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been made to me: ‘“What wonderfully fine scales you must have to weigh
atoms!” To-night I have endeavored to point out that the purely chemi-
cal work, which precedes the introduction of the substance into the bal-
ance-case, is far more important than the mere operation of weighing.
Moreover, speculation and the higher mathematics are as yet of little
service to us in this quest; I cannot help thinking that any ultimate gen-
eral conclusion must rest upon careful laboratory work. Chemistry is
still largely an inductive science; when we have discovered the realities,
we shall be in a position to attempt to explain them. In the meantime
more accurate values, discovered little by little through patient mvesti-
-gation, will be of use to the thousands of men throughout the world
who daily employ these fundamental data of chemistry.

This method of working is very different from that of the great man
whose memory we are celebrating to-night. Willard Gibbs went always
from the abstract to the concrete; his whole point of view was deductive
rather than inductive. Perhaps herein we may find one reason why his
extraordinary generalizations have so often remained hidden until other
investigators have come upon them inductively. Nevertheless, the
radical difference of method brings with it no real contradiction of aim
and outcome. The mathematical logic of Gibbs supplements but does
not supplant the work in the laboratory; both have the same object, and
each helps the other toward the ultimate goal. This goal—a more funda-
mental understanding of the mechanism of the universe in which our lot
is cast—is worthy of the highest endeavor of mankind.
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Introduction.

In previous papers from this laboratory the compressibilities of certain
inorganic compounds as well as of a number of the elementary substances
have been discussed.! It has been demonstrated that compressibility
is a property having chemical relations of importance; and accordingly
it becomes a matter of interest to compare the compressibilities of a wide
variety of organic substances. Unfortunately, however, the existing
data concerning this subject are incapable of throwing light upon it be-

! Richards and Stull, Pub. Carnegic Inst., 7 {1903); Z. physik. Chem., 49, 1 (1904);
Richards, THIs JoURNAL, 26, 399 (1904): Richards, Stull, Brink, and Bonnet, Pub.
Carnegie Inst., 76 (1907); Z. physik. Chem., 61, 77 (1907); Ibid., 61, 183 (1907); THIS
JourwaL, 31, 154 (1909); Richards and Mathews, /bid., 30, 8 (1908); Z. phisik. Chem.,
61, 449 (19 8); Richards and Jones, THIS JOURNAL, 31, 158 (1909); Z. physik. Chem.,
71, 32 IQIO . : : :
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cause no uniformity as to temperature or range of pressure exists among
them. Compressibility is very greatly affected by both these conditions;
hence it was clear that a completely new set of data was needed. The
present paper contains a description of a research intended to supply,
in part, this lack.

In this research it seemed more useful from a chemical standpoint
to make determinations involving the moderate compression of a large
variety of substances which show systematic relationships between
their composition and structure, rather than to investigate only a few
substances over a very wide range of pressure. The new method which
has been used in the Chemical Laboratory of Harvard College lends itself
very satisfactorily to the former problem. The latter problem, which
requires more cumbrous apparatus, has been independently taken up
by P. W. Bridgman, of the Jefferson Physical Laboratory of Harvard
University.

As will be seen, many interesting relations are to be noted between
the compressibilities of organic substances; and these relations afferd
valuable clues to the causes of other properties of the substances in ques-
tion. The full discussion of the results, especially in relation to the theory
of compressible atoms, is reserved for another paper. The present chapter
deals with the presentation of the experimental data and the most obvious
relationship between them. It may be said in passing, however, that
the outcome is decidedly favorable to the theory.

The Pressure Gage.

Adequate means of measuring the pressure is one of the essential features
in any work upon compressibility. In previous work from this labora-
tory, wherein the relative compressibilities alone were desired, the ab-
solute accuracy of the gages employed was a matter of minor import,
provided only that these instruments were constant in their indications.
Constancy was proved from time to time by reference to the compressi-
bility of a standard substance, water, which gave sufficiently consistent
results and showed that the gages were to be depended upon within a
small limit of error. The present work, however, aimed to secure results
not only accurate relatively to one another but also possessing a precision
more nearly final. If the absolute compressibilities of water and mercury
had been known with great precision, they could have been used to cali-
brate the gage; but unfortunately at that time both these values were
in doubt. Accordingly it was necessary to verify the readiags of the
gages by means of some satisfactory standard instruments. Fortunately
such an instrument had just been constructed by the Physical Laboratory
of Harvard University, by Dr. Bridgman, who very kindly permitted
us to use it in verifying one of our gages, No. 3,014,491 (designated later
as Gage B), made by Schaeffer and Budenberg. Bridgman'’s ingenious
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apparatus is somewhat similar in principle to that used by Amagat; but
is simpler and more satisfactory in its operation. Since it has been
fully described by him,? it is necessary to mention here only the fact
that the gage consists of a freely moving small piston of accurately meas-
ured diameter, provided with a carriage for carrying very heavy weights.
The diameter of the piston was found to be 0.2506 inch by means of two
Brown and Sharp micrometer-calipers, which gave identical resuits.
This figure was probably accurate to within one unit in the last decimal
place. The cylinder in which the piston moved was almost exactly
0.0001 inch larger in diameter as nearly as could be determined with the
help of other pistons of slightly larger size, hence there was only a very
slight leakage around the cylinder. This was diminished at high pressures
by a very ingenious device explained by Bridgman, and the diminution .
of diameter of the piston under pressure was shown by him to be negligible
as far as our work is concerned. From these data the area of the cross-
section of the cylinder was taken to be 0.3185 4 0.0002 square centi-
meters. Each weight used was carefully calibrated. The largest sum
total of weights ever needed (that demanded by the pressure indicated
on the hydraulic gage as 557.5 kg. per square centimeter) was 177.1 kg.,
a weight corresponding to a pressure of 556.0 kg. per square centimeter.
Thus at this point this hydraulic gage gave a reading 1.5 units too high,
and this quantity must always be subtracted from the observed reading
in order to obtain the true pressure. Gage B and Bridgman’s standard
were thus compared at short imtervals of about 10 atm. twice throughout
the interval between 50 and 550 atm., a process which demanded nearly
one hundred adjustments. Especial pains were taken about the points
near 100, 300, aud 500 atm., as these were the most important in their
bearing upon the data desired. The two parallel series of measurements
agreed very well with one another, rarely differing from the mean by
an amount greater than the limit of the error of reading the gage (0.5
atm.). Hence the curve taken from the average of the two probably
gives the errors of the gage with exactness. This curve for Gage B is
plotted as the heaviest line in the accompanying diagram, in which each
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Fig. 1.—Errors of gage. Gage readings are plotted as abscissas, errors of gage are
plotted as ordinates. The black line indicates Gage B, used for most of the
work; the dotted line indicates Gage A.

