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field, we get the combwalions 2.3, 1.3, 1.2 for the vibrations
normal to the fleld. Experiment shows that the divergences of
the pairs of doublets in these three cases are very different.
Thus for a band of spectrum 1, the vibration being normal to the
field, the magnetic doublet is different according as the direction
normal to the field has the principal dirvection 2 or 3. The pheno-
menon is clearly seen in the figure which represents the; group of
bands in the orange for neodymium sulphate at — 259°. TFig. 7
Pl. 'V gives a survey of the phenomena of the changes with the
temperature and the magnetic field in the blue of neodymium sulphate.
According to theory it follows from this that each of the three’diffe-
reni directions has a different magnetic constant, and that therefore
the vibrating system presenis three different masses: for the three
kinds of vibrations.

As the corresponding bands in the two spectra occupy the same
or only slightly different places, it follows that inifirst approximation
the constani of the quasi-elastic force in each of jthe three directions
must be proportional to the mass in that direction.

Physics. — “On the equation of state of a substance in the neigh-
bourhood of the critical point lLiguid-gas. 1. The disturbance
Junction in  the neighbourhood of the critical state.” By
Prof. Kamerrinem Oxwgs and Dr. W. H. Kersom. Communi-
cation N°. 1047 from the Physieal Laboralory at Leiden.

§ 1. The greai compressibility of a snbstance in the neighbour-
hood of the ecritical point liquid-gas and the properties connected
with this, (such as the small variation of the thermodynamical
polential al isolhermal compression etc.) — which are derived from
vaN DEr WaaALs’' original equation of state and better still fromhis
latest considerations about the compressibility of a molecule ') — render
it necessary that in deriving conclusions from observations in the
neighbonrbood of that condition we must take into account various
circumstances, otherwise unnecessary for the experimental investiga-
tion of the equation of state of a homogeneous substance consisting
of one component, which investigation includes that of the quantities
of, saturation etc.

It is well-known that owing to the great compressibility the
thermodynamic cquilibrinm is difficult {o attain, in fact it has often

-

1y Comp. van per Waais, Proceedings June '03,
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happened that phenomena ') at the crifical point have been described
as abnormal and as being al vawance with the views of ANDREWS-
vAN DEr WaalLs, in cases where the thermodynamic equilibrium
had not yet been atlained either because small differences in com-
position had remained owing to the slow diffusion of very small
quantities of admixture (Kuvexey Comms. N°. 8, Oct. 93, N°. 11,
May and June ’94), or because differences of temperature resulting
from variations of volume in different portions of the substance
during the passage from one condition of temperature and pressure
to the next had not yet been equalized (Kamerriner Oxxes, Comm.
N°. 68, March and April ’0] and Kamerninen OxyNes and Fasius,
N°. 98, May ’07).

When the thermodynamical equilibriuni is obtained either by
keeping the substance in the neighbourhood of the critical point
. during a long time at a constant temperature or by repeated rever-
sals of the sealed tube containing the substance (Gouy), or by
stirring it electromagnetically (KuexeN) we must pay regard to the
gravitation which on account of the great compressibility of the
substance in that condition becomes of great influence *) and also
to small quantities of admixture which may occur and of which the
nature and the quantity are known ).

The consideration of these influences and those of capillarity and
absorption phenomena near the walls of the vessel ‘), things which in
other cases are hardly lo be considered, is indispensable at the critical
point liquid-gas for the determination of the experimental equation
of state of a substunce, i. c. the relation between p, v and 7' for
a substance consisting of one componeni m thermodynamic equili-
brium subject to no other external forces than the pressure on the
walls of the vessel.

{

§ 2. In this communication we intend to bring into connection
some peculiarities in the experimental equation of state in the
neighbourbood of the critical state with the great compressibility

1) For a survey of these phenomena comp. Graerz, WinkeLaann's Handbueh, ILI,
2le Aufl, p. 837.

