio acid, .79; all moments 

being multiplied by lOl!. As far as is possible from 

measurements of this kind the general postulates may be oon­

sidered as being substantiated. 



PART 1I 

DEVIATIONS FROt·: THE IDEAL GAS LA1rS IN ONE-COMPONENT 
SYSTEMS. 



When a substanoe is in the vapour state it fills 

the whole space in whioh it is oonfined. The pressure it 

exerts upon the boundaries of the volume in which it is enclosed, 

may be oonsidered as due to the impacts of its constituent 

partioles, and an increase in temperature may be considered as 

affecting the properties of the substance only by adding to 

the kinetio energy of the moving particles. This simplified 

picture yields upon mathematical treatment the Ideal Gas 

Law, PV.RT, which as has been mentioned agrees with the 

early experiments of Boyle, Charles and Gay-Lussao. Later 

and more aoourate experiments have shown that all aotual gases 

deviate from this simple law to a measurable degree. It is 

obvious that these deviations are due to a too great simplifioa­

tion of the kinetic picture and that a more exact relation will 

be obtained by taking into aocount the spaoe oooupied by the 

partioles themselves and the attractive foroes between the 

partioles. 

While the reasons for the deviations from the 

Ideal Gas Law have been apparent, great diffioulty has been 

enoountered in the mathematioal treatment of the more oomplex 

pioture. Many relations between the pressure, temperature and 

volume of a gas have been derived but none has given a satis­

faotory agreement with experiement. Partington and Shilling ( 6) 

have listed 56 suoh Equations of State as they are oalled. 
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One of the earliest attempts to solve the problem was made 

by Van der Wa.a.ls and hie equation is the best knGrWn and 

perhaps, in gene'ral, the most satisfactory. It takes the 

(p + 7)(V-~)=RT. ~--- ---(,) 
where P, V, Rand T have their usual signifioance and where 

'a' and tb' depending re$Pectively on the moleoular attraotion 

and the size of the moleoule. The inadequa.oy of Van der 

Waals equation is probably due to the faot that both 'at and 

tb' are not independent of temperature. At very high 

temperatures the molecule possibly will be deformed, affeoting 

tat and Richarde has demonstrated that molecules must be 

oonsidered as compressible. Even when the gas is not subjected 

to these extreme oondi t ions 14aass (7) has recen tly shown in 

a simple manner that tb' should not be independent of pressure 

and temperature. By a different mathematioal treatment than 

that of Van der .aale he shows that 'b' is only proportional to 

the tv' volume of the molecules if a oonstant mean free path 

is assumed. Now the mean frvee path has long been known to 

depend on temperature and Sutherland has pointed out (~) that 

that dependenoe is due to moleoular attraction which may oause 

two mo1eoules at a low temperature to oollide, whereas at 

a higber temperature and oonsequently greater velocity they 

will pass one another. Sutherland in the same paper derives 

a relation between the viscosity of a gas and its temperature, 

and sinoe the viscosity depends in a simple manner on the mean 
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freepath, a more generalized form of Van der Waals equation 

may be obtained, in whioh the variation of tb' with temperature 

is not negleoted. This was done by Maass (loo.cit.) and the 

new equation takes the form 

PV~- RTV 
wbere C is a oonstant appearing in Sutherlands viscosity 

formula and is known as Sutherlandsoonstant, and 
13: 'iI'-5 7r -1.J1V 

I + ,zZ..:J 
where trt is the radius of the mo ecule and N is the number 

of moleoules in one gram-mole. This is the equation whioh 

has been applied to the experimental results in this thesis. 

It is seen that besides giving information upon the forces 

of mo-leoular attraotion it also gives a measure of moleoular 

sizes. In the cases of many of the ordinary gases whose 

molecular radii have been determined in other ways, it has 

been shown that the radii determined by mea~ of equation ~. 

are in exact agreement. Such agreement gives one confidenoe 

in the data upon moleoular forces obtained from the equation. 

To apply the equation to experimental results 

the graphioal method is the most oonvenient and the equation 

has therefore been used in the following manner. If for V 
M RT 

(J). 

is substituted N" P where M is the molecular weigh,t of 

the substanoe, at constant temperature the quantity ~ equates 
f1 

to a series expansion in powers of P, in which all higher powers 

of P than the first may be neglected. In other words, the 
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isotherms of the equation take the form 

M' ~ M(, + AF) - - - - - - - ('-1-). 

which is that of a linear equation. 

An additional method of using the equation may be 

obtained in the following way_ The equation.~ re-written 

takes this form ) 

PV;<- f?TV = RpT ';"(0 - RPC ----(5). 

In other words if the observed quantity represented 

by the le~t-band side of equation is plotted against temperature 

a straight line should result, whose slope is equal to R f3 
an~ whose intercept at the ordinate of zero temperature if equal 

to (R pc. - a). Knowing C for the substance the radius can then 

be calculated, and also the value of the Cluantity 'a' . 

Four substances were studied, hydrogen chloride, 

ethyl ether, methyl alcohol, and ethyl alcohol. The latter 

two substances were examined because deviations from the 

equation .It were expected due to association. Such deviations 

in the case of water have already been studied by Maaas and 

Mennle (9). 

The Preparation of the Materia~ 

The hydrogen chloride was prepared by dropping 

concentrated sulphuric acid, C.P., upon concentrated aqueous 

hydroohloric acid, C.~., the evolved gas being passed through 
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a wash bottle oontaining conoentrated sulphurio acid, then 

through a tube of pbOsphorus pentoxide and finally condensed 

in a tube immersed in a bath of ether which was cooled to the 

condensation pOint of hydrogen chloride by means of liquid 

air. The liquid obtained was then distilled twice through 

tubes oontaining phoephorus pentoxide, the final oondensation 

taking plaoe in a oontainer attached to the density apparatus. 

It was kept in the liquid state and amni tted to the apparatus 

as desired. 

The ether was prepared in the ordinary manner. 

Starting with a so-oalled puxe product it was thoroughly 

washed with water to remove aloohol and given a preliminary 

drying by means of oaloium chloride. A repeated distillation 

over sodium gave a product in whioh no impurity could be 

detected. 
alcoho\ 

The methYl~was prepared· from a C.F. commeroial 

produot. It was first treated with a few crystals of 

iodine to remove the acetone, distilled over potassium hydroxide, 

and then distilled three times from calcium metal. The final 

product showed no sign of impurity. 

The ethyl alcohol was treated first with 

potassium hydroxide to rasinify the aldeh~dee, distilled from 

the potassium hydroxide and then repeatedly distilled from 

metallic caloium. The presence of the aldehyde had not been 

suspected at first, and so the first preparations were impure. 

A oareful determination of the density of this final produot was 



made and the result d, 25/4 - .7~50g was found to be in 

exaot agreement with the Bureau of Standards value .7g506. 

In pOint of fact the actual experimental work reveals any 

appreciable amount of impurity in any of the substances, since 

the extrapolation of the isotherms to zero temperature should 
I give the value M=M. This was always found to be so exoept 

in the case of the first alcohol samples as mentioned, which 

were of course disoarded. 

!he Apparatus and Method. 

Since hydrogen chloride at- ordinary temperatures 

and pressures is a gas the procedure in its case Was different 

from-that employed for the other three substanoes. Its 

density was first measured over the range of pressures desired 

at 25 degrees C. in a special apparatus and the results so 

obtained enabled the measurements at the other temperatures to 

be oarried out in the same apparatus as was used for the 

alcohols and the e.ther. 

The method employed in measuring the density 

was a modifioation of that described in Appendix II. Essentially 

it consists of observing the pressure of the gas contained in a 

known volume, maintained at a known temperature; oondensing the 

gas by means of liquid air into a small glass bulb, strong 

enough to withetand considerable pressure; sealing off the 

bulb and weighing it after it has reached room temperature. 
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The bulb is again cooled in liquid air, the tip is broken off, 

oare being taken to lose none of the glass, and the bulb is 

finally weighed empty. 

