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I - "THE EFFECT OF UNSATURATION ON THE FORMATION OF

MOLECULAR COMPOUNDS.



THE EFFECT OF UNSATURATION ON THE FORMATION OF MOLECULAR
COMPOUNDS.

McIntosh and Maass a few years ago conducted a series
of investigatiangl)on the fermation of oxonium compounds at
low temperatures. Many compounds of organic substances
containing oxygen witnh the nalogens or halogen aclds were
found to exist. The formation of these compounds was ex-—
plained on the assumption that at these low temperatures
oxygen vecame tetravalent and consequently addition compounds
could pe formed. So ., to show that where no oxygen was
present, no such compound was formed, they investigated the
system toluolv hydrobromic acid, and were surprised to find
that a compound was formed between these two substances.
Toluol, however, was apparently the exceptlon among
non-oxygen containing substances; some other substances such
as Chloroform (2), not containing oxygen, as expected, formed
no such compounds. This present investigation was carried
out with the purpose of ascertaining the nature of this
compound between toluol and hydrobromic acid, and to see
whether 1t was an isolated instance, or but one example of
some general rule,

It mignht be well, just here,to give an outline of our

conception of the mechanism of the formation of these compounds.

(1) J. A. C. 33, 71 (1911)
34, 1273 (1912)
35, 535 (1913)

(2) J. A. C. 34, 1273 (1912)
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Modern theories are reverting more and more to a modified

form of Berzelius' views, the most notable example being

seen in the recent papers of Langmulr. Atoms under

ordinary conditions through the polarity induced by some
irregularity in the vivration of the electrons about the

nucleus, are attracted towards one another, meet and form

a molecule. Now Qust as when two magnetlc fields of

unequal intensity neutralize one another,b there will be a

resultant field of much diminished intensity, so one atom

may have been more strongly polar than the other, probably

to a very small extent, and thus the resultant molecule would

still be slightly polar, the intensity of tne polarity bvelng

very small indeed compared to the initial intensities of the

polarity of the two atoms., Now at ordinary temperatures the

speed of the molecule 1s of such a magnitude that this

slight force cannot come into play, but at very low

temperatufes presumably, this residual polarity of the

molecules causes them to assoclate to form molecular compounds.
It is tnought that the forces of attraction hetween molecules

may ve of all magnitudes, from the very small up to those of

of the intensity of atomic linkages. So one may have

molecular compounds which are very pronounced in character,

while in another case the compound may be quite easily

dissocliated, or rather, disassoclated. Langmuir even carries

these ldeas so far as to deduce from them the phenomena of
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surface tension, freezing, etc. Another deduction from
these ideas for which some experimental evidence has been
obtained, is, that as these compounds are allowed to warm up,
the molecules with their several atoms being now so close
togetner, the atoms may rearrange themselves and form
compounds in which the forces of attraction are the ordinary
stable linkages, that is to say, compounds in the usual sense
of the word. Also when two polar molecules assoclate to
form a molecular compound it is not probable that even yet
the more complex molecule will be without polarity, although
its intensity will be of still smaller magnitude. But, 1f
the molecular compound formed is very well defined and stable,
that is to say, if the forces attracting the molecules are
approaching in magnitude the intensity of inter-atomic
‘forces, or golng further bvack, if both, or one of the two
initial compounds are strongly polar, the probabilities of
their veing a residual polarity of sufficient magnitude to
‘attract another molecule, are lncreased. Such a case has
been found experimentally, for the well defined compound
hetween ethyl ether and hydrobromic acid will in turn form a
trimolecular compound with water.

It must pe understood that this hypothesis is
provisional but offers, as the word hypothesis implies, a
convenient mechanical picture of the details and as such
provides a foundation for further speculation and experiment.

An extended investigation into the nature of these compounds
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18 necessary vefore this view can be definitely accepted or
discarded, as a true representation of the detalls of these
phenomena, and thls plece of research will be valuable as
affording information in this field.

Let us now consider the case of toluol and hydrobromic
acld. Here we have a substance containing only carvon and
hydrogen. The valencies of both are well-defined and not
subject to variation under changing conditions. Why should
it exnivit a force of attraction for another molecule at
low temperatures? The unsaturated linkages immediately
suggest themselves as a probable factor in the explanation.
To investigate this point it seemed desirable to determine
whether compounds were formed between hydrobromic acid and
various unsaturated hydrocarvons and we wished to try the
following, - benzene, ethyl venzene, ortho, meta and para
Xylene,mesitylene, acetylene, allylene, etnylene, and for
comparison some of the saturated, such as the saturated
cyclic compounds or some of the paraffin series.

Various methods have been used to‘stu¢y molecular
compounds. That which most readily suggests i%self 1s the
determination of the freezing point curves of the various
systems of which the two couponents are the two substances
to be investigated. This method was used by McIntosh and
Maass in much of their work. Here too we have the low

temperatures most favorable for the formation of these

compounds. The height of the maXlmum above the average
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position of the euytectics is found to be a gqualitative
criterion of their strength. Of course, tneir separation
as the solid phase from a mixture gives no indication of
the extent of thelr association or disassoclation in the
solution. To study their existence in solution conductivity,
surface tension, and viscosity measurements have been used.
In the following piece of work the freezing-point method
was followed.,

In the experimental part of the work many difficulties
were encountered. Due to the low temperatures requisite,