! Bridgman, Proc. Am. Acad., 44, 201 (1909).
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small circle represents a comparison of the gages and the twq fine zigzag
lines indicate the two series of measurements. Another gage, No. 2,740,741
(Gage A), used in some of the earlier work, was standardized by compari-
son with Gage B.! In many cases A and B agreed; where A deviated from
B the indications of the former are marked oa the diagram with a heavy
dotted line.

It will be seen that both the gages throughout their length gave some-
what too high readings, except Gage B at the 550 point. The errors
average about 4 atm., sinking to 2 at the 9o and 290 points, and rising
to almost 6 toward the higher pressures. )

An appropriate correction thus indicated was applied to each reading
recorded ia the following series of observations during which Gage B
alone was used. The consequence of these errors of the gages was usually
to make the uncorrected compressibility of each substance at high pres-
sures appear to be somewhat less than it really was. ‘

The general tendency from this cause affects also all previous work
done in this laboratory, except that done with Gage B above 510 atm.;
but fortunately the effect is in no case large, and the conclusions based
upon the results are not affected in the least degree. Nevertheless, it
is a matter of interest to evaluate accurately the effect of the errors of
the two gages upon the work already published (which all depended upon
either one or the other of them), if only to show that this effect was un-
important. This will be done in the near future, when it will be shown
that the constant results obtained from the standard substance water
proved the readings of the gages to have been thoroughly concordant
over a long term of years. Incidentally it may be mentioned that the
substitution of Bridgman's new value for the compressibility of mercury
(3.90 m terms of kg. per square centimeter), instead of the old value,
(3.71 based largely on the work of Amagat) causes a far greater change
in the calculated compressibilities of the metals than were caused by the
small errors im our pressure gage.

The Piezometer and Device for Measuring the Change of Volume.

The method used for the determination of compressibility consisted
in the determination of the difference between the compressibility of each
substance in question and that of mercury, which is assumed to be known.
By adding to the difference as determined by experiment the compressi-
bility.of mercury, the compressibility of the substance is obtained.

The apparatus necessary has already been described more than once
in detail. It consists in the first place of a piezometer of glass, which
is first wholly filled with mercury and subjected quantitatively to pressure,
and then afterwards partly filled with the liquid in question (displacing
an equal volume of mercury) and agaim subjected to quantitative com-,

! Pub. Carnegie Inst. of Washington, 76, 12 (1906).
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pression. The diminution of volume was determined by allowing the
mercury to make contact with a very finely pointed platinum wire, the
changes in volume being measured by weighed globules of mercury.
Thus the difference between the compressibility of ‘the substance and
that of mercury may be determined very simply from the difference be-
tween the two parallel series of compressions; and the compression of
the apparatus is entirely eliminated from the result, occurring equally
in the two series.

Various forms of apparatus, all depending upon the same principle,
have been suggested for this purpose.!” In the present work twelve
different piezometers were used of several different volumes and patterns,
five having been used by Mathews, four by Stull and three by Speyers.
These are designated as M.1, M.2, M.3, M.4, M.5, St.1, St.4, St.6, St.7,
Sp.1, Sp.2, Sp.3. Of these that called St.r was of the form originally
suggested for liquids,? except that it had no stopcock above, ‘
but was filled through the tube containing the platinum )
wire. The jacket designated as St.4 was essentially of the
type shown on page 12 of the same paper, although slightly
different in shape. All the other piezometers were of the
form shown in a subsequent paper® from this laboratory L
as well as in the accompanying illustration. The hollow
stopper of each of these latter piezometers was filled with
mercury in order to increase its weight and diminish the
danger of displacement during a determination. The stop- -
pers were all securely held in place by means of stout
thread or pliable string.

In most of these instruments the substance to be studied
was directly introduced into the piezometer itself, but in
four cases, namely, M.5, St.4, Sp.2 and Sp.3, the liquid was
contained im a little inverted cigar-shaped tube or bulb,
closed at the top and open below to the mercury. In the
two former of these cases the bulb was provided with a bail
like a bucket which was hooked into a small hook of plati-
num, fused into the bottom of the glass piezometer. This
was to hold the tube down and prevent it from being w
pressed against the upper part of the instrument by the -
buoyant effect of the mercury. In the piezometers desig-
nated as Sp.2 and Sp.3, the bulb had no bail and was not gig. . — The

1 Carnegie Institution of Washington Publications, 7, 76. piezometer.

2 Carnegie Publication, %, 17. A slight modification of this form has been used
very successfully by V. W, Eckman in determining the compressibility of sea water.
(Pub. de Circonstance, 42, Lab. Centr. & Christiana, Nov., 1908), but his change seems
to present little if any advantage.

8 Carnegie Publication, 76, 11, Jacket V.
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hooked to the bottom, but was provided with a pointed top so that it
should press only in one very small spot on the stopper. This arrange-
ment was found to exclude the objectionable fine cracks between glass
surfaces as effectually as the other arrangement. In each case the in-
strument was first tested with everything in place, filled with mercury
alone.

The choice of one or the other of these piezometers was really immaterial
except as a matter of convenience in manipulation, for all gave the same
results under the same conditions. This was easily proved by making
experiments upon water, which was chosen as a standard substance;
these were sufficiently concordant to show that not only the gages but
also the piezometers were capable of giving consistent results in every
case. '

The weights of liquids employed were determined in slightly different
fashion according to the shape of the piezometer, but wherever possible
these weights were verified by being determined twice, first by loss of
weight in a pipet or receptacle used to deliver the liquid into the
piezometer, and secondly by the change in weight of the piezometer,
making due allowance of course for the mercury displaced and taking especial
pains to keep the temperature constant. It is especially important thus
to verify the weights taken. All the other data concerning the experi-
ment check one another in such a way that a false result is almost im-
possible; but a mistake in the original weighing of the material could
not be detected, and would vitiate every part of the experiment in which
it occurred. All weights and all densities (taken in the usual manner
at 20° by means of the Ostwald-Sprengel pycnometer) were reduced
to the vacuum standard. "

After successive drops of mercury had been added to the piezometer
and the corresponding pressures noted, it was always the custom to re-
move and weigh again most of the added mercury, and to test once more
the pressure needed just to make the electrical contact. Thus it may
be determined whether or not the piezometer or its contents have suffered
a permanent change of volume during the compression to which it has
been subjected. Small mercury pipets' with exceedingly long drawn-
out fine jets serve conveniently to add and to remove mercury. As a
rule no change in the volume of the system was perceptible. Clearly
even in those few cases where a slight diminution in the volume of the
piezometer was actually found (as indicated by a final pressure slightly
too high to correspond to the original reading), this small change in volume
was to be referred to the forcing in of the stopper during the experiment
and not to any permanent hysteresis of the glass. In general, the elimi-
nation of the glass joint is desirable where possible, but with care it may

1 See Ostwald-Luther, Physik. chem. Messungen, 166 (1910).
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nevertheless be made to serve well. Much depends upon the accuracy
of the grinding and the care used in distributing the lubricant and pressing
the stopper into place. If the stopper should have been further pressed
m during the experiment, it is evident that the final pressure, found
after taking out mercury, should be taken as the true lower pressure
in plotting the curve. We have since found glass to exhibit distinct
. temporary hysteresis even at 300 atm. but this hysteresis is eliminated
in the calculation, because its effect is the same in the blank run with
mercury alone as when the substance under investigation is present.’