This method possesses over other methods of 

obtaining gas density by direct weighing,such as the well 

known Dumas method, the advantage that the weight of the 

oontainer is of the same order as the weight of its contents 

and a oomparatively large volume of gas oan be weighed on an 

ordinary analytical balance. 

The known volume consiste4 of a glass globe of 

about one litre oapaoity, fitted with a tap, oontained in 

a bath. The volume of the globe had been determined by 

weighing it filled with distilled water, and all correotions 

made to give the volume aoourate1y at 25 degrees e., the 

temperature used in the experiments. 

The bath oonsisted of a large battery jar, 

stirred by a small motor drive propellor, and the temperature 

was band regulated by means of the addition of hot and 

oold water. Since the room temperature was very olose to 

25 degrees C. the bath oould be easily be maintained within 

+ .02 degrees of the required as long as temperature was 

neoessary for making the pressure readings. 

The temperatures were observed on a thermometer 

oalibrated by the Physikalisohe-Teohnlscbe Reichanstalt whioh 

could be read easily to .05 degrees. The constanoy of the 
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the bath temperature was maintained by observation of a 

Beokman thermometer. 

Pressures were read on a manometer with a scale 

graduated in millimeters and etched on a mirror. It oould 

b~ read to 0.1 mm. A meroury reservoir, to which suotion 

or pressure could be applied, permitted adjustment of the 

mercury level in the manometer. The mercury on the side 

oonneoted to the apparatus was always brought up just to 

touoh a glass joint sealed into the manometer tube, so that 

a single reading gave the pressure. 

The prooedure was then as follows: The volume 

with all oonneoting tubing was first evaouated by means of the 

automatic Toepler pump, swept out with hydrogen chloride and 

re-evaouated several times. Hydrogen ohloride was then admitted, 

by opening the tap to the storage bulb, to approximately the 

desired pressure. The pressure could be observed on ~ second 

rough manometer conneoted to the system. The bath, whioh 

had meanwhile been brough~ to the desired temperature, was 

oarefully regulated and the pressure was read on tile manometer. 

The tap on the volume was thenclosed and the connecting tubing 

evaouated. Sealed on to a series of aide tubes were 

several glass bulbs with thiok walls and long, oonstrioted, 

oapillary necks. One of these Was immersed in liquid air, 

the tap leading to the pump and storage bulb was closed 

and the tap on the volume opened. The hydrogen chloride 

condensed in the small bulb, which was then sealed off at the 
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constriction. A small residual pressure was always observed. 

This was subtracted from the original pressure, but an additional 

oorrection had also to be applied for the uncondensed gas 

in the "dead spaoe" between the volume, the tap leading to 

the storage bulb, and the level of the mercury in the manometer. 

It was for this reason that the mercury level in the manometer 

was always brought to the same point before a reading was made. 

The volume of this dead space had been determined when the 

apparatus was built. As the residual pressure was very small, 

usually less than 2 mm., the mass of gas in the dead spaoe could 

be oaloulated wi th suff io ient accuraoy from the Ideal Gas' Law. 

The amount found Was added to that determined by weighing the 

bulb. 

The bulb was allowed to warm up to room temperature 

before weighing. This was ~one with a oalibrated set of 

weights, against which those used in determining the volume 

had also been calibrated. After weighing the bulb was cooled 

again in liquid air, a nick was made in the neck with a sharp 

file and the tip broken off over a sheet of glazed paper, to 

avoiD any loss of fragments of glass. The hydrogen chloride 

was allowed to evaporate ,the bulb was dried in the oven, air 

being sucked through by introducing a fine capillary connected 

to water pump. The empty bulb was then weighed, along with 

the broken tip. Finally it was filled with distilled water 

and weighed again to obtain the volume in order to oort'eot for 

the air oontained in it during the seoond weighing. 
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Weighings were made to 0.0001 gm. The probable 

error in the weight is about 2 in 5000 at the lowest 

pressures used and at the highest pressures, not over 

2 in 20,000. The probable error in the pressure readings 

is not over 1 in 7000 at the higher pressures. Temperatures 

were read to 0.1 degree, the probable error betog thus about 1 

in 3000. The accuracy of the measurements thus depends on 

the aocuracy of the temperature readings and may be taken as 

better than 1 in 2000. These results at 25 degrees were 

utilized in a method for accurately weighing out desired 

amounts of liquid hydrogen ohloride, because the results are 

essentially a relation between the weight of gas in the globe 

and the pressure reoorded on the manometer. So weighed amounts 

of hydrogen ohloride could be prepared, and used in the apparatus 

about to be described just as easily as weighed amounts of ether 

or alcohOl. 

The method employed for the hydrogen ohloride at 

the higher temperatures, the ether and the alcohols was in 

principle the same as that already described but the prooedure 

was reversed. That is to say, the substance was first weighed, 

then introduced into the oalibrated volume and a number of 

pressure readings made at various temperatures. The manometer 

could not be connected directly to the vplume, sinoe it was 

desired to hear the bath to 200 degrees and at that temperature 

mercury has a vapour pressure of 17 mm. This would introduce 

a third oomponent into the system; beSides, it would be 
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diffioult to ensure that the equilibrium pressure of mercury 

vapour had been reaohed. Consequently the pressure wa.s 

exerted against a oolumn of mercury in a U-tube which was 

oontained in a seoond smaller bath, maintained at a temperature 

just abo'\e the boiling point of water. This pressure was 

balanced by admitting air to the other side of the U~tube, 

and the air pressure was read on the manometer. 

The apparatus is shown diagrammatioally in 

Figure IX which is not drawn to soale. The main portion was 

oonstruoted of Pyrex glass. R is a graduated Pyrex-to-soft 

glass seal, which made possible an all glass oonneotion to 

the manometer M, and the tubes G, and ~ which were made of 

soft glass. The other connections between Pyrex and soft glass 

were through sealing wax joints, ~, I~and I3the oonstruotion 

of which is evident from the diagram, V is a Pyrex flask, the 

volume of which, and including the tube K, and along with that 

of the oonnecting tube C, as far as the pOint marked X, was 

accurately determined by weighing it filled with distilled 

water. This was oarried out with oalibrated weights on a 

balanoe sensitive to 0.001 gm. The volume, at 20 degrees of 

the oonneoting tube was found to be 4.300. and of the flask, 

1039.0 00. A volume temperature ourve, from the volume at any 

temperature oould be read off, was prepared using the 

formula. (10); 
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A-bath Bf, which was of metal, jacketed with a 

double layer of thick felt, oould be plaoed in the position 

shown. The bath liquid was a high boiling hydrocarbon oil 

oommercially known as Glyooline. It fumed only slightly 

below 150 degrees and even at 200 degrees decomposition 

was not great, although with repeated heating it gradually 

became da.m er and somewhat more viscous. It was heated by 

two eleotrioal heating elements, ~, which were hand regulated 

by means of rheostats, and a third small auxiliary heater, ~ 

oonsisting of nichrome wire wound on a Pyrex tube and controlled 

with a thermoregulator. Stirring Was aooomplished by four 

motor driven brass stirrers, St Ea.oh one oarried a pair of 

two bladed propellors, whioh were set so that two adjacent 

stirrers pushed up and the other two, down, maintaining a 

oonstant oiroulation of the oil. The arrangement of heaters, 

stirrers, and etc. in the bath is shown in plan. They 

were all supported from above, SO that the bath could be 

lowered and removed when neoessary. 

Temperatures were read by means of three mercury 

thermometers T" oalibrated by the Phyaikalieche-Teohnisohe 
o () d 0 D 0 Reiohanstalt and oovering the ranges 0-100, 10 -15OJ 150-200. 

o These were graduated in tenths and oould be read easily to 0.05.-

The ioe points of all three were tested and they were oompared 

with eaoh other at the pOints where their soales overlapped. 