% Gouy. G R. 115 (1892) p. 720 and 116, p. 1289. J. P. Kuenen, Comm. N, 17
May 95. -

8) CGf Comm. NO. 75, Nov. ’01, N 79, March ‘02, N0. 88 Nov. '¢3 (Keeson),
No. 81, June and Sept. '02, Suppl. NU. 6, Febr. and May '03, N . 18, Dec '04,
No, 12, Jan. '07 (Verscmarrerr). On the influence of gravity a small quantity of
admixture being present, cf. Kvenen, Comm. N% 17, May '95 and Keesox, Comm,
N'. 88 VI, Nov. 03.

4 Comp. vaN DER WaatLs, Lc. p. 106 and 107,
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in this area. Therefor we compare the experimental equation of
state of a substance near the ecritical point lignid-gas with an
equation of state which we shall call the special undisturbed equation
of stute for that substance and which is derived by adjusting
interpolation formulae fo observations in areas where no disturbances
occur such as in the neighbourhood of the critical point.

For we presume {0 be able to derive from the results of data
at our disposal that the experimental equation of state differs from
the special undisturbed one by the presence of terms which for
the accaracy reached in the observations meant only deserve notice
in the neighbourhood of the critical point, and which are intimately
connected with the great compressibility in this area. We shall call
the compound of these terms the disturbance function in the equation
of state in the newghbourhood of the critical point.

In order to be able to derive from the special undisturbed equation
of state and the disturbance function at the critical state the con-
ditions of coexistence, vapour pressures, liquid and vapour densities, we
must have investigated whether in that condition MAXWELL’s eriterium
for a substance consisting of one component may be applied unmo-
dified or nol.

IFor the present we must include in this disturbance function the
disturbances caused by admixtures which chemically may have an
existence of their own, but which it was not”possible to remove
and which always oceur in definite quantities, as long as the nature
and the quantity of these admixtures are unknown. The investigation
of substances with small quaniities of admixiure') may help us
towards a Dbetter judgment of the question whether this disturbance
function may Le entirely ascribed to admixtures which may exist
separately. As long as this has not yet been decided it will be
indispensable to pay regard also to admixtures which can have no
existence of their own but which may always occur as electrically
charged particles, or as portions of the substance of greater density
which may give 1se (o differences of density distributed as nebulous
drops and which in this area might be kept up by capillary force.
1t will also be necessary to take into account differences of density
depending on the statistic equilibrium.

In order to arvive at some knowledge of such a disturbance

1y Comp. p. 604 note 3. For the influence of small quantities of admixture of sub-
stances of small volalilily the following mvesligalions ate 1mportaat : M. CENTNCRSZWER,
ZS. physik. Chemie 46 (1903) Osrwarp Jubelb. p. 427, 61 (1907) p. 356;
M. Cevrnerszwer and A. Paxawsegr, 1bid, 55 (1906) p. 803, M. CentNerszwEer and
A, Kawny, ibid, 60 (1907, p. 441
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function, observations of grealcr accuracy are required over an area
which comprises the critical state and also approaches it sulficiently.
These observations must be accurate to within !/, as is usual
in the Lejden laboratory in the investigations-of bi- and monatomic
substances and their Linary mixtures, while the nature and) the
quantity of the separable admixtures ought to be known 10 /14400
of the whole mass?). -

§ 3. Our conclusion about the existence of a disturbance function
in the equation of state in the neighbourhood of the critical point
liquid-gas is based on the following data which may be arranged
inlo three groups.

a. In Comm, N°. 74 (Avch. Neerl. (2) 6 (1901) livre jub. BosscHA
p. 874) bas been pointed out that Amaear’s observations of the
isothermals of carbon dioxide near the critical point show systematic
deviations from the values derived from the special undisturbed
equation of state. This equation of state was derived from the empirie
equation of state introduced m Comm. N°. 71, June 01, by choosing
the virial coefficients so (Comm. N°. 74 § 4) that the agreement with
the observations over the whole area of observations is as good .as
possible while the agreement with the general reduced equation
of state at a reduced {emperature lying far outside the area of
observation was retained.