The Temperature Adjustment.

All the work described below was strictly isothermal; and much de-
pends upon keeping the temperature perfectly constant. This was
accomplished by means of a carefully constructed thermostat, which
was able to keep the temperature constant to within 0.002° for an indefinit
period. The form employed has given good service for about ten years,
having been essentially unchanged since 1903 (except for the substitution
of a large spiral heating coil for an incandescent heating lamp in 1907).?
A somewhat similar thermostat has recently been very fully described
by Hulett, and has evidently given satisfaction in his hands also. His
apparatus is said to keep the temperature constant to within 0.010°;
his less degree of constancy was probably due to the fact that his mercury
surface was not protected as ours was by a hydrogen atmosphere, and
perhaps also because of less violent agitation of the water in the bath
and less constant room temperature.

The thermometers used in determining the temperature were glass
thermometers of excellent quality. To discover possible variations in
the thermostat a Beckman thermometer, capable of being easily read
to within the thousandth of a degree, was used; and the necessary allow-
ances were made for changes in the atmospheric pressure. The absolute
temperature of the bath was fixed by careful comparison with Baudin
thermometers standardized by the Bureau des Poids et Mesures at St
Cloud. Great constancy of temperature is more important than a very
precise knowledge of the absolute temperature, but all the determinations
described in this paper were made within a few hundreths of a degree of
the true 20° on the hydrogen standard.

The Apparatus for Compression.
The piezometer was compressed in the steel barrel of the well known
excellent high pressure pump, manufactured by the Société Genevoise.
The barrel was half filled with mercury and the rest with a clean, rather

! Richards and Shipley, results as yet unpublished.

2 Richards and Stull, Pub. Carnegie Inst., 7, 13 (1903); Ibid., 76, 9 (1907) ; Richards,
Wilson and Garrod-Thomas, Pub. Carnegie Inst., 118, 16 (1909).
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viscous mineral oil.? The piezometer was suspended from the bronze
cap provided with the instrument by means of two stout brass hooks
screwed into its lower surface. The electrical connection was made
by means of an insulated wire running through the center of a glass tube
cemented into the bronze cup. The barrel was immersed in the thermo-
stat as usual; if the temperature of the room is far different from that of
the bath, the imimersion must be complete, and none of the screw cap .
may be allowed to protrude above the water.

Purification of Materials.

Most of the materials used came originally from one or the other of
two important German manufacturers of chemicals. They were the purest
which these firms furnished, but they often were by no means satisfactory.
They were all repeatedly distilled fractionally, and of most of them it
could be said at least that the largest fraction distilled in the neighbor-
heod of the reputed boiling point of the compound in question. Es-
pecial pains was taken with the xylenes, of which the specimens pro-
vided by Kahlbaum were distinctly the best. These were many times
distilled and the paraxylene was repeatedly crystallized until its freezing
point became constant at 13.2°. The distillation was in many cases
conducted by electrical heating through a coil immersed in the liquid.?

The paraffin hydrocarbons were all prepared synthetically at Harvard
by Latham Clarke, or under his supervision, especially for this research.
We take pleasure in thanking Dr. Clarke for having given his time to
this work. The somewhat heavy expenses involved in providing the
raw material were borne by the Carnegie Institution of Washington.
The first of these was the isohexane, prepared by Clarke in the summer
of 1905. Not long afterwards Dr. J. E. Zanetti kindly gave his time
to the work of preparing the normal hexane. The octanes were all made
more recently after the methods had been perfected by Clarke, and showed
a high degree of purity, as indicated by the range of the boiling peint.?

Two samples of ethylbenzene with slightly different properties were in-
vestigated. Evidently one or the other or both still contained impurities,
although beoth were many times fractionally distilled.. Further experi-
ments with ethylbenzene will be instituted to decide between the slightly
differing results for its compressibility.

The glycol also was made by Clarke from dibromoethane during the
summer of 1905. He used the method of Haworth and Perkin, and the
product was fractionated until it all distilled within 0.3°.

! More recently, the personally ccmmunicated suggestion of the Earl of Berkeley
has led us to substitute castor oil, which is better in several respects.

2 Richards and Mathews, Proc. Am. Acad., 43, 521 (190%); THIs JOURNAL, 30,
1282 (1908); Z. physik. Chem., 64, 120 (1909).

? Yatham Clarke.
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The organic halogen compounds were all made in this laboratory from
fairly pure materials and were repeatedly distilled, as were the other
substances.

In all cases the densities and boiling points must be relied upon as the
chief evidence of purity, as it is far from easy to detect similar organic
substances in the presence of one another. For the present purpose
these two criteria are especially suitable, because, as a general rule,
substances with like boiling points and densities have also like compressi-
bilities. Thus impurities having these properties in like measure would
do no harm, as far-as the comparisons to be instituted later are concerned.

The mercury was purified by usual methods, zinc and other more soluble
metals-being separated by treatment with dilute nitric acid or standing
under concentrated sulphuric acid, and metals of higher boiling point
being eliminated by distillation.

Calculation of Results.

Having discussed the experimental determination of the four essential
conditions: pressure, volume, temperature and purity of material, we
may turn to the calculation. It is convenient to plot all the results
with great care by means of a spline, and to take from the curves the
weights of the respective additions of mercury which correspond to definit
pressure intervals, for example, 100 or 200 atm. of pressure. This plotting
is facilitated, and the results are more accurate, if the actually observed
points are so placed as to correspond nearly to initial and final points
of these intervals, for example, 100, 200, 300, 400 and 500 atm. Itis
highly advantageous to verify the values taken from the curves by arith-
metical interpolation, which is more accurate than the curves unless
these are drawn on a very large scale.

Instead of choosing successive pressure limits at every hundred atm.,
intervals of 200 atm. were employed in the present research because
the larger intervals reduced the probable error of the result. The least
accurate part of the work is the reading of the pressure on the Bourdon
gage employed, hence increasing the pressure range increases the per-
centage accuracy.