They were found to be exaot when the oorreotions indioated 

on the oalibratl0 oertificates had been made. 
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The bath was kept at the desired temperature by 

the use of a spiral bimetallic thermoregulator. If the 

rheostats in the main heating circuits were adjusted to give 

a temperature just below the desired temperature the auxiliary 

heater operated by the thermoregulator would keep the temperature 

exactly at the point desired with but very little attention. 

With long use the oontaots on the regulator clogged a little 

from the fumes of the oil, and had to be oleaned with ether, 

but this was the only difficulty experienced. 

The oonnecting tube C, was covered with asbestos 

and wound with niohrome wire, through whioh a current 
e 0 

was passed suffioient to heat the tube to 110-120 C. This 

temperature remained quite constant over the length of time 

neoessary to take a pressure reading, and Was read to the 

nearest degree on the thermometer ~ 

The bath ~ was also heated eleotrioally by means 

of a heating element similar to those used in B, (not shown in 

the diagram). It was stirred by a single, motor-driven glass 

stirrer (also not shown in the diagram) and the temperature 

regulated by hand to remain approximately the same as that of 

the tube C. This temperature was also read to the nearest 

degree on an ordinary meroury thermometer. The bath liquid 

Was the same as that used in the large bath. The Glyooline 

is originally quite olear and colourless and only becomes 

faintly yellow after prolonged heating at lOO-12~ C. The 
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bath vessel was a four litre Pyrex beaker. A lantern 

was arranged behind it, whioh threw an image of the U-tube 

on a ground glass soreen about four feet away_ The movement 

of the meroury in the U-tube oould thus be readily observed 

and the taps controlling it were plaoed conveniently in front 

of the screen. The latter was ru~d with lines 0.1 inch 

apart, this distanoe being found to oorrespond approximately 

to 0.1 om. in the U-tube. The soreen was carefullY,before 

each run with the aid of a oathetometer, so that the rulings 

were perfeotly horizontal. 

Pressure readings were made on the manometer M, 

whioh was the same one already described (details are not 

shown in the figure, which is purely diagrammatio). In this 

case, however, the glass pOint was neglected and the mercury 

level on both sides of the manometer was read. 

The remainder of the apparatus oan be most 

olearly described in conneotion with an aooount of the exper­

imental procedure. 

The method in obtaining bulbs with the required 

amount of hydrogen ohloride has alre~dy desoribed in oonnection 

with the determination of its density at 25 C. The procedure 

in the case of the ether and the aloohols was as follows. 

A bulb of the shape shown in Figure IXA and of about 1~2 cc. 

capacity was filled with distilled water to the point 'a' and 

weighed to determine ita volume. It was then oarefully cleaned, 



dried in the oven and weighed empty. A suitable amount of 

the liquid to be studied was introduoed by means of a capillary 

pipette. The stem of the bulb was then forced through a 

one~holed stopper as shown. This latter fitted closely into 

the end of a tube ~eading to a Hyvao, a motor-driven oil vaouum 

pump, and part of the liquid boiled off by evaouation. This 

effectually removed any air dissolved in the liquids. While 

still under vaouum it was sealed off at pOint tat. The stem 

Was removed from the rubber stopper and oarefully wiped clean; 

when the bulb bad reached room temperature it was also wiped 

clean and weighed along with the stem. The bulb now contained 

a known weight of the desired liquid. After a few bulbs had 

been made it was easy to estimate the correct point at which to 

atop the evapouration so that a suitable amount of liquid was 

obtained for the experiment. 

The end of the tube G,being open, the bulb was in­

troduoed into the poeition shown in the diagram, at ~ the hammer 

~, which consisted of an iron nal1sealed into glass tube, 

being raised meanwhile by means of the solenoid whioh is shown 

surrounding the tube. 

then sealed off. 

The open end of the side-tube was 

The tube G~was used the case of the hydrogen 
A 

ohloride, whioh, due to its large pressure at ordinary temperatures 

had to be frozen with liquid air before the tip of its containing 

bulb was broken. 
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Taps l~ 2 and 3 being turned as shown in the diagram 

and taps 4, 5 and 6 being open~ the entire apparatus could be 

evacuated. The preliminary evaouation was done rapidly by means 

of the "Hyvao" through tap 7 and evacuation was then completed 

by means of the automatic Toepler through tap 8, All taps were 

then olosed; tap 3 was opened to the air and tap 6 olowly 

opened, allowing the meroury in the reservoir tube L~to rise 

into the U~tube Y. This cuts off the main portion of the 

apparatus from all taps, ensuring that the vapour comes in 

contact only with glass and mercury and that no air oall 

leak in. 

The bath ~, having previously been removed, the 

projeoting tube K was immersed in liquid air. The hammer 

H,was raised by means of the solenoid and dropped, breaking the 

stem of the small glass bulb Ar The liquid distilled over 

through the oonneoting tubing and condensed in Kt The 

pressure, as registered in Y and M, rose to one om. or BO and then 

slowly fell. The tube G,was finally cautiously warmed with a 

flame, to make sure that the }Et traoes of liquid were gone. 

The volume of all the oonneoting had been 

determined in order to collect, if necessary, for any unoondensed 

vapour. It was approximately 125 cc. A residual pressure 

of 0.1 mm. oould be detected with oertainty, while a pressure 

of 1 mm. would mean a oorrection of only 0.0001 gm. Actually 

no residual pressure at all was registered on the manometer and 
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no such correction was neoessary. 

The liquid having thus all been transferred to 

the tube K, air was admitted to the reservoir ~, by opening 

tap I to the air and oautiously opening tap 4. The mercury 

was thus forced through the capillary oonnecting tube into U. 

The liquid in V was now isolated from the rest of the system. 

The mercury was then drawn out of Y by opening taps 3, 6, and 

7 to the "Hyvac" Pump. The freezing agent 00 uld now be 

removed from K. The bath Bfwas replaced and the heating 

elements in 13" and.B,). and on C turned on. As the pressure in 

V rose, air was admitted through taps 2 and. 5 to balance it on 

the other side of U. Air was also admitted to~, as required, 

to maintain the level of the mercury in U. When atmospheric 

pressure was reached in Lp the ground glass stopper could be 

removed and mercury added if required. 

When BAand C had reached a temperature about the 

boiling point of the liquid, B,was brought to the temperature 

desired. Readings were then made at 25 degrees intervals up to 

200°0. and as a rule after oheoking the i~ialreading~~the 
pressure of the system was low enough, a final reading was made 

below the boiling pOint of the substance. In this way readings 
o 0 

were made for ether at 25. methyl alcohol at 50 and for ethyl 

alcohol at 75~ 

The bath ~, being maintained at the desired 

temperature, as already described, tap 7 was opened to the 

"Hyvao" , the lantern was switohed on and taps 1,2.4, and 



5 manipulated to bring the mercury in U up to the point 

X, and exaotly level in the two arms. Q,and Q~are two large 

volumes of about one litre oapaoity, enclosed in a box and 

paoked in wool to maintain their temperature constant. They 

oould be out off from the system when desired by the taps 9 

and 10 but these latter were normally open. Their volume 

being large compared with that of the systems to which they were 

conneoted, they served as stabilizers, facilitating oontrol of 

the meroury and preventing changes in pressure due to variations 

in room temperature. 

It was found that a difference of 0.1 mm. in the 

mercury levels could readily be detected on the soreen and allowed 

for in making the pressure reading on the manometer. The latter 

oould be read to within 0.1 mm. on eaoh side, 80 that the 

pressure readings should be aocurate within 0.2 mm. The aocuraoy 

of both ~emperature and pressure readings is attested by the 

faot that on several occasions readings were repeated at the 

first temperature pOint as the bath cooled down, after being 

heated to 200~J and the original pressure reading duplicated. 