. and the nature of the substances themselves, o0ld methods had
to be modified and new ones devised. The difficulties were,
however, in a great measure overcome, although in some
~cases the procedure bvecame very tedious, yet accurate
results were obtained where otherwise no results would have
- been possible. !
| The temperatures throughout were determined by means
of a platinum resistance thermometer, the arrangement of
which 18 indicated in Figure 1. It will be seen from the
diagram that the ordinary Wneatstone bridge metnhod was used
with this innovation, that a Kohlrausch bridge wire K with
permanent contact was used as varlable resistance, the wire
being wound on a marvle slab. Its whole length was
calivbrated for its resistance and also various sections of it

to ascertain that the fractions represented on the scale

were true fractions of its total resistance. R. was an
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ordinary resistance box which was maintained as a fixed
resistance during each series of determinations. R; and R,
were the ratios which in this case were included in the
equipment of the resistance box., The current for the system
was supplied by an almost exhausted dry battery B, i.e., one
with a small voltage, which was found to glve Jjust the
convenient swing to the beam of the galvanometer G. To make
a determination the thermometer was placed in the series by
immersing its terminals in two pools of mercury. P. and then
by varying the resistance of the Kohlrausch bridge wire, the
reflected beam from the Galvanometer G was brought back to
zero. The reading was then taken from the scale on the
Kohlrausch bridge. Thus one can see that this whole
arrangement was permanent and when once set up required no
further attention. The thermometer itself consisted of a
fine platinum wire in the foerm of a coil and fused inte solid
quartz so that there should be no lag in the registering

of the true temperature. The resistance of the platinum

was such that no compensating leads were required. The
thermometer was standardized by measuring the resistances
when immersed in ice-water, in gteam, and in solid carvon
dioxide moistened with ether. The three resistances when
plotted were found to be almost in a straight line. At
various times the ice and carbon dioxide points were
redetermined to make sure that bad contact somewhere had not

perhaps changed the resistance of the series. The readings
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of the resistance in the determinations were transformed into
degress Centigrade by means 0f a graph formed by Jjolning
the ice-point to the carvon dioxide point. It was found
that twenty-four divisions on the hridge wire scale
corresponded to one degree and thus by estimating vetween
the divisions, which were gquite large, one could determine
the change of resistance for a change of temperature of
one-fiftieth of a degree. Accuracy to one-third of a degree
was all that was deemed necessary and so it can be seen that
tnis could vbe obtained with surety.

Before continuing to the déscription of the individual
determinations it might be well to mention the preparation
of the hydrobromic acid which was used as one component
in all the systems. It was prepared by dropping bromine
on a mixture of red phosphorus and water, passing the gas
then evolved through wash-bottles containing phosphorus and
water to prevent contamination by bromine, then through a
tube of phosphorus pentoxide to be dried, and condensed in
a large test-tube surrounded by solld carbon dioxide, well-

moistened with ether.

The rirst hydrocarbon whose freezing-point curve with nydro-
bromic acid was determined was venzene. The benzene used was
Kahlbaum'sthiophene free, distilled over sodium and Tinally

kept with sodium wire in it. 1Its boiling-point was found to

be 80.3 degrees Centigrade and 1ts melting-point 5.4°C.
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The determinations were carried out in a large test-
tube represented by B in Fig. 2, the rubber stopper of which
¥as pored to admit the thermometer D, stirrer C, and with a
larger hole to admit additions ef oether components., In the
case when tne compoment to be added was a liquid, the larger
hole was closed by a small stopper which was removed and
the addition made by means of a pyknometer, If the second
component was a gas, the small stopper was replaced by another
in which was a delivery-tiive E,indicated in the diagram,
through which the gas was passed. In the case of additions
of benzene the delivery-tube of the pyknometer was of capillary
size, so that 1088 by evaporation from the end should be a '
minimum. A blank test was run to determlne its exact amount,
and 1t was found that by quick weighing it was too small to
affect the percentages with the amounts of the components
which we were using.

As the means of cooling and freezing the mixtures, the
usual carbon-dioxide moistened with ether was used. With this,
temperatures down to —78°C. can be obtained, and if lower
temperatures are required, the tube could bhe fittéd with a

stopper as in the diagram and connected with a vacuum pump
through the tuve F. Temperatures as low as =-115°C, were
reached quite easily in this way.

The procedure in detail was as follows., The empty
tube with its stopper, stirrer and thermometer was welghed

clean and dry . Then hydrobromic acid was distilled into tne
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tube in sufficient quantity to just cover the coil of the
platinum thermometer. The delivery-tuwve through which the
distillation was made was then removed and the stopper
with stirrer and thermometer fitted to it. It was then
welghed again and thus the amount of hydrobromic acid
determined. The pyknometer with benzene was weighed, a
certain amount added to the hydrobromic acid in the tube, and
then quickly welighed again. Thus we knew the percentage of %the
mixture. This was thoroughly mixed and its freezing-point
determined. Another addition of venzene was made, the
freezing-point of the new mixture determined and so on. It
was found that conseguent upon the warming up of the solution
after each addition of the hydrocarbon, some of the acid
eavporated. After each two or three additions of benzene,
therefore, the tube with all 1ts contents was weighed and the
loss of hydropromic acid so determined,distributed in
proportion over the previous percentages and thum the
correction made. At the end of a series of determinations,
usually six or seven was the most that could be made at a
time, the whole contents of the tube were dissolved in a large
quantity of water and the amount of hydrobromic acid
determined by standard alkall. This analysis necessitated a
very slight correction to the percentages.

It might be well to mention that for the first few
points a pentane thermometer was used, but it was found to
be not very accurate, due largely to the fact that pentane

settles slowly, while the manipulation at the precise time
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of determining the point must be very quick. So the
platinum thermometer was arranged and used throughout.

By this method points on the curve from 100% hydro-
bromic acid to 56% hydrobromic acid were obtained. At the
concentrations or the last few points the components were only
difficultly soluble one in another and the l1oss of hydrobromic
acid wnile stirring to thoroughly mix them rendered the
accurate calculation of the percentage impossible. So this
portion of the curve had to be discontinued and we began agaln
from the pure bvenzene side.

The stopper was fitted exactly as in tnhe diagranm,
addition of hydrobromic acid being made through the tube E.
The tube with known amount of venzene was welghed, some
hydrobromic acid distilled in and the tube rewelghed. So the
percentage of the mixture was ascertained. The freezing-point
was then determined. More hydrobromic acid was distilled in,
the tube reweighed and another freezing-point determined. In
‘this way points from zero percent hydrobromic acid to 14.5%
hydrobromic acid were determined, but above this concentration
‘the nydrovbromic acid would not dissolve under atmospheric
pressure. Thus by methods similar to those used by other
experimenters a considerable portion of the curve was
completed, but there remained the gap from 14.5% hydrobromic
acid to 56% nydrobromic acid. To determine points in this
part of the curve, new methods evidently had to be devised.