In formulating the calculation, we have to do here only with the simplest
case, because only one substance beside mercury was present. The
difference between the weights of added mercury needed when the investi-
gated substance is present and that when mercury alone is present, over
a given pressure range, evidently corresponds to the difference between
the changes of volume over that range. To translate weights of mercury
into volume changes, the former must be divided by the density of the
mercury under the highest pressure. Thus the expression for the differ-
ence between the volume change of the investigated substance and that
of an equal bulk of displaced mercury is
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(w —_— wl)(I —_— P]ﬂ”’) _
13.546

where ("’ signifies the average compressibility of mercury between O
and P; w and w’ signify the two weights of mercury obtained in the two
series of experiments, corresponding to the pressure range P, —P,;
P, is the highest pressure; 13.546 is the density of mercury at 20° and at-
mospheric pressure; and AV is the difference in the volume changes of
the substance and a like volume of mercury over the same pressure ranges.
The compressibility of the substance is hence calculated by dividing
AV by the original volume of substance W/D and by the pressure interval
(P, — P,), and then adding to the result the known compressibility of

mercury. Thus ’

AV

_@—w)a—PFD
F="swewm —py T°

in which the newly introduced letters have the following significance:

3 = average compressibility of the investigated substance between
P, and P,.

B’ = average compressibility of mercury between P, and P,.

P, = the lower limit of the pressure range.

D = the density of the substance at 20°.

W = the weight of substance taken.!

This expression may be much simplified, if a given pressure range
(e. g., 100-500) is always used. Thus in this case the equation becomes
(w—w")D
(13.572W)400

If the result is calculated in several stages, as for example, over the
ranges 100-300 atm. and 300-500 atm., account must be taken of the
fact that the density of mercury increases with the pressure, if the greatest
accuracy is desired. Thus under 300 atm. mercury at 20° has a density
of 13.562, and the expression over the range 100-300 becomes

(w—w')D
ﬁloo—aoo = (13.562W) 200 + 8’ 100800

The compressibility over the range 300-500 is then most conveniently

found by means of the following obvious equation:

ﬁloo—soo = ‘B'wo-soo-

AB300'500 = 218100-500 —AB100-300'

An example will, perhaps, make the matter clearer. Let us take,
for instance, the work en the first substance given in the table below:
2.409 grams of normal hexane in piezometer St.4 gave as the corrected’

!In a recent paper, Ekmann (loc. cit.) criticized one detail of this calculation;

but since that time in a very friendly personal letter he has entirely withdrawn his
eriticism,
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pressure at the moment of electrical contact 73.0 kg. per square centi-
meter. On adding 69o mg. of mercury, the pressure was 175.5. On
adding further 688 mg., the pressure rose to 293.5; again, 68c mg. more
caused a further rise in pressure of 135.5 kg. per square centimeter and
finally when 365 mg. more of mercury had been added, the total pressure
needed was 509.5. There were now present in all 2.423 grams of added
mercury; and when 2.188 were removed, leaving only 235 mg. behind,
the pressure fell to 106.5. By algebraic interpolation or from a curve
it is easy to find that the weights of mercury added between the pressure
values 100 and 300 must have been 1223 mg. and that between 100 and
500 must have been 2191 mg. The piezometer (St.4) when filled with
mercury alone gave 114 and 225 mg., respectively, over these same ranges.
The differences thus become 1109 and 1966, respectively. Substituting
these two values for w — w’ in the appropriate equations above:

I1
271:.94]27\7 + 8100300
ﬁwo—soo = ‘;2—2:-\—% + ﬁ’wo—soo

18100-300 =

The constant D/W appearing i both equations is 0.27376. Hence

Bioosoo = T11.9 + B'150500 = 115.8
and

Biooseo = 99-14 + Bioos00 = 103.04.
Hence, ‘

B's00-s00 = 2(103.04) — 115.8 = 90.3.
The results thus obtained are expressed in terms of the kilogram per
square centimeter as the pressure unit, because that was the standard
used in measuring the pressure. Upoun multiplying the results by 1.02
they may be converted into compressibilities expressed in terms of the
megabar! or ‘‘megabarie;”’ or by multiplying by 1.033 they may be
converted into results in terms of ordinary ‘‘atmospheres.” One must
remember, however, that the numbers thus obtained no longer correspond
to the pressure ranges 100-300 and 300-3500 pressure units. If the trans-
formation is made into megabars, the pressure ranges to which the re-
sults correspond are then 98-294 and 294~490 megabars, or if the conver-
sion is into atmospheres, the pressure ranges are about 97-290 and 290-
484 atm., respectively. If the compressibilities remained constant over
the whole range specified, this matter would be of no importance, but
because the compressibility of every substance diminishes as the pressure
rizes, the especial range to which the values correspond is not wholly negli-

! Carnegie Institution of Washington, Publication v, 43; Z. physik. Chem., 49, ¢
(1904).
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gible; and it becomes more important as the falling off of compressibility
with pressure increases.!

The recalculation of the results for kilograms per square centimeter
in. order to correspond to the ranges included between the round numbers
100-300 and 300-500 megabars or atmospheres is not a simple matter.
It is most conveniently done by marking off on the curves (including
the curves for the compression of the piezometers filled with mercury
alone) the new appropriate points, and recalculating the results anew
from these data. Thus the results in megabars are obtained by marking
the points on the curve corresponding to 102.0, 306.0 and 510.0 kg. per
square centimeter, computing the change of volume between these pres-
sures, and in making the calculation these pressure ranges would each be
called 200 megabars, for the megabar is 1.020 kg. per square centimeter.
The corresponding procedure would be used for converting the restlts into
terms of atmospheres. Various other methods of approximation may
be employed, taking into account the forms of the curves, but these need
not be mentioned in detail. The results are tabulated further on in terms
of megabars, the most logical and scientific of all the standards of pres-
sure. It seemed hardly worth while to take the space for printing the
results also in terms either of the kilogram per square centimeter or the
arbitrary ‘‘atmosphere’ because neither is very far from the megabar,
which lies between the two, and equals the pressure of 75.015 cm. of mer-
cury at 45° latitude. The data for hexane, given above, when recalcu-
lated in terms of megabars, gives 107.5 and 91.4 (each multiplied by
10-% for the compressibility over the pressure ranges 10o-300 and 300-
500, respectively.

There follow first the significant data concerning the piezometers alone
and then those of a number of determinations with various substances,
the results calculated from these data being given in a subsequent table.

CONSTANTS FOR THHE SEVERAL PIEZOMETERS.
(The weights of mercury needed by them over definit pressure ranges, when full of

mercury.)
Pressure ranges in megabars; weights of mercury in grams.
Pressure
ranges.
Megabars. M.1. M.2. M.3. M.4. M.5. St.l.
' 100-300 0.0423 0.054" 0.0730 0.0620 0.0693 0.078
100500 0.0831 0.107 0.1440 0.1238 0.1381 0.154
St.4. St.6. St.7. Sp.l. Sp.2. Sp. 3.
100-300 0.116 0.037 0.042 0.200 0.115 0.189
100-500 0.229 0.073 0.081 o 396 0.227 0.376

1 This point was not heeded in previous communijcations, because in most cases
the correction did not exceed the probable error of the results. It becomes important
when working with substances as compressible as the paraffin hydrocarbons and some
of the esters, discussed in the present paper.
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The abbreviations, M., St., and Sp., designate the three collaborators
named in the title, and indicate the experimenter in each case.