We get a similar series of observations if we compare the obser-
vations of carbon dioxide in the neighbourhood of the critical point —-
described in Comm. N°. 88 (Jan. ’04) — with the special undisturbed
equation of state, while using the reduced virial coefficients V s. 1

. (Comm. N°. 74, p. 884) and the critical temperature and pressure
found in Comm. N°. 88,

It really appeared in Suppl. N°. 14, Jan. ’07 (KaMerrniNgH ONNES
and Miss Jounes) that the critical quantities, derived according to
%/ =0, ¥/e=0 from the special undisturbed equation of state
V s. 1, show great deviations from those derived experimentally.

A similar difference was found by Axaear (Journ. de phys. (3) 8
(1899) p. 353) when he derived the densities of saturated liquid and
vapour from the equation of staie (containing 10 constants) formed
by him for carbon dioxide. The curve which represents the densities
calculated thus as a function of the lemperature, at lower tempera-

1) For such an investigation carbon dioxide would be fittest owing to the com-
parably small difficulties in preparing it perfectly pure and keeping its temperature
sufficienlly constant, and also because much is already knowu about its equation
of state over a large area.
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tures coincides almost with the curve given Ly ihe observations:
according as we approach the critical (cmperature the calenlated
curve shows a displacoment towards the small densities with regard
to the observed curve. That this displacemnent is much larger than
follows [rom (he calculation of Suppl. N°. 14 mentioned above must
be ascribed at least partly to the circumstance that AMacAT probably
did not derive the liquid and vapour densities from his equation of
state by means of the criterinm of Maxwern, but for shoriness’ sake
calculated by means of his equation of staie the densities for which
p has the value for the saturation pressure furnished by experiment.

b. In Comm. N°. 75 Nov. 0l atiention was dirvecied to the difference

T/ op
between the ;= [— (ﬁ) ]derived from AMAGAT’s net of isothermals
P v_|lk

and the :[é%}‘— resulting from his determinations of the
L4

saturated vapou{- pressure, which values must be equal for the
undisturbed equation of state'). One of the reasons to undertake
the observations about carbon dioxide of Comm. N°. 88, Jan. ’04,
was the wish to oblain more certainty aboul these peculiarities
in the behaviour of the substance in the neighbourhood of the
critical point (comp. l.e. p. 566). The same difference viz. C, = 7.12,
C, = 6.71 followed from these determinations. Brixkman (Thesis
for the doctorate, Amsterdam 1904, p. 43) confirmed this difference
not only for carbon dioxide, but he also found it for methyl
chloride, while MiLts (Journ. phys. Chem. 8 (1904) p. 594, 635;
comp. also 9 (1905) p. 402) for ethyl oxide (Ramsay and Youxg),
isopentane and normal pentane (Youne) finds differences of 10
percent between C, derived by means of the formula of Bior
for the saturated vapour pressures and C, which with regard paid
to the regular variation of & with temperature®), follows from the
dafa collected by Ramsay and Youne (ethyl oxyde), Youne (isopentane)
and Rose-Innrs and Youne (normal pentane) in order to judge of the -
equation of isochors p =51"— a.

¢. In Comm. N°. 88, Jan. ’04, p. 575 table XXII the saturated
vapour préssurcs of carbon dioxide between 25°.55 C. and the
critical temperature (30°.98 C.) are compared with {he formula
(I'— Ty T'p

TZ

) M. Puanck, Wied. Anm. 15 (1882) p. 457; comp. also Comm. NO. 75 § 3.
The quantities C; and C; are both obtained by an extrapolation, Gy at v =vi of
a igher temperature to 7%, C; along the vapour pressuve curve of lower 7'to 7% .