The possibility of meroury vapour affecting 

the measurements had to be taken into aocount, since even 

at the temperature of the bath ~ meroury possesses an appreciable 

vapour pressure (about 0.7 mm.). However, the equilibrium 

pressure would be attained exoeedingly slowly on aocount of the 

very slow diffusion of the heavy meroury atoms through the narrow 



tube C, filled with gas at at least half an atmosphere 

pressure. The faot that two or three hours intervened between 

the duplicate readings just mentioned, seems convincing evidenoe 

that not enough mercury vapour oould have entered the volume V 

in the time of an experiment t~ affect the pressure readings 

materially. 

The aocuracy of the method is then conditioned 

by tbe aocuracy with the weight of the liquid is known. Weighings 

were made to 0.0001 gm. admitting a possible error of 0.0003 gm., 

the probable accuracy in the case of methyl aloohol, the substanoe 

with smallest moleoular weight, is about 1 in 2000. 

When the desired readings had been obtained, the 

meroury was drawn baok from U into LfbY opening taps 4, 1 and 

7 to the "Hyvac w• Tap 7 was then closed for the moment while 

the taps 2, 3. 5 and 6 were opened to the suction line. Tap 7 

Was then re-opened and the whole system evacuated; whereupon 

the heaters and stirrers were switched off and the run was over. 

EXPERIMENTAL RESULTS. 

The results are given in Tables VII, VIII, IX, X, 

and XI, Table~rcontaining the results for hydrogen chloride at 

25° C. with the simple apparatus, and the other tables the 

results with the more elaborate apparatus. The temperature is 

given in degrees Oentigrade, the mass in grams, the pressure in 

millimetres of meroury at 00 Centigrade, and the VOlume in cubic 

oentimetres. M' was oaloulated from the pressure, temperature 

and volume observed, assuming the Ideal Gas Law. In Figures X, 



xt XlIand XII!the quantity M' is plotted against pressure. 

DISCUSSION OF RESULTS. 

The linearity of the isotherms in Figures IX 

and X indicates that the theoretical equation fits the facts. 

In the case of the hydrogen chloride very few pOints were taken, 

since the deviationa from the Ideal Gas Law were,under the 

oonditions of the experiments. not muoh greater than the 

experimental error. An actual measure of the magnitude of 

these deviations was needed for the work on two components 

systems and so the above measurements were made. 

-r" The ourvature in Figures XI and XI! is an 

indication of assooiation as Was shown by Maass and Mennie 

(loo. 0 it. ) . In the ir invest igat ion to te at equation (Lt ) 

oarbon dioxide and water were chosen as examples of the two 

classes, non-associated and assOciated substance respeotively. 

A ourvature was in evidence even at the higher temperatures in 

the case of water. 
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TABLE VII 

!be System HYdrogen Chloride at 250 C, 

Pressure Weight Volume Ml 

726.6 1.6005 1116.7 36.672 

395.5 .8701 It 36.636 

49S.5 1.0957 If 36.592 

761.8 1.6771 11 36.653 

685.2 1.50!4 If 36.652 

603.2 1.3266 " 36.616 
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TABLE VIII. 

The SYstem - Hydrogen Chloride. 

Temperature Mass Pressure Volume M' 

24.g0 c. 1.0040 1+90.5 1039.0 36.601 

5QJ. 1.2068 63g.9 1039.3 36.636 

" 1.0037 532.1 " 36.5g6 

100.8 1.2060 739.4 1039.g 36.582 

" 1.0031 615.1 " 36.575 
151.0 1.0025 697.g 1040.3 36.532 
201.2 1.0019 7g1.5 1040.9 36.43g 
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TABLE IX. 

The System Ether. 

Tem~erature Mass Pressure Volume 1f t 
.~ 

25.0°0. 2.0548 482.5 1039.0 76.203 

" 1.5340 361.9 " 75.847 

" 1.3355 316.2 " 75.575 
° 50.1 c. 2.0542 525.2 1039.3 75.g62 

" 1.5334 394.2 " 75.447 

" 2.6796 679.1 " 76.532 
n 1.3351 344.2 n 75·232 
° 75.5 c. 2.67g7 736.0 1039.5 76.123 

" 1.334a 371.9 " 75.070 

" 2.0536 567.9 " 75.637 
n 1.5329 426.3 n 75.208 

100. gOe. 2.0530 611.1 1039.g 75.348 

" 1.5325 458.0 " 75.046 
n 2.67g0 792.6 " 75.7g0 

" 1.3343 399.4 " 74.92g 
12 5.3°0 2.0523 652.3 1040.1 75.16g 

" 1.5321 4g8.9 " 74.g70 

" 1.3340 426.1 " 74.79g 
151.0°0. 2.0519 695. 7· 1040.3 74.99g 

" 1.5317 520. g " 74.7g6 
" 1.3336 4-54.1 " 74.6713 
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TABLE IX (CONTINUED) 

Tem:2erature Mass Pressure Volume Mt 

0 175.5 c. 2.0513 736.6 104-0.6 7l.i-.!82 

n 1.5313 551.4- n 74-.674 
n 1.3333 480.g ft 74.568 

201.2°0. 2.050! 779.9 10~,9 74. 738 

" 1.53309 ~3.2 n 74-.60g 

" 1.3330 508.4- " 74-.520 
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TABLE x. 
The System - Methyl Alcohol. 

Temperature Mass Pressure Volume 14' 

'0 75.5 c. 1.0373 658.4- 1039.5 32.953 

" .7g97 505.8 " 32.656 

" • 71l!9 4-61.1 " 32.610 

" 1.2210 769.6 tt 33.1g4-

" • 54g2 353.5 " 32.436 

° lOO.! C. 1.0371 713.4 1039.g 32.605 

" .7!94 545.6 n 32.451 

" .718g 498.0 " 32.372 

" . 54S1 3So.4 " 32.315 

12 5.3°0 1.036g 762.8 1040.1 32.474-

" .7g92 5S2.5 " 32.369 

" .71S5 531.5 " 32.298 

" .5479 406.3 " 32.217 
° 151.0 C. · 7890 621.0 1040.3 32 .307 

" .71g4- 565.9 " 32.281 

" • 547g 432.2 tt 32.229 
175. SoC. .7Sgg 657.7 1040.6 32.249 

" .71l!2 599.6 " 32.209 

" .5476 457.9 t1 32.156 
201.2°0. .7gg6 696.3 1040.9 32 .189 

" .7180 634.3 ft 32.172 

" .5475 4S4.4 " 32.124 
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TABLE XI. 

The System - Ethyl Aloohol. 

Temperature Mass Pressure Volume M' 

75.5°0 • .9677 430.4- 1039.5 4-7 .027 
n .7972 355.9 tt 4-6. g51 

" 1.4192 620.5 " 47.g38 

" 1.4265 624.5 " 47.776 

85.6°0. .9675 444.4 1039.6 46.851 

" .7971 367 .. 5 " 4-6.676 

" 1.1623 530.! n 47.122 

" 1.4171 64-3. 7 " 4-7 .. 376 

" 1.5269 692.0 ft, 47.4!3 
n 1.4262 6~.1 " 47.350 

100.g .9674 464.5 1039.g 46.710 
n .7970 384.0 ft· 46.550 

'" 1.1621 556.2 " 46.g61 

" 1.4-169 675.1 " 47.072 

" 1.5267 726.6 " 47.123 

" 1.4260 679.9 " 4-7 .. 039 
° 125.3 c. .9671 496.14- 1040.1 46.545 

" .7968 409.8 " 46.453 
n 1.1618 594-.7 " 46.673 

" 1.4165 722.14- n 46.845 

" 1.4256 727.9 " 46.792 



TABLE _XI. (Continued) 

Tem;Eerature Mass Pressure Volume Mt 

151.0°0. .966g 529.2 1040.3 46.4-54-
ft .7965 436.4- If 4-6.411 
ft 1.1615 633.g If 46.599 

175.5O C• .9666 560.4- 1040.6 4-6.3g0 

11 • 7963 462.1 ft' 46.336 
If 1.1611 671.7 " 46. tl-gO 

° 201.2 C. .9663 593.0 104-0.9 4-6.314-
ft· .7961 4g9.1 " 46.261 

" 1.160g 711.4- n 4-6.375 
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It was pOinted out that the quantity, PV ~RTV, 

should be a constant at any temperature and should vary 

linearly with the temperature for anyone substance. In other 

words, each isotherm in Figures .·X and Xf corresponds to one 

only value of PV2_RTV. This was found very definitely to 

be the case for the substance ether, although it must be 
2 

remembered that the ~uantity PV -RTV is a small differenoe 

between two large quantities, and so here the experimental 

errors appear much magnified. For the two associated substances 

these generalizations will not hold. 