The capacity (or internal volume) of the piezometers may be mnferred
with sufficient precision from the amount of mercury which had to be
added over the range 100-500 megabars. 0.1000 gram of mercury added
in this way signified that the piezometer when full contained about 172.5
grams, or 12.74 cc. of mercury. Thus the piezometer St.6 (the smallest)
had a capacity of 9.28 cc. and Sp.1 (the largest) had a capacity of 50.5
cc. The values in the table above must be multiplied by the appropriate
factors (0.980 or 101.3, respectively) if the calculations are performed
inlterms of kg./cm?®. or atmospheres.

Some idea of the degree of accuracy which may be attained in these
determinations may be obtained from the comparison of the results of
parallel experiments—for example, No. 6 and No. 7, concerning symmetrical
diisopropyl, these two having been made with different piezometers
and different portions of the same substance. In the first of these two
determinations, the compressibility over the range 10o-500 megabars,
calculated from the observed data, is found to be 94.7; in the second,
94.5; or on the average, 94.6. Over the shorter ranges 100-300 and 300—
500 the agreement is of the same order, the values being 104.9 and 104.6,
on the one hand, and 84.5 and 84.6, on the other, respectively. These
were among the later and more satisfactory determinations; the earlier
ones were less concordant. In general, because successive readings
in a single determination check one another by their places on the curve,
a duplication of this sort was not often practised.

The present research furnished data for the compressibility of forty-
seven substances, and, if we include water and mercury (both having been
quite as accurately studied as these) and bromine, chloroform, bromoform
and carbon tetrathoride, taken from earlier work, fifty-three series of
data are at hand, obtained under similar conditions and over like ranges
of temperature and pressure. This somewhat extensive array of data
enables one to generalize with more confidence than has heretofore been
the case concerning the quantitative relations of the compressibilities
both among themselves and in relation to other properties.

The most obvious relationship among the figures is perhaps that which
pertains to the falling off of compressibility with increasing pressure.
In a previous communication,’ the following statement is published:
“....ome may infer: other things being equal, the greater the compressi-
bility, the greater is its percentage decrease with increasing pressure.
That other circumstances influence this relation is shown, however, by
the fact that chloroform and carbon tetrachloride manifest different
second differential quotients, although their first differential quotients

! Richards, Carnegie Institution of Washington, Publication 7, 44.
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CoMPRESSIBILITY OF ORrGANIC LIQuIDS.

Experimenter
Substance; and piezometer; - Weights  Corrected
densit weight of of mercury pressures
(20"/4"?: b in dded in in
boiling point. vacuum (grams), milligrams. kg./cm?,
Hexane, normal St.4 o 73.0
0.6595 2.409 690 175.5
68.5-69.7° 1378 293.5
2423 509.5
235 106.5
Hexane, (iso) M. 825 228.5
(Methyldiethyl- 1.973 1330 344.5
methane) 1826 474.0
0.6765 282 119.0
°—65°
n-Octane Sp.2 o 89.5
0.7041 4.386 1251 234.5
124.5° cor. under 3401 547.0
769 mm. 2311 378.5
634 162.0
Monomethyl-2- Sp.3 2756 519
heptane (1) 3.352 1223 262.5
0.6998 146 113
116° cor. under 2027 390.5
760 mm, o 93.5
Monomethyl-2- Sp.3 o 74.5
heptane (2) 1.536 713 257.5
0.6998 1170 396.0
116.0° cor. under 1553 518.0
760 mm. 448 186.5
sym-Diisopropyl- Sp.3 o 107.5
ethane (1) 4.607 1298 235.5
0.6989 2141 331.0
108.4° cor. under 3371 486.0
760 mm, 393 144.0

Data and Observations.

No. of
deter-
mination.

14

15

16

17

18

19

Experimenter
Substance; and piezometer;
densit weight of
(20°/4°); substance in

boiling point.
p-Xylene Sp.3
0.8611 3.2092
136.2°-136.4° cor.

under 764 mm. Hg
13.1°-13.2° melt
Ethylbenzene Sp.3
0.8736 1.368
135.5°-135.8° cor.

under 757 mm,
Ethylbenzene St.7
0.8759 6.476
136.1°-136.3° cor.

under 763 mm.
Methy! alcohol M3
0.7940 11.083
66° under 760 mm.,
n-Propyl alcohol M.z
0.8044 7-1577
97.5°—98.0° cor.

under 761 mm.

n-Butyl alcohol St.6
0.8094 4.634

116.8°-116.9° cor.
under pres. not given

Weights
of mercury
added in

vacuum (grams). milligrams,

(o)
985
1613
253

o]
482
936
701
230

808
1581
2341
2944

574
2582
4577
6480
7995

o
o

514
1781
2508
3659

o

929
1794
2583

Corrected
pregsures

in
kg./cm®.
97.
324.
486.
153.

95
304

521.

406

193.
47.
157.

272
399

505 .-
81.
192.

313

443
557-

52

5I.
100.
236.
325.
473-

39.
191.
353
523.
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10

11

12

13

sym-Diisopropyl
ethane (2)
(as above)

Monoethyl-3-hexane
0.7149
115° cor, under

760 mm.

Dimethyl-3,4-hexane

0.7216

116.2° cor. under
760 mm,

Benzene
0.8788

Toluene

0.8661

110.2°-110.4° cor.
under 763 mm.

0-Xylene

0.8812

143.9°—144.2° cor.
under 763 mm.

m-Xylene

0.8658

138.8°-139.2° cor.
under 761 mm.

Sp.2
4.301

Sp.3
1.242

Sp.3
I1.0I0

St.7
6.790

St.1
15.451

Sp.3
5.468

Sp-3
5.343

3079
2133
1119

746
589
699
961
1250

223
441
1041
716

887
1770
2562
3266

1973
3980
5972
7942

1379
2337
673

1385
2381
855

486.
353.

223

103.

182
267
306
403
515

77 -
89.
169.
253.

518
368

59
164
280
393
501

53

160.
280.
411.
553

105

336.
520.
214.

87.
306.
487.
220.

D0 0khhoO0thh o000 OOhe OO
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20

21

22

23

24

25

26

Isobutyl alcohol M.3
0.8120 6.689
99.0° under 763 mm,

Tertiary butyl alcohol St.6
0.7667 4.530
82.7°-83.1° cor.

under 763 mm.

Isoamy! alcohol M.1

0.8121 6.3706

130.05°-131.00° cor.
under 760 mm.