* S. Youse, Proc. Phys. Soc. London 1394/95, p. 602; comp. also Comm,
Phys. Lab. Leiden No. 88 p. 54 note 1, Keesom Thesis p. 86. |

loy —ﬁ— =F which was obtained by keeping in the develop-
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ment of /g p in ascending powers of 7-' the secoud power!).

~ While for the other {emperatures in the table mentioned the deviations

/

did not exceed 0.01 atm., a deviation of Obs.—Comp. = 0.05 atm.
was found for 30°.82 C.?). Althongh it was then held probable thal
this deviation was to be ascribed to an accidental error of observation,
we have afterwards found that a deviation in the same sense and
of about the same size also occurs in the results of other observers
about saturated vapour pressures of carbon dioxide near the critical
point.

A comparison of the resulls of Brinkman’s observations (Thesis
Amsterdam 1904+ pp. 41 and 42) of saturated vapour pressures of
methyl chloride and carbon dioxide with the pressures dervived by
him according to a formula of the same form as the one mentioned
above, yields the following differences :
for methyl chloride (¢, = 143.12):

at 1=137.°54, 138.°92, 140.°26, 141.°66, 142.702
0—C=+002, —0.04, —0.02, +0.03, 4 0.08;
for carbon dioxide (# = 31.°12):
al t=24.24, 26.°08, 28.°46, 29.°86, 30-40
O0—C=+40.02, —0.02, +0.03, 4 0.08, 4 0.07.

In both substances investigated one finds below the eritical tempe-
raturc an obvious deviation resembling that found in Comm. N*, 88,

The observations of Amacar, Journ. de phys. (2) 1 (1892) p. 288,
of the saturaled vapour pressure of carbon dioxide fail to give any
definite indication about the question treated here because AMaGAT
has rounded off the pressures o 0.1 atm. In connection with the
preceding statements, however, it deserves attention that Tsurura,
Journ. de phys. (3) 2 (1893) p. 272, when comparing these data
with the formula p = 34.3 + 0.8739¢ - 0.01135¢*, also there found
an obvious difference O—C at 31.°25 which exceeds by 0.06 atm.
that at 31.°35 (crit. temp. according to AMAGAT).

From the data meniioned here one might draw the conclusion
that for carbon dioxide and methyl chloride the curve of the saturated
vapour pressures, continued (o near the crilical point, with extrapo-
lation to this point would lead us to expect a p; somewhatl larger
than the critical pressure found experimentally. From the very careful

1y {n Physik. 7S, 8 (1907) p. 944, Bose went still farther and kept the third
power in lhis development which had been given by Ramkmvg, Mise. Scientif.

Papers pp. 1 and 410,
2) As it appears from the columans Obs. and Gomp. all the numbers in the column

0.—C. have wrong signs. .

5
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observations of Youne of isopenianc Proc. Phys. Soc. London 1894/95,
. p. 613, however, a deviation as found above for carbon dioxide
cannot be derived.

It may be thai some conuection exists between the above men-
tioned disturbance in the saturation pressure in the iminediate neigh-
bourhood of the critical point of carbon dioxide and a disturbance
in the observations of Comm. N°. 88 of the densities of saturated
liquid and vapour of carbon dioxide. Plate I vepresents these densities

. . .1
diiy and dyq,, expressed in the theovetical normal density. 2 (ciig + dyap)

is also represented. The straight line is the line which was drawn
for the determination of the critical volume after the method of the
rectilinear diameter of Camrerer and Marnias in Comm. N°. 88
(comp. Comm. N°. 88 p. 574). The middle of the chord belonging
to 30.8 lies clearly below this line. If for the determination of the
rectilinear diameter only the three points at lower temperature are
used, the difference is much larger. If this devialion cannot be
ascribed to an error of observation, it would follow hence that the
diameter of CaiLrwrer and Matamas for carbon dioxide shows a
curvature in the immediate neighbourbood of the critical point ).
Kqs indicates the critical density which in Comm. N°. 98 (KAMERLINGH
Oxnis and Fapius) was derived from determinations less than 0.°002
deg. below the critical temperature. If we might assume that the
carbon dioxide of Comm. N°. 98 and that of N°. 88 possessed the
same degree of purity, an assumption to which the agreement between
the critical temperatures entitles, and also that the difference in the
methods of density determination has not given rise to a systematic
difference, then the situation of the point Kg¢s would confirm the
curvature of the diameter in the neighbourhood of the critical point.