The method adopted was as follows., A tube with a bulb
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and constriction just above was made. This was weighed and into
1t by means of a glass tube drawn out into a very fine
caplllary a certain amount of vbenzene was introduced. The
tube was then reweighed, all weighings veing made of course
with a cork over the mouth of the tube. The bulb was then
immersed in the solid carbvon-dioxide ether mixture and
hydrobromic acid distilled in by means of fine capillary
tubes. Whnen sufficient hydrobromic acid was thought to have
been added, the delivery tubes were withdrawn, the cork
inserted and the tube reweighed. If the percentage was about
where a point was desired on the curve the next stage was
begun. If not, more hydrobromlc acid was distilled into it,
using,of course, fresh capillaries, for the others would have
collected moisture. When a satisfactory percentage had been
obtained a stiff wire was attached just below the constriction
and by means of a small blow-pipe flame,  the 1little "vomb*
was sealed off, its appearance being as indicated in Fig. 3.
The stiff wire was for the purpose of holding the bomb, the
lower portion of which was immersed in solid carbon-dioxide
ether umixture while being sealed off. The bomb itself was
about one inch in length. The mixture was then allowed to
warm up, the contents to mix thoroughly and the freezing-point
determined by a method to be outlined presently. After the
freezing-point was determined the wire was removed from the
bomb and it was weighed accurately. The long entrance tube

formerly attached to it was also weighed accurately and thus



~12-

the amount of hydrobromic acid exactly determined. The
feezing-points of these bombs were redetermined some weeks
later and found to ve identical. To check the percentages

the mixtures were analysed as follows:- The bomb previously
welghed accurately was immersed in carbon-dioxide ether

mixture and the tip cut off. It was then droppéd into a

large Erlenmeyer rflask, filled with distilled water and a cover
placed over the top. The hydrobromic acid was absorbed by the
water and the amount determined by standard alkali. The bomb
itself with the tip which was broken off was carefully dried
and weighed accurately. Taus by analysis the percentage of the
mixture was determined. This analysis gave results concordant
with the percentages as determined by weight, as the following
figures taken from the first few bombs will indicate.

Percentages

By Weight:- 27.01, 38.21, 33.61, U42.38, 5Hl.4h4
By Analysis- 27.05, 38.13, 33.68, 42.02, 50.99

The results by analysis were probably the more accurate
as there was less opportunity for such disturvbing factors as the
evaporation of the benzene, to enter, and these were taken as
the final percentages.

There remains to be descrived the method of
determining the freezing-points of the mixtures in the bomvs.
A bath of ether was employed 1n an unsilvered Dewar flask A,

illustrated in Fig. 4. This bath was cooled by the addition
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of a few lumps of solid carbon dioxide and conversely
warmed by the addition of a little more efher. A guyrent of
alr blown through D served as Stirrer. C. is the thermometer
and B the bomb, whose contents, during the determination of a
point, were well-stirred by shaking and twisting the bomb.
By changing the temperature of the bath the point was ob-
tained, at which the 1aSt traces of solid in the bomb did
not grow on veing left for some time. This wés a minimumn.,
Now the bath was warmed up a few degrees, the solid would
disappear, therefore, that temperature was too high. The
bath was cooled a very little more, the solid still dis-
appeared and so the temperature is still toohigh. Soby stages
the Yath was cooled till the point was reached,a 1little below
which the solid would remain but at which the solid
disappeared. This was taken as the freezing-point of the
mixture, The difference between the minimum point obtained
and the first point after warming the bvath was only one or
two degrees, thus the points were determined with great
acuracy.

By this method, therefore, the remiinder of the curve
was completed. The following values for the points were
obtalned snhown in Table 1, represented in Fig. 5.

It will be seen that no compound is formed between
these two substances, as there 1s no suggestion of a maximum
at 50.09% acid, corresponding to a one to one compound or

36.6% corresponding to a compound two benzene to one acid.
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TABLY, I
q  Acid Freezing Temperature
0 5.4 degrees C,

5.9 1.3
12.9 -3.5
14.5 -4,0
27.05 -12.5
3%.6 -20.5
za.2 ~26.,5
42.4 -~-Z1.0
46,6 -39,0
48,02 40,0
51.0 —42,0
57.1 ~-47,0
65.2 ~56.5
73.5 -85,0
77.8 -70.5
85.7 -79,5
88,97 —-87.5
92.98 -~35,0
96.13 -90,0
100.0 -28,0

Since a compound was formed between toluol and hydrobromic
acid and yet no comhination occurred :etween henzene and the

acid 1t was thought that ethyl bhenzene would logically he the
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next hydrocarvon to investigate. Much difficulty was en-
countered in its preparation due to lack of chemicals but
finally a very pure sample was obtalned from the lavorator-
ies of the University of Illinois. 1Its boiling point was
136.5 degrees Centigrade and its melting point -92.4 degrees
Centigrade. With this substance as with the benzene the
slignht cloudiness visible on cooling, due to minute traces of
water, could only be removed by prolonged standing over sodium.
The treatument of the ethyl benzene was preclisely simllar to
that of henzene with the exception of the use of vombs. This
was not necessary as tne hydrobromic acid was gulite soluble in
the hydrocarvon at ordinary pressures. It 1s interesting to
note that the acid was also soluble in toluol and mesitylene
both of which formed compounds with the acid, while in
berizene which did not form a compound the acid was insoluble
except urder pressure. By additions of the hydrocarvon to
the acid, points on the curve were obtained from 1004 acid to
26.3% acid.

The last two points were very difficult to determine as the
metastable 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

This for a short period we have a metastable prolongation of

one section of the curve., The remainder oOf the curve was
completed by additions of the acid to the hydrocarvon. Liqguid
alr was necessary for cooling purposes,for temperatures as low

as =130 degrees Centigrade were required.
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The values oObtained are given in Table II represented hy
FPlg., V1. It will b noticed that here there are two compounds
formed,one of the constitution one ethyl bengene — one hydro-
bromic acid with melting point at -105.5 degrees Centigrade,
its composition Yeing 43.3 ¢ acid; the other two ethyl henzene -
one hydrohromic acid with meiting point -103.8 degrees Ceniti-

grade and composition 27.6 ¢ acid.