Pv2-RTV will vary with the pressure. 

At any tempera.ture 

This will be discussed 

shortly. Figures XIV and XV give the plot of Pv2~RTV 

against temperature for hydrogen chloride and for ether. 

The curve for the hydrogen chloride oan only be regarded as 

approximate since the d~viatione on which it is based are so 

small. In Table XII are given the quantities derived from 

this curve together with the corresponding quantities in the 

oase of the aloohols which were derived in the following 

manner. 

The ourves obtained at various temperatures 

when P~-RTV is plotted against pressure for methyl alcohol 

are given in Figure XVIand for ethyl alcohol in Figure XVII. 
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TABLE XII. 

a-RJ3C C ~oO Cl, 

6.1 357* .032 9.5 

46 325/# .220 6g.7 

44 ---- ----
55 ---- ----

Sutherlands Constant. 

Actual volume of one mole of substance 
in litres. 

* - Barle, Proc. Roy. Soc. London 1922, lOOA, p.~29. 

If - Landolt & Bornstein, Tabellen, p.l01. 
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It is seen that they are linear. If therefore the lines 

are produced to zero pressure, the value of Pv2-RTV SO 

obtained should be that of the non~associated alcohol. 

That such is more probably the case is seen when the values 

so obtained are plotted against temperature in the way 

used in the case of non-associated substances. Good 

straight lines result, given in Figures XVm3nd XUC~ In 

this way the same data can be obtained for associated 

substances as for associated. 

Values of Sutherlandts constant C are known 

for hydrogen chloride and for ether only, so it is unfortunate 

that a-complete comparieon cannot be made between the 

attractive forces exerted by the four substances. 

The ability to derive the function Pv2~RTV 
for associated substances as it would be if association 

did not occur is however of major importanoe. Knowing 

this function an exact separation can be made ot the effects 

due toassociation and the effects due to deviations from the 

gas laws. And thus the exact degree of assooiation may be 

obtained. The method is as follows. The lowering of 

pressure due to association is obtained by substracting 

the observed pressure from that calculated on the basis of 

the PV2_RTV obtained as above. If the association is to 

form a bimolecular polymer the following relation should hold 

between the various preseures. 
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p oalo. ~ p observ~d 2 
(2 p observed ~ p oalo.) 

If the assooiation is termoleoular the following equation 

should be true -

P calo. - P observed 
2 

(p calc. - 3 P calc ...... p. observed y;------
2 

-

If the association is quadramo1ecular the following relation 

should hold between the pressures. 

P calc. - P observed 
3 
P calc. - __ ~_Q.Q.~~ rved 

(p calc. ~ ~ x 3 
= 

These equations result from the application of the Maass 

Law to the gaseous equilibria involved. In Table XIII 

are given in parallel columns the constants, K, obtained 

for methyl aloohol at 750 C. on these three assumptions. 

TABLE XIII. 

Pressure log K1 log K2 log K3 

350 mm. -5.09 -7.94 -lO.OS 

650 mm. -4.S1 -7.93 -10.~ 

760 mm. -4.74 -7.93 -10.99 
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This is only one example of a number of cases 

in which the comparison was made for the three substances 

water, methyl alcohol and ethyl alcohol at a number of 

temperatures. It should be emphasized that while theoretically 

K might vary with temperature, still there is no reason why 

there should be a regular variation of K with pressure. 

In this case as in the case of all examples tried the evidenoe 

is all in favour of the assumption that a termolecular 

association product is formed. Debye has pointed out in a 

long discussion of molecular association (', ), that the position 

of minimum potential energy of two like eleotrio oouples gives 

a structure with an inoreased eleotric moment, while the 

position of minimum potential energy for three eleotric couples 

gives the total structure zero electric moment. This may have 

a bearing on the anove findings. 

If now the Kte are calculated for the various 

temperatures on the termolecular hypothesis and the logarithm 

of K is plotted against the inverse of the temperature, the 

energy of the association may be calculated. The curves 

are given in Figures Xx.:. r and XXI~.. They are wi thin the 

aocuraoy of the determination of K straight lines, indioating 

as would be expeoted that the moleoular heats of the faotors 

and the products are not very different. The heats of 

association so obtained are 14,gOO oalories, for methyl aloohOl, 

and 15,600 oalories for ethyl alcohol, in marked oontrast to 
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that obtained for water, namely 1400 oalories. The degree 

of assooiation at the boiling point and one atmosphere 
• pressure is 3.3% for methyl alcohol and 2.6% for ethyl 

alooho-l. 



PART Ill. 

DEVIATIONS FH) M THE IDEAL GAS LAWS IN 
TWO-COMPONENT SYSTEMS. 
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Daltonts Law of Partial Pressures states that 

the pressure exerted by a mixture of gases is equal to the 

sum of the pressures which would be exerted by each component 

separately if it alone occupied the entire volume. Like 

the Laws of Boyle and Gay-Lussac, this applies rigorously 

only to ideal gases. Deviations from Daltonts Law may be 

of two kinds, the first in general a large effect, due to 

a partial combination of the components, the second, a smaller 

effect, due to the ohange in the mean free path of the mole­

cules of one kind by the collisions with those of the other 

kind. This latter effect has been studied in detail by 

Maaes and Morrison ( f~). In this investigation attention 

has been paid only to the first effect, that is, to the extent 

to which molecular combination oocurs in the vapour state. 

The oareful density measurements recorded in 

Part 11 allow one to oaloulate by Dalton ' s Law what pressure 

a mixture of two substances would have in the vapour state. 

Deviations from this were measured in the cases of the 

two systems hydrogen chloride-ether, and hydrogen chloride 

methyl alcohol. These deviations were relatively large and 

so the muoh smaller effect due to the mixing mentioned above, 

could be neglected without large error in the caloulation of 

the degree of combination of the sUbstances. These two 

systems were chosen for study because in both cases the 

oombination in the liquid state ie very pronounced and as 

l~rge deviations as possible were desired for measurement s. 
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APP ARATUS A~D METHODS 

The same apparatus was used as in the major 

part of the work in Part IT and the procedure was the same 

as that already described. BUlbs of ether or alcohol 

were introduced at Gl and bulbs of hydrogen chloride at G2. 

The ether or aloohol was distilled first into K, and then 

the hydrogen chloride. When finally the tube K was warming 

up, some difficulty arose due to the fact that the Bel first 

beoame vapour, then dissolved in the organio liquid as soon as 

it melted. This latter solution bad a pronounoed tendency 

to bump and a number of runs were spoiled in this way. In 

the end smooth vapourization Was obtained by condensing the 

liquid in V by surrounding the latter with solid carbon dioxide. 

From then on no difficulty was experienoed. 

It may be pointed out how very much time was 

oonsumed altogether in these latter experiments. In addition 

to the relative simple filling of the liquid bulbs, there was 

the more elaborate process associated with the preparation 

of the hydrogen chloride bulbs. Then the slow distillation 

of the mixture from K into V and the subsequent warming up 

of the system required at least 24 hours and finally the 

actual measurements lasted for another 24 hours. The 

whole prooess would require a complete week. In addition 

to the time required for the successful runs, muoh time 

was also lost in these spoiled rune whioh have been mentioned. 
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THE EXPERI10CNTAL RESULTS. 

The results for the mixtures of hydrogen 

chloride andether are given in Table XIV and for methyl 

alcohol and hydrogen chloride in Table XV. 

