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Table VI.
1 2 3 4. . 1
Ratio of Atomic weight 1
Oxygen Oxygen . -
exCsS. residue. Difference. combining of
volumes. hydrogen.
c.c. c.c. c.C.
1 0 0-428 0-428 2-00279 1-00768
2 1-533 2-021 0-488 2-00318 1-00788
3 1-084 1-551 0-467 2-00305 1-00781
4 0-508 0-933 0-425 2-00277 1-00767
Mean . . . . 2-00295 1-00776

Maximum deviation, 1 in 5000.
Omitting experiment 2, mean . . 2-00287 1-00772

Maximum deviation, 1 in 7000.

The ratio may be calculated from compressibility measurements. If the com-
pressibility coefficient of hydrogen at 0° C., between 0 and 1 atmospheres, is
taken as +0'00054 (the mean of th*e values obtained by Rayleigh, Jaquerod
and Scheuer, and Chappuis) and the corresponding coefficient of oxygen as
—0'000964 (Gray and Burt), then the ratio of the volumes containing equal

numbers of molecules at N.T.P.is 1-0-000964 -and the ratio of the co
2 (1 +0*00054) i
1-0-000964 2-00303.

Purity of the Gases.

Provided that the source of the gas and the methods of purification are varied, the
best criterion of purity is afforded by the concordance of the results.

Neither of the gases, in the condition in which they left the trains, yielded any
residue when pumped through a spiral cooled in liquid air.

The liquefied oxygen left no residue on evaporation, and the results did not vary
according to the fraction taken. Nitrogen might occur as an impurity owing to
incomplete exhaustion of the trains, or to a faulty tap. In the first case the quantity
would diminish throughout a series and, since the resulting error would not be
constant, it could hardly escape detection. The taps on the apparatus were selected
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with great care. They were mounted on capillary tube, and, in the case of the 3-way
taps, had the two bores drilled diagonally and at right angles to each other.
Experience has shown this to be the safest type for preventing leak. All taps through
which gas passed were mercury cupped. The plugs were so finely ground that a very
small quantity of grease sufficed to lubricate them, and they were kept well *“home ”
in their barrels by means of rubber bands. When in use, the plug was turned through
the smallest possible arc, a precaution which tends to prevent the appearance of stride,
particularly when the tap is in service for a long time. The grease used was the
well-known rubber-paraffin-vaseline mixture, and, contrary to the experience of
Germann(13, we found that oxygen had no detectable effect on its appearance or
properties. No leak between the interior of the apparatus and the air was ever
observed, though the point was frequently tested. Nitrogen was tested for directly
by exploding down about 1200 c.c., of hydrogen and 600 c.c. of oxygen, the quantities
being adjusted so that hydrogen was in slight excess. The hydrogen residue, of
about 3 c.c., was transferred to a small explosion eudiometer and mixed with 2 c.c. of
oxygen. After passing a spark and introducing a small quantity of alkaline pyrogallol
solution, about 1 c.mm. of gas remained unabsorbed. In other experiments hydrogen
and oxygen residues were sparked over water or potash ; in no case was any diminution
in volume noticed.

The presence of nitrogen in either gas might give rise to traces of oxides of
nitrogen, and eventually nitric acid, as a result of the explosions, or to ammonia as a
result of the sparking. Oxides of nitrogen (except nitric oxide), nitric acid, and
ammonia would remain with the ice in the explosion vessel. The water formed left
no residue on the glass or mercury surfaces when evaporated; was odourless, tasteless,
and neutral in re-action, and, when tested for nitric acid and ammonia, gave negative
results. Traces of nitrogen, or other gases, in the hydrogen, provided that they were
left unaltered by the explosions and sparking, would introduce no error, since they
would be measured as part of the hydrogen residue. Any such impurity in the
oxygen, on the other hand, would make the hydrogen residue too great by an amount
equal to three times the volume of the original impurity.

The presence of carbon compounds in either gas would almost certainly lead to the
formation of carbon dioxide in the explosion vessel. Since the vapour j)ressure of
carbon dioxide, at the temperature of the acetone, solid carbon dioxide mixture used
for freezing out the water, is more than 40 mm. of mercury, this gas would escape
with the hydrogen from the explosion vessel to be retained and detected in the liquid-
air-cooled spiral.

We have no direct proof of the completeness of synthesis, but the hydrogen
residues were sparked at different pressures and for varying periods of time without
affecting the results. The measured volume of hydrogen left in the pipette at the
end of a determination was usually removed by the mercury pump, hut in
experiments 7, 8 and 9 of series 4, it was transferred to the explosion vessel and
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constituted the first hydrogen filling of the succeeding experiment.* The results
show no indication of an accumulating impurity.
The successful removal of water from the hydrogen residue was proved by the fact

that the small phosphoric oxide tube between the explosion vessel and the pump showed
no signs of deliquescence after four years’ use.

Accuracy of M Band Te

Owing to the fact that all gas measurements were made in the same vessel under
the same conditions, various possible errors in this category tend to cancel out.

Volume errors.—Since all volumes were measured in terms of a weight of mercury,
an accuracy greater than necessary was readily secured. The only operation in which
special care was needed to prevent a volume error was the setting of the meniscus
to the point in the dead-space. The final adjustment was always made with a
rising meniscus, and cohesion effects were minimised by tapping the glass or pinching
the reservoir tubing. The probable limits of variation may be estimated from the
concordance of the values obtained in calibrating the dead-space at the beginning of
the research.