TABLE II
7 Acid Freezing Temperature
0 -92 .4 degrees C.
8.94 -97.,7
19.4 ""103-6
2%2.3 — (-118.5)
26,3 -104 (-115.2)
28,6 -104 (-112.6)
33,8 -110.2
26,2 -109
£5.7 -106.3
b2.4 -108.8
58,9 -112.2
65.4 ~-116.7
70.1 -120.5
75.2 -125.2
79.7 -125.0
85,2 -105.8
9007 "'96.5
10C,0 -86,0

The temperatures in brackets represent the temperatures on
the metastable portion of the curve corresponding 4o the

compositions indicated.
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The fact that ethyl “enzene formed two compounds, one
of #hith had the constitution two molecules of ethyl benzene
to one of hydrobromic acid led to a closer investigation of
the nature of the toluol-hydrobromic acid curve obtained by .
Maass and McIntosh. The maximum here corresponded with a com-
pound two toluol - one hydrobromic acid. However, it was de-—
21ded to meKe check determinations on the part of the curve
near the maximum to see that that was the true maximum. The
experimental manipulation was similar to that in the previous
curves, carbon - dioxide - ather mixiture under vacuum being
used as the freezing agent.

The values are represented in Table III and in FPig.V1il
are indicated in their relation to the values obtained by
Maass and McIntosh. The values at the maximum a2re seen to
correepond very closely, indicating s compound of the con-
stitution two tcilvol ~ one hydrov~omic acid with nmelting-point

~26,5 degrees Centigrads, and composition of 30.5 ¢ acid.

TABLE III
ﬁ dcid Freezing Tempersature
6,7 -96.,6 degrees C.
23%.6 —~89,0 "
26.8 -88,73
29,5 -37.6
34.8 -88,0

39.9 -89,0
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TABLE III (Cont.)

4 acid Freezing Temp.
43,7 ~30,.6 degrees C,
90,2 ~101.5
92.7 -95,.3
95,1 —~31.6

continuing the series it wce thought that the dimethyl sub-
stituted benzene rins mizht %»e very interesting. But we were
unshle +0 procure any of the ertho-and para- xylenes, and the
sample of meta—xylene obtained was found to he too impure.

The symmetrical trimethyl substituted henzene derivative,
mesitylene was however obtainad. The sempleused was Kahlbaum's
purified by repeated distiliation over sodium and allowed to
stand for some days 27=2r sodium wite. L1bts holling point was
164,5 degrees Centigrade and 1it: meltine point —-53.5 de-—
rreeg Centigrade.

The procedure was identical with that in the casce of
toluol, carhon—dioxide under vacuum bein~ again resorted to for
freezing purposes.

The values ohtained =re shown in Table 1V. represented
by Tig. V111,

It will be seen that there is a well~defined maximum
correesponding to a compound ¢cne mesitylene — one hydrobromic

acld of composition 0.z € acid.
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TABLE 1V.
¢ Acid Freszing Temp. % Aclid FPreezing Temp.

0 -53%3.5 deg. C. 48,8 -61.7 deg.C.
2.7 -56,5 50.2 -52,2
4.5 ~57.5 51.%7 ~852.5
11.6 —~£5.5 55.9 —-87,5
12,5 —-§8,5 57.9 ~68.4
25.6 -86.5 €8.2 ~-82,0
30,3 ~04.5 72.7 -20,0
35,0 -83%3,0 77,95 +1032.,5
40.3 -61.,5 84,5 -108.0
£1.5 -61.7 91,8 -98,5
100.0 -86,0

The experimental treztment of the 1liquid hydrocarhons,
with the exception of benzene, it has heen seen, presented no
outstanding difficulty. The mutual insolubility of e two
components in the case of the henzene 7= overcome by the
somewhat tedious yet very accurate bomh method. The case of
acetylene howevar present=? much more difficulty. The two com—
ponents were gaseous =2t ordinary temperatures, introducing the
‘awkwardness attendant upon the handling of such substances.
rarthermore, the boiling—point of acetylene was =2 low (-382
degrees Centigrade) that to preserve 1t in the 1liquid or solid
form the carbon—dioxide ether mixture had t2 be kept continu-

ously unddr vacuwn. The most cogent argument agzainst using the
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ordinary method was furnished by the fact that at room term—
peratures the two components react with one another and thus
while distilling ons gas into the other their wapours would
meet above the surface of ths ligquid and thie phase would be
contaminated, producing zn irreguwarity in our results, thie
irreguiarity not heing constant, »ut increasinz with the
number Of new additions of gas made to the systemg.. The
Homb method which had been already tried osut in the case of
benrene was the apparent solution of the difficulty,hut how
could it he modified for the treatmsnt of gases, so that the
compositions of ocur mixtures should he accurately known?
Addition of the corponents »y volume would soive the problem
and the following apparatus was evolved to acconplish this,
after trials of various other methods.

First an outline of the method for the purification of
the acetylene might e necessary. The gas was genserated by
dropping water on calcium carbide covered hHy alcohol, passed
through two wash-bhottles containing dichromic acid and potass~—
{um hydroxide respectively, through 2 tuhe of phosphorus pent-—
oxide and condensed in & large test—tube by means of carbon-
dioxide—ethe» mixture under vacuum. The dichromic acid re-
moved the phosphine which is as a rule present, the potassium
hydroxide removed the carbhon dioxide snd the phosphorucs pent-
oxide removed the water. The zondsnsation »v so0lid carhon-
Aioxide under vacuo eliminated the nitrogen and carbon monoxide
which are someti mes present in samples made by this method.

The substance thus collected was redistilled through wash-



hottles containing frash reazents and passed into a large gas—
ometer. A sample taken from this was found t0 he absosrhed
without residue in saturated »romine water. It 1s interesting
t0 note, as other experimenters have, that the gas when care—
fully purified no 1ongsr» had the unpleasant odour usually
agsoziated with 1t, The gasometer containing the pure pro—
duct was connected to the apparatus represented in Fig 1X¥.,at
A, At first the purified gas was distilled intc a tube sealed
on at A simila» to the one 2t B, wut 80 mich trouble was caused
v the necessity of maintaining the carbon dioxide under vacuum
that the gasometer method of storing it was adopted.