TABLF. XIV. 

Mass of Ether - 1.0019 grus. Mass of Rel ~ 0.5047 gms. 

Temperatw;~ PEth.~ PHCl 
P P 

Diff. oalo. obe. -- -~-----

0 50.1 c. 258.3 267.1 525.4- 512.9 -12.5 

75.5 279.0 2gS.0 567.0 558.g - g.2 

100.8 299.5 308.8 608.3 602.3 - 6.0 

125.3 319.4- 328.g 64g.2 643.9 - 4.3 

151.0 340.2 350.0 690.2 686.3 - 3.9 

175.5 360.0 370.0 730.0 727.3 - 2.7 

201.2 3g0.7 391.0 771.7 769.g - 1.9 
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TABLE XV. 

Mass of Methyl Alcohol -,.492! gms. Mass of Bel - .5539 gms. 

Temperature PCH30H PHel 
p p 

ca-1c. obs. Diff. 

75.500 • 317.2 315.9 633.1 628.5 -4.6 

100.8 341.1 338.8 679.9 677.5 -2.4 

125.3 363.6 360.9 724-.5 723.3 -1.2 

151.0 3!7.4- 3!lt.o 771.4- 770.lt -1.0 

DISCUSSION OF THE RESULTS: 

In the case of the syster:. methyl ether-hydrogen 

chloride Maass and Morrison (' 2 ) J measured deviations from 

Dal ton"' s Law and were able to make an est imate 0 f the mass law 

constant K and the heat of the re~ctionJ an estimate which was 

very rough however due to the fact that no aocurate density 

data were available for the simple gases. The deviations 

here obtained contain besides the experimental error only the 

small error due to a neglect of the mixture effect. 

aocurate mass law constant should then be obtained. 

An 

Table XVI 

contains the results of such a calculation for both systems, 

and the plots of log K against 1 are given in Figure XJ.II 
T 

Within the accuraoy of the work the curves are linear indicating 

that the heat of the reaction is constant. This oaloulated 

from the slopes is 5400 oalories for the ether hydroohloride 

and 9200 oalories for the methyl Gloohol hydroohloride. 
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TABLE XVI. 

T ~ log Kl log K2 

50.loe .00309 -3.68 

75.5 .00287 -3.96 -4.34 

100.8 .00267 -4.17 -4.68 

125.3 .00251 -4.38 -5.04 

151.0 .00236 -4.47 -5.17 

175.5 .00223 -4.69 -----

201.2 .00211 -4.89 -----

Kl - is the mass law constant for the ether- hydrochloride. 

" tt n " " " n me thyl- alcohol hydrochlor ide. 
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APPENDIX I 

THE PREPARATION OF ALLYLE~m 
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In the course of the work discussed in part I, 

it became necessary to obtain some pure allylene (methyl 

acetylene). A search of the literature revealed only 

one method of preparation whereby the substance could be 

obtained in any q~antity or pure, this being reported by 
('.3 ) 

Lebeau and Picon. This method) with modifications in 

experimental procedure, was the one used. 

The method, as outlined by Leabeau and 

Picon consists of the following steps! first, the solution 

of sodiwn metal in liquid ammonia to form a deep blue fluid 

solution; secondly, the decolorization of the solution by 

passing in aoetylene gas, the process consisting of the formation 

of the acetyllde, presumably NaoaH; thirdly, the addition of 

methyl iOdide drop by drop after distilling off a fraction of 

the ammonia to remove the excess acetylene; fourthly, the 

gradual warming of the vessel to permit the evolution of the 

allylene. 

A large tube T (figure XX,,,), about 7 cm. 

in diameter and 25 cms. long, was used as the vessel in 

which to oarry out the reaction. After evacuation and 

filling with pure dry hydrogen several times, a weighed piece 

of fresh sodium was dropped on the perforated poroelain 

plate in the bottom of the tube S, whioh Was connected with 

the vessel T as indicated by the dotted lines. If this was 

oarried out quiokly and a vigorous current of hydrogen 
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kept flowing from the vessel T into S, only a very thin 

layer of oxide was formed on the sodium. The vessel 

T was then immersed to the point! in oil and heated to 

1000 0. The sodium was melted by means of a free flame 

oarefully applied to S and pushed into T by a slight 

pressure of hydrogen. The poroelain plate effeotually 

removed any oxide and the tube S was sealed off from 1 

as indicated in the figure. The sodium thus introduoed 

kept its bright appearanoe for many hours, resembling, when 

molten, a large globule of mercury. 

By means of carbon dioxide snow moistened 

with ether, pure dry ammonia was then condensed upon the 

sodium until the s'olution was qui te fluid. This ammonia 

was prepared by distillation from oommercial ammonia water 

through towers filled with sticks of sodium hydroxide and 

was stored in pure ammonium nitrate which absorbs large 

amounts of gas to form a clear solution. From this latter, 

when required, it Was distilled into largw test-tubes containing 

sodium metal, and from these finally into the vessel T, by 

means of the delivery tube A. The manometer! Was found 

neoessary to indicate the efficienoy of the condensation. 

It was found that if the end of the delivery tube was immersed 

in the ammonia solution, the sodium metal would creep up the 

outside of this tube, finally reaching a pOint where it could 

not be reached by the li~uid ammonia. This oreeping resulted 

from the slight evaporation of ammonia around the tube by the in-



ooming warm stream of gas and the further oapillary rise of 

solution in the orevices between the sodium so deposited 

and the glass. As suggested, it was completely eliminated 

by keeping the end of the delivery tube above the solution. 

When sufficient ammonia had been introduced, a 

current of acetylene was substituted for that of the ammonia, 

the aoetylene being prepared by the action of water on 

oaloium oarbide and purified by passage through washbottles 

oontaining solutions of sodium hydroxide and chromio acid, 

respeotively. A very vigorous passage of the aoetylene 

into the ammonia solution was re~uired for two reasons: 

first, beoause, unless thoroughly stirred, the sodium acetylide 

tended to preoipitate out around the end of the delivery tube 

and finally to completely olose it; and secondly, beoause 

towards the end of the reaotion the solution separates 

into two layers, an upper blue one of sod-ammonium and a 

lower one of the aoetylide in ammonia. This latter solution 

will absorb large quantities of aoetylene and therefore it is 

advisable to have a vigorous stirring by the entrance of the 

gas itself as well as by shaking the tube, in order that the 

sodium shall all be acted on with the least exoess of aoetylene 

in the lower layers of the liquid. At this stage a large 

quantity of white orystals separate out in the bottom of 

the vessel. To eliminate the excess aoetylene all the ammonia 

was then distilled off and a fresh quantity introduoed. 
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The tube A was then replaoed by a small drop­

ping funnel and a calculated amount of methyl iodide added 

drop by drop. Muoh heat was evolved by its reaction -.ith 

the aoetylide, and fresh quantities of carbon dioxide 

snow had to be continually paoked in the Dewar oylinder. 

As the iOdide was added a white precipitate of sodium ioaide 

was deposited. If the solution was kept quite cold no gas 

was evolved during the whole addition. 

After standing for an hour to insure the 

completion of the reaction, the vessel was allowed to warm 

up slowly and the gas evolved was passed through water to 

free it from ammonia, and colleoted in large gasometers, 

the displaoed liquid being a saturated sodium ohloride solution, 

The salt reduoed the 10s8 of the product through solution in 

the water. 

In two suooessive runs finally made, 13 gms. 

and 30 gms. sodi~ were used, about 300 o,c. of solution being 

employed in the latter case. The volume of allylene obtained 

oorresponded approximately with the amount of sodium used, 

an exaot oorrelation of quantities being impossible, due to 

loss of sodium by oxidation before introduotion into T, and 

a oertain loss of al1ylene through solution in the water of 

the waehbottles and the gasometers. 