A similar disturbance as we remarked above for the saturation
volumes of carbon dioxide in the immediate neigbourhood of the
critical point, cannot be derived either from Youne’s observations of
isopentane (comp. Proc. Phys. Soc. London 1894/95 p. 636) or from
those of normal pentane (Trans. Chem. Soe. 71 (1897) p. 455),

1) This curvature is in another sense than the curvature found by Kusnes and
Rosson, (Phil. Mag. (6) 8 p. (1902) p 624) at lower temperatures in the diameter
for carbon dioxide and which agrees with the general rule given by Young (Phil.
Mag. (5) 50 (1900) p. 291) about this curvature_at lower tewnperatures in con-

s Al

and the slope of the diameter as compared with

nection with the value of

the temperature axis.
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which are continued down {o 0°.05 below the critical temperature !).
It would be very desirable to investigate more closely in liow far the
disturbances mentioned sub ¢ are connected with a disturbance in

_the equation of state, or must be ascrited to special circumstances

of those experiments themselves (snch as the difficnity to delermine
the moment at which begin condensation occurs). 3

§ 4. The disturbances mentioned in § 3 apparentily point {o the
fact that the substance in the neighbourhood of the critical point
occupies a smaller volume than would be expected according to the
special undisturbed equation of state. In Comm. N°. 88 p. 555 the
possibility is mentioned that these disturbances are connected with
differences of density which occur in the substance near the critical
state, as it is indicated by the mist (the blue opalescence) in the neigh-
bourhood of that state. The question was left aside whether those
differences of densily are to be interpreted either as condensations
round condensation centres with an existence of their own (dust
according to Kowxowarow ®), electrically charged particles®) a third
phase separated n small drops and .for the greater -part consisting
of an admixture), or simply as spontaneously formed differences of
density, either as accidenlal aggregations caused by molecular motion
and governed by the statistic equilibrium (SmoLucHOWSKI *), or because |
small drops still have a positive surface tension at temperatures
at which larger drops are no longer stable (DonNax?®).

Whatever may be the cause of the blue mist, in all cases we may
expect a close relation between the compressibility and the occur-
vence of it. In order to form a better judgment about this matter
it was considered 1o be desirable {o start an investigation of the
conditions of existence of this mist in a subslance consisting of one
component in the neighbourhood of the critical point liquid-gas. Ior
an optical research of thesc conditions of existence we refer to the
next communication.

Y) Nor can a similar disturbance be derived with ceitainty from Brinkman's
observations of carbon dioxide and methyl chloride, which- observations, however,
are not continued so near to the critical poini as those of comm. NO. 88.

) D. Kovowarow. Ann. d. Phys. (4) 10 (1903) p. 360,

"3) Owing to the highly penetraling radiation from the radio-active portions of
the crust of the earth (Eve, Phil. Mag. (6) 12 (1906) p. 189) in the atmosphere
(Stroxg, Physik. ZS. @ (1908) p. 170), or in the swroundings of the building
where the experiments are made, these particles would always be present to
almost the same amount. In the mean time it follows from the experiment of
Friepuinoer ZS physik. Chem. 38 (1901) p. 385, on the slability of the mist in
an electric field, that the particles which cause the opalescence are not charged,

) M v. Swmoracmowskr, Ann. d. Phys. (4) 25 (1908) p. 205.

5 F. G. Donvan. Chem. News 90 (1904) p. 138. -

i
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