The hydrobromlic acid was prepared in the usuel way and
distilled into the tube B, the delivery tube being sealed off at
the end.

Fig. 1X represents the spparatus used. Viand V2 were large
flasks of approximately one 1liter capacity, C and D smaller
flasks whose volumes were about 150 CC., These volumes had been
accurately calivwrated as well as the volume of the tubing from
the two—way tap at X to the manometer M. At © a series of
bombs were crranged twelve in numher, only six bheing shown in
the diagram. Immediately above each bomb there was 2 small con—
gtriction in the tuding and a little higher a tap by which it
could he shut off from the system. It will he seen that the
homh itself was similar to that used in the case of benzene.

All joints throuzhout the apparatus were of glass., The proced-

ure was as follows, The taps on the tubing leading from the



reservolir to V1 wvere closed and the tap leading to the

vacuum pump at Pl opened, this section thus being exhausted.

- The tap connecting the system 40 the reservoir was opened

once or twice,to allow a rush of acetylene through the tuh-
ing, to thoroughly eliminate any air in that section of tub-
ing. Similarly the tap connecting B +t0 the vacuum pump Py,

wog opened suddenly onee or twice thus drawing the air out of
that section. Meanwhile the whole apparatus from the taps st
Vi V2 to the manometer M had been completely evacuated hy

an automatic mercury pump connected to P2. Then the taps on
the tubes leading to the »hombs at E and +the bHulhs =2t C erd D
were turned off. Acetylene was admitted to the large flask
Vi, t111 about atmosgpheric pressure wre rezched, It was then
shut off from the reservoir and ccnnected to the small »ulb C.
when ecullidbrium was estahlished the tap at X was closed, the
pressure rezd as rezistered on the manometer 2% M., The tep
wag then opened to one of the bombs which was surrounded by
1iquid air. The acetylene from the »ul® C wae thus condensed.
A calculation Lad been made previously of the drop in pressure
necessary to zive the amount of acetylene which we wished,and
as the mercury reached this height in the manometer the tap
zonnectinz the homb to the system was closed. The volume

fo rmerly occupied by the 2ae was known, the chanze in pressure
in the system, and therefore the quantity condensed accurately
calculated. The tap at C wee now closed, the tap at P heing

once more opened to exhaust thoroughly the tuhing from X to M.
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When this had been accomplished the pump was cut off by clos—
ing the tap, and the two—way tap at ¥ opened to V2, which

had beer previously evacuated. Hydrobromic acid was then ad~-
mitted to *his flask by warminz up the 1iquid in B. The pro-
cedure nov was the same as in the case of acetylene except
that the small bulh D was used instead of C, the acid b»eing
condensed on top of the hydroczrhon in the homb., A calculat—
ion had been made veforehand ¢f the change in pressure which
would be requisite +0 give the desired percentage with the
amount of &acetylene already condensed, and the condensetion
of the acid was stopped at the right point my turning the tap
at the head of the homb. This was then sealed off at the con-
atriction with a amall »low—pipe flame and the freezing-point
of the mixture determined. TFor *+he landling of the »omb dur~
ing the gealirig off and after the sealinz off, a stiff wire
was attached in the following manner. A small strip of “lack
adhesive tape was wound r»ound thas neck and ro>u1d this the
viece of stiff wire HaInt, »ut not very $ishitly on account of
the dsnger of breaking the bomb off at the =mall constriction
above, It was then Bound in place »y fine flexihle wire.

At Pirst ~sondensation was carried out from the large
flasks only, but the change in pressurs oObtained was s2 small
that any error in its readinz would have had tco great an
effect on the accuracy of the work. So the small hulbs ¢ and
D were introduced =0 that the drop in pressure was 50 or 60

centimeters. “ometimes 0 obtain the required amount of
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hydrocarbon or acid in *re homb thé small volume C Oor D would
requiras to he filled from the large flask Vy or V2 once or
twice or more times. V‘lren the supply in V1 or V2 hecame very
.1ow more could he ohtained from the reservoir in the one case
or by warming up the liquid in the other.

At 211 times after the first condensation of the acety-
lene the »omb was Kept immersed in liquid eir, ard thus when
the acid was condensed on top of 1t,zt the temperature of the
ligquid air the 2114 hydrocerhon hzd no sppreciarle vapour’
pressure and thus there was no vapour which could react with
the incoming acid vapour. The acid condensged ~< = s0lid &nd
the two suhstances were kept in that condition until the homh
722 placed in the hath and warmsed up graduslly to about ~90
degrees Centigrade, when for the first time the two components
were allowed to mix thoroughly.

The freezino points of the mixtures in +he Homhs were
determined in precisgsely the same way ss thcse of henzene-
hydrobromic acid. The low temperstures required in this case
necessitated the use ¢f 1iquid air to cool the bath and to do
this converiently it was arranged az in Fig. 1X A, B erd T
represent the homb and thermometer respectively. C is a small
»wulh into which goes as indicated the tube from the Dewar flask
containing the 1iquid air. Thus when desired t0 cool the »hath,
a 1ittle liquid air was introduced into this dulb. S is a tube
fron which 1igsued a constant stream of dry air to Keep the

1iquid of the »ath well stirred and thus at a uniform
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temperature. The 1liquid was in this case petrol ether on
account of ites low melting point. With thies arrangement the
temperature of the bath was under complete control and »y
1ntroduciﬁg from time to time just the right zmount of 1liquid
air intc the »ulb ¢, the »ath could he kept at constant temp-
erature o almost any length of time desired. The values
obhtained for the various percentages are given in Table V,
reprecsented in Fig. Y. Inasmuch as this method depends upon
the 2dAition of gases hy volume an accurate value for the
density of the gases was necessary. This was ohtained in a
separate research. It can be seen here that there is but one
eutectice, that iz %7 eay, nc compound-formati on occurs “Het—

ween the twe components.