Pressure errors.—The vertical distance between the two glass points of the
manometer was measured with a cathetometer when the system was in ice. The
accuracy attainable was not very great because of distortion by the small bath round
the dead-space, but from two measurements giving values 760'35 and 76032 mm.,
respectively, it may be concluded that the distance was within a third of a millimetre
of the normal barometric height. A deviation of 1 mm. alters the density ratio only
by 1 part in 500,000, so that a difference of the above order is quite negligible.

The precision with which the mercury meniscuses could be set to the two points
was certainly very high. The order of accuracy attainable was tested in the
following way : the upper chamber of the manometer was viewed through a telescope
fitted with a Hilger micrometer eye-piece, and the cross-wire was set on the point.
The meniscus was then adjusted until the cross-wire appeared exactly tangential to
it.  On examination with the pocket lens which was used in making the settings, a
distinct gap was detectable between the point and its mirror image. Assuming the
limit of accuracy with a micrometer to be 0*01 mm., it was estimated that adjustment
by means of the lens should be within 0*002 mm.

The effect of capillarity on the pressure measurement can be neglected, since in
tubes of the diameter of the point chambers (16 mm.), even the absolute depressions
are vanishingly small.

Temperature errors.—These were undoubtedly the Ilimiting factors in the
accuracy of the work. Several have already been discussed in detail in the course

* At this stage of the research the bubble trapped in the dead-space was removed after expulsion of
each pipette-full of gas, so that the final hydrogen filling was not contaminated with oxygen.
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of the paper. They may be tabulated here conveniently under five heads, as errors
due to —

(1) Length of time required for the gas in the pipette to cool to 0° C.

(2) Variation in the temperature of the iced system on different occasions.

(3) Rise in temperature in parts of the iced system before completion of setting.

(4) Variation in temperature of exposed portion of manometer column.

(5) Relative temperature change in the mercury in the manometer and dead-space
below the level of the point.

Comment on the nature of the error under each head may be made as follows —

(1) Systematic error, which was estimated in the first four series and eliminated in
the fifth.

(2) Probably very small errors : the point was frequently tested by repeating a
measurement on the following day, when results agreeing to within a few cubic
millimetres could be obtained, provided that the pipette had been in ice for a sufficient
length of time.

(3) Negligible errors : experiments prove that the system remained at 0° C. for a
much longer period than was actually required for the setting.

(4) Small hap-hazard errors, estimated and corrected for in series 3 and 4 and
eliminated in series 5.

(5) Small hap-hazard errors, except perhaps in series 5.

A very large proportion of the time occupied by this research was spent in investi-
gating errors of temperatures and, although we have no reason to regard our final
result as seriously affected by such errors, we are inclined to believe that if the whole
of the measuring apparatus down to the point where the manometer joins the tubing
below the dead-space had been in direct contact with melting ice, a better concordance
would have been obtained.

One further point suggested itself as worth examination. With the measuring
apparatus used only a small variation was possible in the volume of hydrogen taken
for synthesis. In the first three series, where this variation was greatest, there is no
indication of any connection between the quantity of hydrogen taken and the result.
Of the thirty-two experiments considered, the mean of those sixteen in which the
hydrogen excess was greatest agrees to 1 part in 100,000 with the mean of the other
sixteen.

TheAtomic Weight of Hydrogen.

If the ratio of the combining volumes is 2*00288 the atomic weight of hydrogen is
1*00772, when Morley’s values for the densities, namely, 0*089873 and 1*42900, are
taken

vol. ccxvi.— A 3 M
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Comparing our result with those of Morley and Noyes, we have —

Morley . . . . 1'00762,
Noyes....ocvvvverreenne. 1*00787,

or, as estimated by Clarke from the same data,

1*00783,
Burt and Edgar . 1*00772.

Our value, therefore, is very nearly the arithmetic mean of the other two.

In 1914, a paper was published by Germann (¥) containing a series of measurements
of the density of oxygen.

As a mean of fifteen experiments he obtained the value 1*42906 for the weight of
a normal litre. The gas was made by heating potassium permanganate, and, after
passing over potash and phosphoric oxide, was liquefied and fractionated. This last
precaution entitles his results to special consideration. Collecting the results obtained
by Morley, Rayleigh, and Germann, we have —

Morley (41 experiments). . . . 1*42900
Rayleigh (16 experiments) . . . 1*42904
Germann (15 experiments) . . . 1*42906.

The arithmetic mean is 1*42903, but Germann, attaching rather greater weight to
his own result, partly because his oxygen was liquefied and fractionated, and partly
because of special precautions taken in measuring the pressure, proposes the figure
1*42905 as the most probable value on existing data’. Further confirmation of the
higher value is afforded by the work of Scheuer(1, who has recently obtained a
result identical with Germann’s. The substitution of this value (1*42905) for
Morley’s in the density ratio alters our atomic weight to 1*00769. It seems unlikely
that any probable future alteration in the density ratio would bring our value as low
as Morley’s or as high as Noyes’, and we may conclude that the true value of the
atomic weight of hydrogen lies very close to

1*0077.

Part of fhe expense of this work was defrayed by a Royal Society Grant which we
desire to acknowledge here. We are indebted to Prof. Dixon for his continued
interest in the research and for a number of helpful suggestions.
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