Lt was finally condensed in tubes arranged 

as in Figure X~ IV each of which contained about 10 cc. Before 

dOing so it was passed at least three times through tubes 

of phosphorus pentoxlde, the whole, after the first conden-

sat ion, being accomplished in vacuo. This was done by 

freezing the hydro-carbon with liquid air, precautions being 

taken not to include any air in the substance as it froze. 

When the tube at A was sealed off, the pure allylene 

remained only in contact with glass and its own vapor. 

When required for use, this container Was sealed at B to the 

apparatus to be used which could then be evacuated and the 

a11ylene admitted by breaking the tip of the capillary tube 

in the manner which will be evident from the diagram. The 

al1ylene was, of course, immersed in solid carbon dioxide-

ether mixture at this stage. The substance Was thus stored 

and used whenever desired, without risk of contamination, 

Tt.e following tests ~t{er9 made as to the nature 

of the product. It Was totally absorbable in fuming 

sulfuric aoid and in ammoniacal ouprous chloride. The complete 
(1") 

absence of acetylene was proved by a method given by Berthelot. 

An ammoniacal solution containing exoes.s ammonium ohlorld e 

precipitates acetylene as copper aoety1ide while the allylene 

stays in solution. No sign of a precipitate was obtained 

by passing the gas through such a solution, although in the 



B. 

c. 
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usual ouprous chloride solution the copious yellowish-

white precipitate of copper allylide was obtained. 

A density determination by the Dumas 

method gave the molecular weight 39.6, an agreement within 

the error of experiment. 

Its freezimg pOint was determined by means 

of a platinum resistance thermometer, the value -105.00C • 

being obtained. Very strong indication of the purity of 

the substance was offered by the constancy of the temperature 

from the time the first crystals appeared in the teet~tube 

untill the stirrer could not be moved. 

The following values were found for the 

vapor pressures at various temperatures: 

Pressure 

380.5 mm. 
642.0 mm. 
7:22.0 mm. 
700.0 mm. 

Temperature 

° -32 • 2
0

0 • 
-28.0 O. 
-26.g~C. 
-26.7 c. 

Its boiling point derived from this vapor pressure curve 

is therefore - 26.6°0. The values given in the literature ( '5 ) 

are _23.5°0. for the boiling point and -110°C. for the 

freezing point, the divergence from the values here obtained 

being of the kind whioh would be expected if an impurity were 

present in their substance. In an attempt to prepare allylene 

by the method used by them it was found impossible to obtain a 

product whioh did not oontain ohlorine, probably in the form 

of vinyl ohloride. A oareful moleoular weight determination 

gave the value 40.0. 



APPENDIX II. 

AN ACCURATE METHOD OF MEASURING 
THE DENSITIES OF GASES. 
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In the course of the investigation described 

in Part I densities of oertain gases, whioh had not been 

established with adequate accuraoy, were required. They 

were therefore redetermined by a method which is of 

suffioiently general applioation and capable of suoh a 

degree of aoouracy that a description should be useful 

and interesting. Without this method the work desoribed in 

Parts II and III woulj have been impossible. 

The method is applicable to gases whioh can 

be condensed by liquid air or soe other freezing agent. 

A known volume of the gas a.t known Il' essure and temperature 

is liquified in a small bulb attached to the oontaining vessel; 

the bulb is sealed off and the liquified gas weighed at 

room temperature. This prooedure is advantageous in 

enabling one to weigh a large quantity of gas on a small 

sensitive balance, and to weigh it in a vessel whose weight 

is of the same order as that of the gas itself. Once 

the apparatus employed has been calibrated, density measurements 

oan be made rapi,dly. 

Reference should be made at this pOint to a 
l ab ) 

somewhat similar method by Jacquerod and Pintza which 

had been brought to the author's attention. There the gases, 

eulfur dioxide and oxygen were obtained from vessels oontaining 

these, respectively, as the liquid and as a oonstituent of 

potassium permanganate. The quantity of substance was 

determined by first weighing the containers and the gas was 



then evolved into the known volume. It may be pointed 

out that this prooedure would not be feasible with many 

gases; for instance, liquid acetylene at ordinary temperatures 

can only be weighed in a sealed vessel, as no tap would 

withstand the high pressure without leaking. 

The details of manipulation are best brought 

out in conjunction with the accompanying diagram, which is 

drawn to scale with the exception of the manometer. V 

designates a large flask, the volume of which was oarefully 

determined as follows: the flask was dried by keeping it 

for some time under a va.cuum of 0.001 mm., first weighed 

full of air, and then when filled with distilled water. 

Correcting for the weight of the air and the density of the 

water at the temperature of measurement, the volume of the 

The manometer flask at 00 was caloulated to be 2240.9 c.c. 
( '7 ) 

M was made by a method described by Mclntosh and Maass 

using speoially purified mercury. The manometer scale, 

whioh was etched on a mirror, was oalibrated by means of a 

comparometer and could be read to 0.1 mm.; by means of 

plumb lines it was ascertained that the manometer was 

perfectly upright. At the end of the determinationa the 

volume of the tubing between the taps A, B, C and D was 

determined aocurately by weighing with and without water; 

i t was 22. 4- co. The manometer also was taken apart and 

the oapoity of its tubing determined so that the volume above 
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the meroury at any pressure oould be oaloulated. At E 

were 4 tubes, about 6 cm. in length, of such a size that 

the oondensed liquid would just about fill them, and capable 

of withstanding a pressure of 100 atmospheres. All joints 

were of glass and all taps mercury sealed. The substance 

whose vapour density was to be determined was distilled 

into X and the delivery tube sealed off. The air in 

the tubing from it to the tap was eliminated by opening the 

two-way tap A to the atmosphere and boiling the liquid in X 

fer some time. !he large flask V, with all tubing and bulbs 

at E, was evacuated to 0.0001 mm. pressure by means of an 

auto~atio mercury pump connected to two~way tap B; the pump 

was of an especially effiCient type and would aocomplish this 

in a very short time. The tap B was then shut off and the 

tap at A opened, connecting the flask to the tube X, in which 

the liquid Was boiled till the flask V was filled with gas to 

about atmospherio pressure, when the tap A was closed. 

The system was now allowed to stand for sometime till the gas 

in the flask ~ previously surrounded by cracked ioe, had 

become of uniform temperature; the manometer was read every 

5 minutes until there was no change in pressure over a period 

of 15 minutes. The tap at C was then closed and the tubing 

and bulbs thoroughly exhausted. There was then in V a known 

volume of gas under known pressure and temperature. ~en the 

tubing was completely evacuated, the tap at C was opened and 
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the gas condensed in one of the bulbs at E by means of 

liquid air or solid oarbon dioxide. This bulb was then 

sealed off and the pressure of the gas remaining in the 

system read after equilibrium was again established. 

The bulb with its contents was allowed to warm up to 

room temperature and weighed very carefully; then immersed 

in liquid air, the tip cut off, the oontents allowed to 

evaporate and the dried bulb together with its tip re~weightedJ 

oorrection being made for the weight of the air. Thus the 

weight of the gas condensed was determined aocurately. 

The temperature of the room at the time of the experiment 

was taken in order to correct for meroury expansion in the 

manometer and for the temperature of the gas remaining in the 

tubing. The following formula gives D, the weight of one liter 

of the gas: 

D = 76. w. 1000 
~-- p) V - 273 pv/273 + t. 

w = the wgight of the condensed gas. 

p = the initial pressure of the gas in the large flask, the 

height of the mercury oolume being oorrected to 0°. 

p - the pressure remaining in the system after condensation 

of the gas. 

V _ the volume of the large flask (2240.9 00.) 

V - the volume of the system from the taps at Band C to the 

tap at A and the level of the meroury in the manometer 

(24.1 c.o.) 

t = the temperature of tubing eto. outside the ioe bath. 



-91-

A short discussion o'~ the above formula will 

bring out the accuracy attainab~e by this method. When 

experimental values are substituted (p- p) V is 10,000 

times as large as pv273/273 + t. Therefore as large an 

error as 10% in the latter will cause an error of only one part 

in 100,000 in D, and on this fact depends the ease of manipulation; 

for the volume v, of tubing and bulbs, need be known only 

approximately, and the changes in this volume, due to the sealing 

on of fresh bulbs for further determinations may be neglected. 