TABLE V.
¢ Acld Molecular ¢ Acid Freezing Temp.
0 0 ~81.7 degraes C.
19.4: 7.2 "‘82.5
30,0 12.9 ~85,7
?'E oe 150* "8802
4909 2402 ""93'2
56,0 28.4 -27.3
61.9 34,3 -101.3
64.0 56-1 ""103'7
69.9 49,8 ~109,%7
74.5 48,4 ~-113.1
76 .0 50,0 -115.2
78,0 57,2 -117.6
EZ.4 51,7 ~-125.2
85.3 85,5 ~-126.0
87.5 69."': "120!2
£9.0 74.% -11%,0
100.0 100,90 —-86,0

The marked bend on the acetylene side of the »1rve 18 caused
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by the method of plottingz, due tc the small molecular weilght
of 3cetylene relative to that of hyvdrobromic acid. This is
seen to disappear 1f the curve is plotted molecularly as in-
dicated by the dotted 1ine in Fig. X.

Some interesting facts were noted as to the bhehaviour of
the »ombs when allowed t0 warm up to room temperature. Those
whose contente were represented on the right side of the eu-
tectic,after a short time exploded violentliyv,probably due to
a reaction between +he components. - The remsinins hombs when
Yroken some weeks later still contained large amounts of
hydrobromic actid even though there was in the mixture a large
excess of acetylene, that is to say, no combination between the
substances had occurred. Apperently the fact that the gases
were sO carefully dried prevented the reaction from tsking
place. In the first me thod which was attempted to determine
the freezinz point curve of the two components,a platinum stirrer
was used and it was noticed that a dark brown oil formed at the
surface of the platinum, which 011 persisted on the warming up
of the mixture. It was thought that the platinum had catalysed
& reaction vetween the two componente and therefore a homb was
made in the usual manner containing a plece of platinum. This
bomb remained at room temperature for about a dzv ard then ex-—
pl10ded with great violence, shattering tiT;%;cas a large glass
jar in which 1t was standing. This apparently indicates *+hat

the platinum had catalysed scme reaction between the components,
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I% should »e pointed out tl.at this method not onlvy
applies to the ahove system but can »e used for any system
of gases desired, 1Its precision is well seen in the mani-
pulation of the *wo gases, acetylene and hydrobromic aeid,
and the same apparatus iz now heing used for the systems
chlorine-scetyvlene and hydrobromic acid - ethane,

To summarize the experimental work, the existencs of a
compound of the composition two toluol - one hydrobromiec acid
with melting point —-86.5 degrees Centigrade has heen verified,
compounds of the zomposition one ethvl bhenzene — one hydro-
hromiz acid with melting point -105.5 degrees Centigrade,
two ethyl venzene — one rIydarobromic acid with melting point
~-103.8 degrees Centigrade, one mesitylene — one hydrobromic
acid wi+*l. meltin> point -61.0 degrees Centigrede, have dbeen
shown to exist. I%t is interesting %0 notice thet phenol has
been shown to form a compound two phenol — one water(3), two
phenol — one sulphuric acid(4), and two phenol — one acetone(5),
and to think that perhaps,considerins the results ohtained in
this work,ths phenyl group may »e +tha cause of the compound
formation #réd not the oxygen., In the cases of bengene znd
acetylene however no compound is formed.

Some difficulty was encountered in ohtaining the chemicals
desired. Some needed very careful purification while 2thers

too
after much time were sti11l found 1o be,impure for use. For

(z) Proec. K. Akad.7etensch, Amsterdam 14,192(1911 ).
(£4) J.A.C. 38,1314 (19186)
() Ber. 43,2812 (1910)
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example, a sample of metaxylene was procured from which after
prolonged treatmant the paraxylene could not be removed. At
tha time <f writing some pure samples of *he three isomeric
Xylenes are in preparation. It 1= intended to continue this
work, as at first desired, to a study of & few other hydro—
earbons, such as the xylenes, allylene and ethylene, as a con-
firmation of *he conclusions =srrived at herve.

In the field of molecular :ompound formation a certein
amount of w rk has been done, but its nature has nct been such
g to add very much to our knowledge or rather understanding of
these phenomena. fany isolated facts héve heen determined and
from these attempts have been made to theorize on the causes
of this compound Pormation. The suvstances used were in most
cases very coamplex irn structure containing various arrangements
relative tc one another of aryl and alkg} groupings and also
di fferent elements, upon the belzviour of which at these low
temperatures we have no information. FoOr example Norris f£inds
compound formation with such a substance as tetra-brom-tetra-
phenyl ethvlerne (6), and from this draws the conclusion that
the unsaturated linkage is the ecritical factor here, a con-
clugion unwarranted by isolated phenomena in the case of one
such complicated substance. Ohviously the bromine or the
phenyl groups might Just &s well be the explanation. McIntosh

and Maass 11 their investigationes on ox onium compounds snd

(8) J.A.C. 38, 702 (1916).
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tetravalent oxygzen (7),is0late zompounds of substances con-
taining aromatic nucleil of verv complex nature which require
the scmewhat improhable hypothesis of a hexavalent oxygen

to explain thair formation, while svan this supposition will
not explain further compounds such as “enzophenone with eix
hydrobromic acid. The experimenters have naturally sdénducted their
investigations each from his own point of view, hut their in-
troduction of complicating factors, on whose effect not even
speculation can »e attempted, has rendered impossible any
correlation of their work for the formation of a comprehensive
conception of the fundamental causes of these phenomena. Of
course the rezson such complex subestances have been used is
found in their ease of manipulation, “ut mt so much has been
accomplished as might have been with simpler substances in
spite of their awkwardness. Thie piece of work has been confin-
ed to an investigation of one point, the effect of unsaturat-
fon, and to do this adequately, complicating factors have heen
eliminated as far as possible. Substances closely alike in
nature, namely hydrocarhons, were used thus svoiding any effect
which another element, such as oxygen, might introduce cnd
since the valency of hydrogen is inveriable and that of cearhon
in the fourth group, well-defined, the r3sulta ohtained could
Ye used as s sound bhasis from which to draw conclusions. Thus