Benzyl alcohol M.1
1.0463 9.6080
204.5° cor. under

760 mm.
Glycol M.5
1.113 3.200
192°-192.5° under

758 mm.
0-Cresol M.4
1.0482 9.810
186.5°-187.0° under

763 mm,
m-Cresol M.2

235

279
1126
2772
3464

931
1748
2556

53

708
1423
2151
2886

505
1013
1509
2014

191
398
620
726
353

539
1153
2252

312

-~
O

123.
214.
431.
537-

92.

56.
183.
309.
459-

64

93-
169.
257.
348.
452-

178.
281.
388.
505 -

35

157
300.
454-

535
266

74-

166
287

504
127.

70.
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Experimenter Experimenter
Substance; and piezometer; Weights . Corrected Substance; and piezometer; Weights Corrected
No. of density weight of of mercury pressures No. of density weight of of mercury pressures
deter- (20°/4°); substance in added in in deter- (20°/4°); substance in added in in
mination. boiling point. vacuum (grams), milligrams. kg./cm?. mination. boiling point. vacuum (grams). milligrams. kg./cm?,
1.0341 9.6677 494 160.0 281 67.0
200.9°—201.15° under 1490 342.5 39 Isobutyl acetate St.6 o 54.5
771 mm, ‘ 2289 510.0 0.8711 7.315 1024 153.0
27 p-Cresol (super- M3 o 87.5 116.4°-116.6° 2005 257.0
cooled to 20°) 13.646 725 184.5 3004 376.0
1.0347 1440 276.5 3994 506.5
200.4°-200.9° under 2905 488.0 —78 475
767 mm. 40 Isoamyl formate St.6 o 44.5
28 Methyl! acetate M3 o 54.0 0.8706 7.196 955 145.0
0.9286 11.9797 1843 170.0 123.3 1916 257.5
57.5°-57.8° cor. 3648 296.5 2867 381.5
under 765 mm., 5454 440.5 3815 518.5
29 Ethyl acetate 5t.6 (o) 40.5 243 69.5
0.8988 7.276 1055 139.0 41 Methylaniline M.3 o 87.5
76.9°—77.2° cor. 2097 249.0 0.9865 11.955 674 180.5
under 763 mm. 3195 378.0 195.70° cor. under 1359 281.0
4201 510.5 765 mm, 2021 383.5
30 Propyl formate St.6 44.5 2671 489 .0
0.8982 6.749 1006 151.5 42 Dimethylaniline M.1 o 89.5
81.0°-81.4° cor. 2008 272.0 .9555 8.121 312.5 142.0
under 763 mm. 2976 401.5 193.0°-194.0° cor. 1442 350.5
3784 522.5 under 760 mm, 1969 459.0
31 Ethyl propionate St.6 742 129.5 2299 529.5
0.8907 6.230 1573 232.5 43 Ethylaniline M.3 o 72.5
98.7°—99.2° cor. 2533 364.5 0.9625 11.822 1386 245.0
under 763 mm, 3459 ° sr10.0 206.45° cor. under 2035 335.0
o] 46.0 761 mm, 2494 398.0
32 Methyl butyrate St.6 43.0 2935 462.0
0.8982 2.180 323 149.0 44 Diethylaniline M.3 775
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33

34

35

37

38

102°-102.5° cor
under 763 mm.

Methyl isobutyrate

0.8906

92.1°-92.5° cor.
under 763 mm.

Is:butyl formate
-8754

97.9°—98.1° cor.
under 763 mm.

Valeric acid

0.9301

174.9° cor. under
760 mm,

Methyl isovalerate

0.8808

116.6°-116.8° cor.
under 763 mm.

Ethyl butyrate

0.8785

119.9°-120.1° cor.
under 763 mm.

Ethyl isobutyrate

0.8710

110.1°-110.3° cor.
under 763 mm.

St.6
7.076

St.6
6.792

M.
8.3915

- St.6

7-27>

St.6
7-376

St.6
7.207

661

995
1231

1148
2285
3332
3968

96

1002
2013
3023
3538
—I1

1309
2319
2968
3582

971
1972
2973
3819

o]

987
1966
2977
3960

1318
2721
4126

273.
410.
517.

49
163
292
424
511

53-
161.
281.
412.
488.

54-

64 .
199.
321
404
490

71.
170.
285.
412.
532.

37-
133.
238.
359.
488

39-
162.
314.5
491.5

OO0 Ut OO0 Ot 00 Ohin 0 0thdnicn Ocn
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45

46

47

48

49

0.9344
217.95° cor. under

760 mm,

o-Toluidine
0.9986

196.5° under 773 mm.

m-Toluidine

0.9887

198.5 —199° under
773 mm.

Ethyl bromide

1.430

38.0° under 766 mm.

Ethyl iodide

1.933

72.2° cor. under
760 mm.

Ethylene chloride

1.2569

83.6°-84.0° cor.
under 765 mm.

Ethylene bromide

2.1823

131.35°-132.0° cor.
under 760 mm.

11.360

M.3
12.792

M.3
13.274

M.3
16.742

M3
23.623

M.3
14.906

M.3
26.756

620
2229
2922
3416

710
1402
2099
2794

1420
2162
2911

1026

2549
5552
6550

1007
2003
3016
4014
5028

1005
2022
4015
4510

809
1623
2434
3242

-
N
)

343
438.
595.
84.
180.
281.
384.
497 -

ITI

294.
299.
513.

126.
223.
449 .
536.
57.
130.
203.
287.
373-
466.
50.
140.
235.
454
510.

107
199

297.

399

506.
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are exactly identical at 150 atmospheres. Moreover, bromoform and
water have almost the same compressibility, and yet the chaage of this
compressibility with the pressure is noticeably different. Such differ-
ences as this must be referred to the specific natures of the component
elements, and the internal pressure relations within each substance.”

Let us see if the outcomes of the data given above bear out this con-
clusion. The following table contains the results, for the pressure ranges
100-300 and 300-500, calculated in terms of the rational standard of
pressure, namely, the megabar or the megadyne per square centimeter
(equals 1.0198 kg. per square centimeter or 0.987 atm.). Four series
taken from the series of 1903—namely, those for chloroform, bromoform,
earbon tetrachloride and bromine—are included in the table, after having
been corrected for the error of gage A; and the compressibility of mercury,
as computed from the results of Bridgman is likewise given. Besides
the results for compressibility there are recorded two further columns
of figures derived from them, namely, in the fourth column of numbers
in the table, the difference between the compressibility over the range
100-300 and that over the range 300-500; and in the fifth column of
figures a nearly constant quantity obtamed by dividing 10,000 times
the figures m the fourth column by that i the second, raised to the 2.05
power. This quotient is nearly constant with similar compounds, even
of widely different molecular weight. The exact exponent 2.05 was
first found from the extremes of the series, hexane and mercury; subse-
quently, this value was discovered to be that most generally applicable
to the other cases also.