Furthermore, the temperature of the apparatus outside of V and M 

need not be kept constant; in other words no appreciable error 

is c~used by the so-called dead space. In the particular 

measurements described here, W and V were measured to better 

than one part in 10,000 but a probable. error of 0.3 mm. was 

made in the measurement of P - P and henoe the results quoted 

below are only correct to one part in 2000. If a catbetometer 

were used for measuring the height of the mercury column in 

the manometer, the probable error of the method would be cut 

down t·o less than one p.J.rt in 10,000. 
. 

As the original Object of this research was the 

rapid determination of the densities of ceTtain gases which 

were being used, none of the extraordinary precautions were 

taken in their preparation which are usual in atomic weight 

work. Acetylene Was prepared by dropping water on oalcium 
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oarbide covered with alcohol. It was passed through two 

wash-bottles containing chromic aoid and potassium hydroxide 

respeotively, through a tube of phosphorus pentoxlde and 

condensed in a large test tube by means of oarbon dioxide­

ether mixture under vacuum. The chromic acid removed 

the phosphine, which is invariably present, the potassium 

hydroxide removed the carbon dioxide, and the phosphorus 

pentoxide, the water. The oondensation by solid oarbon 

dioxide under vaouum eliminated the nitrogen ~nd carbon 

monoxide, whioh are sometimes present in samples made by 

this method. The substance thus collected was redistilled 

twic~ through wash-bottles containing fresh reagents, through 
.,J 

a phosphorus pentoxide tube and into the tube X, only the 

middle portions being taken. 

Methyl ether was prepared by dropping methyl 

aloohol on oonoentrated sulfuric acid, passing thegas 

thus evolved through water into concentrated sulfuric acid 

"here it was absorbed. The gas Was regenrated from this by 

dropping water on the acid solution, and the product thus 

prepared condensed by means of carbon dioxide-ether mixture, 

redist11led twioe through phosphorus pentoxide, taking only 

the middle portions. 

Hydrobromic acid was prepared by dropping 

bromine on phosphorus in water and passing the gas thus 

evolved through wash~bottle8 containing phosphorus and water, 

and through phosphorus pentoxide tubes. It was condensed 
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by means of carbon dioxide-ether mixture, and was 

redistilled twice, using only the middle portions. 

In the density measurem~nt of the hydrobromic 

acid, in order to avoid contamination of the meroury in the 

manometer and the consequent introduction of inaoouracy into 

the pressure readings, the following prooedure w~s adopted! 

The system was evacuated as usual, when the tap D Was turned 

off, the tap at A opened to the bromide until the pressure 

in V became somewhat greater than atmospheric, by the 

warming of the liquid bromide in X. The tap at B was then 

opened slowly to the atmosphere; when the acid had 

issued for a short time from B, A was closed and the 

pressure of gas allowed to reach equilibrium. The gas in 

the systerl~ was now at atmospheric pressure which was read from 

a barometer whose length had been previously calibrated 

with respect to the manometer described above. B and C 

were then closed and the tubing between the four taps evaouated 

by opening the two-way tap at B, this time to the pump. The 

gas was then condensed as above in one of the small bulbs at 

E and the bulb sealed off. Then only Was the tap ~ opened 

to the manometer and the pressure quickly read, as soon 

as possible ~he tubing evaouated. Thus there W:19 'out a 

small pressure of the bromide in contact with the mercury 

for a very ahort time. 

Thatthe error due to actual measurem~nt6 ie 

of the order calculated is brought out by the following 



values of the weight of a liter of gas each determined on a 

separate oooasion: for acetylene, 1.169g and 1.1692; for 

methyl ether, 2.1104 and 2.1101; for hydrobromio acid, 

3.63!1, 3.6}92 and 3.6410. 
The following table gives the average 

values of the densities of aoety1ene, metby1d ether and 

hydrobromio acid, when prepared and purified in the manner 

described above. The second oolumn gives the values as 

determined by others. 

Aoetylene. . . . . . 

Methyl ether • . 

Hydrobromic aoid . 

. .1.1695 

.• 2.1103 

3.6397 

. . . .. 
2.1096 (t ~) 

3.643g et't) 

Considerable importance is attaohed of late 

to the aocurate determination of the density of gases, and 

the advantages of the method described above as compared to 

the ordinary globe method have been pointed out, 

The probable error in the density determination 

is less than 0.05%; with the aid of a oathetometer it can 

be reduoed to 0.01%. 



is a strong method for the attack of the problem. 

Finally since gaseous equilibria are easily 

subject to a quantitative study, if sufficiently accurate 

gas densities are available, an exaot measure of the amount 

of compound formation may be obtained through density 

measurements upon two component gaseous systems. 

In Part I the tendency of a series of 

hydrocarbons towards molecular compound formation with hydro~ 

bromic acid was measured. It was shown definitely that 

the attraction which a symmetric~ molecule exerts upon the 

third standard molecule is much +888 than that exerted by an 

asymmetrioal molecule, benzene and acetylene being of the former 

cla~sJ and aliphatic derivatives of benzene and acetylene of the 

latter class. 

In Part 11 density measurements were made on 

one~component gaseous systems. It was shown how from these 

measurements using a special equation of state an exact measure 

both of the size o.f the molecule and of the molecular cohesive 

force may be obtained. This was done for ether. Furthermore, 

it was shown how a definite separation might be effected, of the 

deviation due to molecular association and the deviation due to 

the attractive foroes. Such calculations were carried out in 

the cases of methyl and ethyl aloohols, which were proved to 

be partially termolecular polymers in the vapour state, the 

assooiation at the boiling-point being respectively 3.3 and 2.6%. 



SUMMARY AND CONCLUSION. 
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In the General Introduction was given an 

outline of the problem of molecular attraction and it 

was pointed out how far reaching were the effects of this 

attraction upon the behaviour of matter in all its forms. 

The basic reason for the existence of such a force undoubtedly 
, 

lies in the structure of the molecule and in the distribution 

of the electric parts of the molecule. A quantitative 

calculation of the magnitude of this force is not therefore 

possible, since the exact structures are unknown, although it 

Was suggested that the eleotric moment of the simpler molecules, 

as derived from optical data may be a measure of the force. 

Although it is not possible from this fundamental 

point of attack to obtain quantitatively the magnitude of the 

moleoular attraotion, still a study of oertain phenomena, 

intimately dependent on molecular attraction may afford a measure 

of the relative magnitudes of the attractive forces of a series 

of substances. The tendency towards molecular compound form~ 

tlon can so be studied. 

Furthermore it was pOinted out that the various 

equations proposed to account for the deviations from the Ideal 

Gas Law contain a factor which is a measure of the molecular 

foroes. The precision with which such a factor may be 

regarded as a measure of molecular attraotion depends on the 

exaotitude with which such ~ equation fits the experimental 

facts. The study of deviations from the Ideal Gas Law as 

measured by the oorrection factors in an equation of state 
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In Part III the moleoular ooumination in the 

vapour state of the substanoe ether and hydroohloric acid, 

and methyl aloohol and hydroohloric aoid. Satisfactory 

mass law oonstants were obtained for the equilibria on both 

cases and the heats of combination caloulated. 

It should perhaps be emphasized that the work 

desoribed in Parts I1 and III was only possible beoause 

there was available the aocurate metho'~. for detel'rr.inin~ 

.L311aiti9s of gases, the first use of whioh is described in 

Appendix IT. 

While the data obtained above is not numerous 

enough to permit extensive generalizations, it has however 

been completely demonstrated that all three methods of attacks 

upon the general problem of molecular a.ttraction are entirely 

feasible, and th~t the w~ has been opened to that day when 

a complete elucidation of molecular foroes will have been 

achieved. 
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