by investigating each point alone a clear czonception can he

(7) J.A.C. 32, 542 (1910).
" 33, 71 (1911).
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obtained of the real factors involved in this compound
formation. Wwith toluol, ethyl henzene, and mesitylene, com-—
pounds exist at low temperatures hut in the cases of henzene
ord acetylene they 4o not. In the latter case the symmetricsl
arrangement of the linkages spyparently estadblishes a stable
equilibrium of the interatomic forces in whi-1 thara 1= no
externally directed force to exert an attraction upon other
molecules, In the cases of the alkvl sunstituted benzene
rings this equilibrium of forces was disturhed and sb inter-
molecular comhination could take pnlace. This accords well
with the ordinary aromatic reactions, for toluol and the other
omologues are much easier nitrated, for example, than is
henzene. In this comection it migh%t b»e interestinz to point
out that saturated solutions of hydrobromic acid in the sub-
gtituted bhenzene compounds when allowed to stand in contact
with the air, gave evidence of chemical interaction contrary to
the ususal conception of ths mehaviour of sromatic hydrocarhons
towards halogen acids. Benzene here to0 exhihited its usual
chemical inertia. Norris in his work came to the conclusion
that linkages which were unscturated, »y that very fact, in-
duced molecular compound formation. It is apparent that this
conclusion wae erroneous, which is not surprising, for with
the substances used by him, the compounds micht well have
been due and prohably were due to the disturhed equilivria in

the »enzene nuclei and not *¢ the ethylene linkare as he
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thought. fc¢ the rule seems to be that the presence of an un—
eaturated bYonding does not necesssarily induce compound form—
ation »ut the presence of ¢the~ groupe in the structure of
the sudbstance may ceuse these linkages to exert an zttraction
upon other molecules.
The results of this plece of work moy he stated briefly:
A method has bheen developed for determining the freez-—
ing point curve of components which are mutually insoluhle
at crdinary pressures.
A method hes heen developed o+ determinine the freezing
point curve of two gases which combine at ordinarvy temperatures.
The followin~ compounds hsve been shown to exist:
Two toluol - one hydrobromic acid. Meltinz Point -86.5 deg.C.

One sthyl benzene - one hydrobromic

acid " " ~-105.5 "
Two athyl henzene - one hydrobromic

acld " " -103.8
One mesitylene - one hydrohromic acid " " -81.0 v

and it has heen shown that no molecular combination occurs
hetweern eithan henzene Or acetylene and the acid.

I+ has bheen shown that unsaturation in itself does not
necessitate molecular compound formation »ut that other groups

in certain pcsitions may induce such formation.



II - YA METHOD FOR THE DETERMINATION OF THE DENSITIES

OF GASES.



A METHOD FOR THE DETERMINATION OF THE DENSITIES OF GASES.

In the research on "The Effect of Unsaturation on
the Formation of Molecular Compounds* it was found necessary
to know accurately the densities of certain gases,namely,
acetylene, hydrobromic acid and methyl ether. The values
given in the literature were so divergent ffom the theoretical
values and some of them determined so long ago that for the
accuracy of the work a redetermination was considered
necessary. The ldea of using the following method suggested
i1tself and the sources of error were so few that 1t seemed a
practicable metnod for determining the densities of gases in
general, both conveniently and with great precision.

In outline the method is as follows. A known volume

of the gas at known temperature and pressure is condensed
in a small tube by means of liquid air and weighed. The
apparatus represented 1n the diagram was used., This 1is
drawn to scale with the exception of M, the manometer. V
designates a large flask of known volume,which was carefully
determined as follows. The flask was dried'by keeping it
under a vacuum of .00l mm. for some time, thenwelghed full of
ailr. It was next filled with distilled water and carefully

weighed. The temperature of the water was taken. Correcting
for the welght of the air and the density of the water at

that temperature the volume of the flask was found to be



D

2242,4 CC., Correcting for the expansion of glass the

volume at zero degrees Centigrade would be 2240,9 CC. The
manometer M was made by a method described by McIntosh and
Maass (1) using specially purified mercury. This method makes
sure the mercury is pure and that there 1s no pressure of gas
in the Toricellian vacuum. The scale, which was etched on a
mirror, was calibrated by means of comparometer and could be
read to .1 mm, By means of plumb lines 1t was ascertalned that
the manometer was perfectly upright. At the end of the
determinations the volume of the tubing between the taps

A, B, C & D was determlned accurately by weighing with and
without water. This was 22.4 CC. The manometer also was taken
apart and the capaclity of its tubing determined so that the
volume above the mercury at any pressure could be calculated.
At E were four tubes, about 6 centimetres in length, of such

a size that the condensed liquid would just about fill them.
These tubes were made of especially thick glass. All joints
were of glass and all taps mercury sealed. The substance whose
vapour density was to be determined was distilled into X in

the liquid or solid form 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 for some time. The large flask V with all tubing
and tubes or "bombs" at E, was evacuated to .0001 mm. pressure

by means of an automatic mercury pump with MacLeod gauge,

(1) Trans. Roy. Soc. Can. VITIT 65(1914%),
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connected to two-way tap B. This pump was of an especlally
efrficient type and would accomplish this 1in 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 this the liquid was
boiled till the flask V was filled with gas to about
atmospneric pressure and then the tap A closed. The system
was now allowved to stand for some time till the gas in the
flask V previously surrounded by fresh cracked ice had become
of uniform temperature. The manometer was read every five
minutes until there was no change in pressure'over a period
of fifteen minutes. The tap at C was then closed and the
tubing and bombs thoroughly exhausted. There was then in V
a known volume of gas under known pressure and temperature.
When the tubing was completely evacuated the tap at C was
opened and the gas condensed in one of the bombs at B by means
of liquid air, or solid carbon dioxide. This bomb was then
sealed off and the pressure of the gas remaining in the system
read after equilibrium was again established. The bvomb with its
contents was allowed to warm up to room temperature and
weignhed very carefully, then immersed in liquid alr, the tip
cut off, the contents allowed to evaporate and the dried bpombd
with its tip weighed again. This weight was about sixteen
grammes. Correction was made for the weight of the alr. Thus
the weight of the gas condensed was determined accurately. The

temperature of the room at the time of experiment was taken in

order to correct for mercury expansion in the manometer ..
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and the temperature of the gas remaining in the tubing.
The follawing formula was used in the calculation of the

weight of one liter of the gas.

D= _16_« W . 1000

(B-p) V= . v 213
273 ¥ t.
W = the welght of the condensed gas
g Z the 1m0 e floYs the gas in the large rlask,tne
neignt of the mercury column being corrected to 0°C.
P = the pressure remaining in the system after condensation
of the gas
v = the volume of the system from the taps at B and C to
the tap at A and the level of the mercury in the
manometer,
t = the temperature of the room, that 1s to say the

temperature of v.