REesuLrs.
Compressibility (8) X 108 at 20°
in terms of megabars. Difference
between

Between Between Between last two 10,0004

100~500. 100-300. 300~500. columns=A. (B100°300X108)2'08
Hexane............... 104.4 117.5 91.4 26.1 15
Isohexane............. 106.0 119.0 93.0 26 0 15
Normal octane......... 87.9 97.5 78.3 19.2 15
Monemethyl-2-heptane. 91.3 100.9 81.7 19.2 15
Diisopropylethane. ... .. 94.6 104.7 84.5 20.2 15
Monoethyl-3-hexane.... 87.0 9 .0 78.0 18 0 16
Dimethyl-3,4-hexane... 84.4 4.5 74.3 20.2 18
Benzene.............. 72.4 77.3 67.5 9 8 14
Toluene............... 69.0 74.1 63.9 0.2 15
Orthoxylene.......... .. 6I.1 65.6 56 6 9.0 16
Metaxylene............ 64.8 69.5 60.1 9.4 15
Paraxylene............ 66.8 71.7 61.9 9.8 15
Ethylbenzene.......... 65.3 70.1 60.5 9.6 18
Water................ 42.1 43.3 40.9 2.4 B¢
Methyl alcohol......... 87.4 95.2 79.6 15.6 15
Normal propyl alcohol..  72.3 77-3 67.3 10.0 14
Normal butyl alcohol... 70.2 76.5 63.9 12.6 18
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RESULTS (continued).
Compressibility (8) X 10° at 20°

in terms of megabars. Difference
between
Between Between Between last two ___ 100004
100-500. 100~300. 300-500. columns=4. (Bf100-300X109)2:05 *
Isobutyl alcohol....... . 72.2 80.8 63.6 17.2 20
Tertiary butyl alcohol.. 79.6 89.4 9.8 19.6 19
Isoamyl alcohol:....... 76.9 84.3 69.5 14.8 16
Benzyl alcohol......... 40.7 43.3 381 4.9 20
Glycol....oovvunnnnnn 32.5 33.6 31.6 2.0 15
Orthocresol. ........... 43.1 44.2 42.1 2.1 10
Metacresol............ 43.5 45.5 41, < 4.0 16
Paracresol............. 43.1 44.4 41.8 2.6 12
Methyl acetate......... 80.4 87.5 73.3 14.2 15
Propyl! formate........ 79.5 86.8 72.1 14.7 15
Ethyl acetate.......... 82.8 90.2 75.4 14.8 15
Ethyl propionate. ...... 80.0 87.5 72.5 15.0 16
Methylbutyrate........ 76.8 84.0 69.6 14.4 15
Methy! isobutyrate..... 81.4 88.7 74.0 14.7 15
Isobutyl formate....... 79.0 85.6 72.4 13.2 15
Valericacid. .......... 70.5 76.7 64.4 12.3 16
Methyl isovalerate..... 77.3 84.4 70.2 14.2° 15
Ethyl butyrate........ 78.2 85.0 7I. 13.6 15
Ethyl isobutyrate...... 82.4 89.9 74.9 15.0 13
Isobutyl acetate....... 79.6 86.9 72.3 4.6 15
Isoamyl {ormate....... 74.0 80.1 67.8 12.3 15
Methylaniline.......... 42.7 44.9 40.5 4.4 18
Dimethylaniline........ 48.4 51.8 45.0 6.8 20
Ethylaniline........... 47.1 49.6 44.6 5.0 17
Diethylaniline. ........ 50.7 53.9 47.5 6.4 18
Orthotoluidine. ........ 41.4 " 43.7 39.1 4.6 19
Metatoluidine.......... 42.7 44.9 40.5 4.4 18
Ethyl bromide......... 90.7 99.8 81.6 18.2 14
Ethyl iodide. .......... 75.2 81.0 69.1 11.6 15
Ethylene chloride...... 62.6 67.5 57.7 9.8 17
Ethylene bromide...... 51.6 54.3 49 .0 5.3 15
Carbon tetrachloride... 79.5 85.6 73.4 12.2 13
Chloroform............ 76.4 83.0 69.7 13.3 15
Bromoform............ 43.2 45.0 41.4 3.6 15
Bromine.............. 53.2 55.5 50.8 4.7 14
Mercury.......o.oovn. 3.98 3.990 3.966 0.024 15

Inspection of the table shows at once that the statement quoted above
is wholly justified and does not need modification, except to define as
nearly as possible the quantitative relationship. In general, it is clear
that the greater the compressibility, the greater is its decrease with in-
creasing pressure. This holds true especially with similar compounds,
and speaking very roughly, it is evident that in the equation A X 10f =
k(8 X 10%2-% with hydrocarbons and esters %, given in the last column,
averages about 15; with monatomic alcohols and amino compounds
with more than three atoms of carbon it averages about 18. Water,



990 T. W. RICHARDS, W. N. STULL, J. H. MATHEWS AND C. L. SPEYERS.

and o- and m-cresol give much lower values, about 11. If all the compounds
be averaged together regardiess of their nature, k is very nearly 13, a
value which corresponds to the curve in the accompanying diagram,

10 30 60 70 ) g% 100 110 120
Fig. 3.—~The relation of compressibility to its decrease under pressure. Compressi-

bilities are plotted as abscissas and decreases of compressibility due to a definit

increase of pressure are plotted as ordinates. Fach spot indicates one of the pre-

ceding substances; the line depicts the empirical rule described in the text.
where each mdividual relationship is represented by a point. Here
the compressibilities are plotted from left to right in the direction of ab-
scissae and the changes in compressibilities between the pressure ranges
100—300 and 300-500 are plotted vertically, This diagram demonstrates
at once both the general proposition that substances with the greatest
compressibility usually have the greatest decrease in compressibility
with pressure, and also the fact that this rule is only an approximate
one, some of the cases being rather widely divergent. It is possible that
some of the deviations are due to experimental error, but the fact that
the substances of a given type such as the amiages seem all to deviate
m the same way makes it likely that the nature of the substances really
affects this tendency.

Doubtless the different groups of substances differ not only in the value
of the quantity % but also as to the exponent in the equation, or perhaps
in the introduction of some other terms. For example, in the ‘“‘mon-
atomic” alcohols there seems to be a distinct if somewhat irregular rise
in the value k, from 15 with methyl alcohol to 20 with benzyl alcohol,
as the molecular weight increases. It is interesting to note in this con-
nection that another volume property of alcohols, namely, their molecular
volume at the boiling point, likewise deviates from Kopp’s additive
law more than with most other compounds. That a connection exists
between these phenomena is not improbable. An effect of this sort is
not to be observed in the case of the esters, where methyl acetate gives
the same value 15.0 as isoamyl formate and no large deviation occurs
between. Moreover, the average of the five octanes gives almost exactly
the same value (15.4) as the two hexanes, 15.
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The solid metals, cesium, potassium, and sodium, also fall in approxi
mately with the other results, at least showing deviations of about the
same order of magnitude, as already iadicated in a previous publication,
where the following statement is made:!