Ovviously v will change in each determination with
changes in the final pressure p and with the number of bombs
wnich hayebeen sealed off. The volume of the bombs was found
at the end by welghing them full of alr and full of water,and

thus this was taken into account. It can be seen that the
precision of the determination depends on the accuracy of our
weasurement of V, P, T and W,,for an error as large as five
percent 1n v, would,in the total,make an error of less than
one in ten thousand. The error in V can be taken as one in

ten thousand, while tne error in P—p might be .2 mm. tnat is



o

three in ten thousand. The error in W is not greater than one
in ten thousand. The maximum error, therefore, im D should
be of the order of five in ten thousand. It is seen that the
largest error enters in the determination of P, This could
have been largely reduced if instead of reading the pressure
directly, a cathetometer could nhave been obtained.

Before proceeding to an enumeration of the results
it might be well to describe the preparation of the gases.

Acetylene was the first gas tried. It was prepared
by dropping water on calcium carbide covered with aleohol,
passed through two wash-bottles contailning dichromic acid
and potassium hydroxide respectively, through a tube of
phosphorous pentoxide and condensed in a large test-tube by

means of carbon -dioxide-ether mixture under vacuum. The

dichromic acid removed the phosphine, which is invariably
present, the potassium hydroxide removed the carbon dioxide,
and the phosphorus pentoxide, the water. The condensation by
solld carbon-dioxide under vacuum eliminated the nitrogen
and carbon monoxide, which are sometimes present in samples
made by this method. The substance thus collected was
redistilled through wash-bottles containing fresh reagents,
through a phosphorus pentoxide tube and into the tube X. A
sample taken from this was found to be absorbed without
regidue in saturated Bromine water. An attempt was made to

purlfy the acetylene by a method given in Fremy, namely, the
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precipitation by means of the gas of copper acetylide and

the regeneration of the gas by addition of warm hydrochloric
acid. The product was so contaminated by large quantities

of vinyl chloride that the method was found to be impractical
for the preparation of such quantities as were needed.

The next gas whose density was determined was methyl
ether. This was prepared by dropping methyl alcohol on
concentrated sulphuric acld, passing the gas thus evolved
through water into concentrated sulphuric acid which will
avsorb large quantities of the etner. Wnen needed the gas
could be regenerated from this by dropping water on the acld
solution. The product thus prepared was condensed by means
of carbon-dioxide ether mixture, redistilled twice through
phospnorus pentoxide taking only the middle portions.

The hydrobromic aclid was prepared in the usual
manner by dropping bromine on phosphorus in water and passing
the gas thus evolved through wash-bottles containing
phosphorus and water to free from bromine, through phosphorus
pentoxide tubes and condensed by means of carbon dioxide
etner mixture, It was redistilled twice using only the
midile portions.

In the treatment of the bromide,to avoid contamination
of the mercury in the manometer and the consequent

introduction of inaccuracy into the readings of the pressure,
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the following procedure was adopted. The system was evacuated
as usual. Then the tap D was turned off, the tap at A opened
t0 the bromide and after a time the tap at B opened to the
atuosphere. When the acid had, issued for a short time from
B, A was closed and the pressure of gas allowed to reach
equilivrium. The gas was now at atmospheric pressure in the
system and this was read from a bvarometer whose length had
been previously callibrated with respect to the manometer
descrived avove. B and C were then closed and the tubing
between the four taps evacuated by opening the two-way tap
at B this time to the pump. The gas was then condensed as
above 1n one of the small tombs at E and the bomb sealed off.
Then only was the tap D opened to the manometer and the
pressure quickly read, and as soon as possible the tubing
evacuated. Thus there was but a small pressure of the bromide

in contact with the mercury for a very short time.
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The following table represents the results of the
determinationg-
Exp't, V(ce) P vw(ece) p t W(grms) D
(corr-
ected)
Acetylens # 1  2240.6 175,34 46.6 1,16 19.8°C, 2,5490 1.16985
" # 2 2240.,6 76.89 38.5 2.13 19.8 2.5671 1.16925
Methyl ether 1 2240.6 77.74 31.0 4,59 23.4 4.,5289 2,1104
" " 2 2240,9 71.99 5l.21L24 24.2 3.7464 2,1101
Hydrobromic
Acid 1 2240,9 75.79 48.4 1,96 23.0 7.8844 3.,6381
" "2 2240.9 75,79 41.0 .28 23.0 8.0802 3,6372
" " 3 2240.9 75.90 26.9 3.42 24.0 7.7515 3.,6420

It can be seen that the error is of the order

calculated and thus the practicability of the method estab-

lished.

The apparatus when once set up can be used for

such determinations as long as desired, the actual deter-

mination requiring very little trouble.

The accuracy of

the method in comparison with others depends very largely

on the fact that, whereas in other methods the gas was

weighed as such, in this way the substance was in the

liquid state.

The weight of the large flask alone was

about 210 grammes, while the weight of the bomb alone was

15 grammes;

Thus ten times the accuracy would be necessary in the

the weight of the substance being 5 grammes,

weighing of the large flask to equal that obtained in the
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determination of the weight of the gas by weighing the small
bomb, This is impossible of attainment for in the manipula-
tion of & large flask other factors enter, such as condensation
of moisture on the flask and the necessary use of a large, and,
therefore, not so accurate, balance. The small bomb can be
weighed in an ordinary analytical balance and thus accuracy is
attained, and also convenience, for large balances are not
available in 8ll laboratories.

The comparison between the values obtained by this
method and those given in the literature is shown on the

following table: -

Density,deter- Density,from
mined. literature.
Acetylene 1.16955 1.18
Methyl ether 2.,1103 2,090
Hydrobromic acid 3.6391 3.50

It is to be noted that the densities of those gases
which are heavier than air, as determined by others, are too
small, but the converse is true in the case of gases lighter
than air.

In conclusion, it should be mentioned that & simple
apparatus based upon this principle is under consideration,
for the ordinary vapour density determinations of the
laboratory, such as were previously determined by the Dumas'

method.
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