“The data given are enough to show that the five alkali metals are
no exceptions to the usual but not universal rule that the more com-
pressible a substance, the more its compressibility decreases with increasing
pressure. It is interesting to note also, that cesium, having a compressi-
bility of about the order of such liquids as bromiae and chloroform, should
have its compressibility change with pressure to an extent not very
different from these liquids.”

From the point of view of the theory of compressible atoms this general
relationship is exactly what one would expect.

When a substance is already under great pressure, each small addition
of pressure will be but an unimportant percentage of the whole, and,
therefore, each like addition would be expected to have nearly the same
effect on the volume. On the other hand, if a substance is under a small
pressure, a small further addition to the pressure will cause a great per-
centage of change in the volume, but a second addition of an equally
small amount will be a much smaller percentage of the whole, and, there-
fore, would be expected to have a greatly dimmished effect on the volume.
As an example, the effect of pressure on a gas may be cited. When
a gas is under atmospheric pressure, the addition of one atmosphere’s
pressure halves its volume, the compressibility is 0.5. The addition of
another atmosphere’s pressure contracts the volume to two-thirds of this
half; hence, the compressibility during this step is only o.17. The next
atmosphere’s pressure contracts the gas to three-quarters of its last
value; the compressibility, therefore, during this next stage will be only
0.08 of the original volume. Thus, the very large compressibility of a
gas falls off enormously in magnitude as the pressure imcreases, whenever
the gas is at first under only a slight pressure. If, on the other hand,
the gas starts under a pressure of one hundred atmospheres, and another
atmosphere’s pressure is added to this, the compressibility will appear
to be about 0.0099, provided that Boyle’s law is assumed to hold exactly.
The next atmosphere’s pressure will cause this value to be about 0.0097,
and the next not far from 0.0095. Thus a gas under great pressure has
its compressibility diminished only very slightly as the pressure increases.
The same qualitative principle would obviously apply also in cases where
the compressibility obeyed a law very different from that of Boyle. For
example, if the law were vp? = k, the compressibilities on two successive
additions of one atmosphere’s pressure would be 0.020 and o.019, respec-
tively.

! Carnegie Institution of Washington, Publication 76, 24 (1907).
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The theory of compressible atoms assumes that solids and liquids are
very different from gases im that they are supposed to be under great
internal pressure, due to their own cohesion, but there is no reason why
this internal pressure should not have the same effect as that just de-
scribed. Thus, as shown above, it is reasonable to suppose that those
substances which have the least compressibility should also have this
compressibility fall off only very slightly with the pressure. Slight
compressibility should go hand in hand with its slight decrease with in-
creasing pressure.

This is just what is actually observed and tabulated above in the diagram,
which thus becomes a distinct confirmation of one of the fundamental
postulates of the theory of compressible atoms. The data show that
the less compressible substances act exactly as if they were under great
internal pressure, and as if this great pressure were the determining agent
in fixmg their volume.

It is not surprising that the peculiar nature of the elements constituting
a compound should cause slight but consistent deviations from the general
rule, as for example in the case of the amines tabulated above. One
has no right to assume that all the elements in combination should have
precisely the same changes in compressibility under similar conditions.
In order to find the closest compliance with the rule, one should naturally
compare homologous compounds. This prediction also is seen to be
verified by the comparison of the figures given in the table. In homologous
series the consistency is often remarkable; and the more nearly the simi-
larity of structure the more striking is the agreement, as in the case of
the xylenes. Orthoxylene, with an average compressibility of 61.1
over the whole range, falls off 9.0 between the first and second halves
of the range. The corresponding figures for m-xylene are 64.8 and 9.4,
and the corresponding figures for p-xylene are 66.8 and 9.8. Evidently
the increase of second differential quotient keeps pace steadily with
the compressibility itself. Those who are interested will find many other
similar cases in the table, although none are quite so fitted by similarity
of nature for a basis of comparison as this particular series. Such ex-
ceptions as appear are probably due to the special effects of special ele-
ments or of special structures; but the exceptions are not plentiful or
glaring enough to hide the general tendency of the points to group them-
selves in the neighborhood of the curve which defines the strict applica-
tion of the general principle.

Thanks are due to the Carnegie Institution of Washington for generous
pecuniary assistance extended over a number of years. This help alone
has made possible the investigation, which was begun in 1904 and is
still being contmued.
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Summary.

In this paper are described careful determinations of the compressi-
bilities of certain liquid hydrocarbons, alcohols, amines, esters, and organic
halides. The results, taken in connection with several others previously
published, are tabulated in such a way as to show that in general the
greater the compressibility of a substance, the greater is its decrease
with increasing pressure. Further, it is pointed out that this very general
rule is just what one might predict from the theory of compressible atoms.
The new data will shortly be compared, in a following paper, with many

other physical properties of the liquids in question.
HARVARD UNIVERSITY, 1904-1911.
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THE EQUILIBRIUM BETWEEN AMMONIUM CARBONATE AND
AMMONIUM CARBAMATE IN AQUEOUS SOLUTION AT 25°.
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The substance known as carbamic acid, NH,COOH, although hitherto
little studied, is interesting not only because it is the first member of an
important series of orgamic acids, but also because its ammonium salt
always occurs in considerable amount in aqueous solutions of ammonium
carbonate. The determination of the equilibrium in such solutions is
an important step in the investigation of the properties of carbamic acid.

In the year 1885, Fenton! made measurements on this equilibrium, his
method of analysis being based on the difference in action of alkalin
hypochlorite and hypobromite solutions toward ammonium and amino
groups, previous experiments® having shown that the hypochlorite solution
liberates nitrogen from ammonium groups only, while sodium hypobromite
acts on both ammonium and amino groups. In the present case, however,
owing to the rapidity with which the carbamate and carbonate are trans-
formed into one another under ordinary conditions, it appeared unlikely
that the results obtained by Fenton could have much more than quali-
tative significance. A determination by some other method of analysis
seemed therefore desirable.

It is well known that solutions of calcium or of barium salts do not
produce precipitates in freshly prepared solutions of ammonium car-
bamate, but that the mixtures become turbid on standing for a short
time at room temperature, and, if kept neutral or slightly alkalin, pre-
cipitation as carbonate is soon completed. " A series of experiments m-
volving the precipitation and determination together of the carbonate
and carbamate by addition of cold barium hydroxide solution drew at-

1 Proc. Roy. Soc. London, 39, 336 (1885).
* J. Chem. Soc., 35, 12 (1879).



