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Curve (L) = A +. B + lee + G = (iJl) + A + B has to eoincide 
also with the (.II)-eurv€', but it goes, starting from q towards lower 
temperatures. 

Cmve (f) = A + B + L + a goes starting from q, also 
towards higher temperatur'es, but it mitst be 8itnated below the 
curves (.4) and (B). In order to. show Ihis latter we take again the 
three points ", s and t in fig. 1. As the vaponr-pressure increases, 
starting from s, along the isotberms rB and Is, the curves (A) and 
(B) must be sitllated, therefore, in fig. 3 abo\'e curve (I). 

Those considera~ions are also valid when we repla('e the compo
nenls A and B by their hydrates Am and Bf" provided that solution 
IJ is situated within the triangle W Am Bil and not too close to the 
line Am Bn. Whell Ihis i~ really the case, then we are able to deiine 
the directions of tlle curves in the same way as e.g. in Comm. XIII. 

Leiden, fnor!!. Cliem. Lab. (To bI' continllefl). 

Physics. - "On tlte equation of state of water and of ammonia" 
By G. HOLST. Supplement N°. 41l to the Commnnications 

from the Physical LaboratorJ at Leiden. (Commllnicated by 
Prof. H. KAMERLINGH ONNKS). 

(l!ommunicated in thc meeting of January 27, 1917). 

In an investigation published some time ago on the equation of 
state of methylchlol'ide and ammonia I), it was shown that tlle sign 
of the coefficient C of KAMERI.INOH ONNES'S ': equation of state 

(
Be DEP) 

pv = Rl' 1 + - + - + - + - + -. 
ti v' v4 v B t,S 

was different rOl' the two substances ; COl' ammonia it was negath'e; 
for methyl chloride, as fol' olhe!' norm al substa.nces, C was found 
to be positive. At that time I ventured the hypolhesis C would be 
found negative for other' associating 3) substallces. Following this 
idea I laave c.alculated Band' C for wat,er vaponl', starting from 
the data given by M. JACOB 4) in tables 7 and 8 of his paper on 

1) G. HOLST. Comm. Leiden No. 144-
') See ror inslance H. KAMERLINGH ONNEt; and W. H. KEESOM. Eoe. d. Matb. 

Wiss. Art. V 10 p. 728. also Comm. Leiden Suppl. !H. 
I) Comp. Ene. p. 722, where it is pointed out that besides tbe assoeiating 

(polymerized) substances, others oecur (deviating substanees) wbich show similar 
deviations as the first. 

") M. JACOB. Zeitsebr. Ver. D. IDI. 1911 p. 1980. 
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the specific heat and specific volume of water vapour. Calling the 
presslll'es given by JAcOB in K.G./cm' p;', the specitic volumes 
in mS

, K.G. Vj and the residual term of the equation of state 
4 "06 l' Jooo Vj =-,-'---- - R.j: Rj in dm'fKG. we find: 

pj 

C R· P'V' 
B + -~ + .... = - _'J /-..!0,17080 

Vj 
whel'e v = --=---

1,2440 

R'p'I" When - _'J_~ 0 1708 
l' ' 

1,2440 
is drawn as a function of --- a 

Vj 

series of straight lines is obtained. From this diagram Band C can 
be imlllediately read as a fUllction of the temperature. In this way 
the values wet'e found gi\'en in the following tabie. (p. 934) 

In the first place it will be seen that for water, as for ammonia, 
C' is negative, and increases strongly wÎth deereasing temperalure. 
It is further clear that it will not be' a simple maUer to find a 
formula ",hicb repl'esents C as a function of tbe temperatul'e, all 
the more that thel'e is nothing to guide us in the choice of the 
correct form of the function . As \V. H. KEESOM told me th at he 
and Miss VAN LEEUWEN had undertaken Ihe deduction of a function 
of the kind required, I thought it advisable 10 await tbe resuIt of 
this calculation before venturing upon the calculation of a purely 
empirical formula fol' myself. 

For the oiller coefficient, B, there is something 10 go by: water, 
like ammonia, has a large dielectt'ic constant. which is a tempera
ture .fllnction. 

We may therefol'e assume, with P. DEBYE 1), that the waler mole
cule has an elec~l'ic moment. I.<~or sphel'ical molecules with an electric 
bipole at the centre, W. H. KKESOM~) lIas calculated the coefticient 
B as a functioD of lhe temperature. [ will therefore compare the 
experimental values with those ~hich KEESOM calculated. For this 
purpose, as suggested in Comm. Leiden Suppl. 25, we will draw F 
as a function of log/tV and log B as fUllction of log T. 

lf the curves are tlhifted URtii tuey eoincide over a fairly large 
range, we find for instanee that log B = 7,35 -10 coincides with 
F = 0,065 and log l' = 2,828 with lo.q lw = 0,358. 

1) P. DEBYE. Phys. Zeitschr. (13), 97, 1912. Comp. also J. KRoo. Ann. d. Phys. 
(41), 1888. 1913. 

'J W. H. KusOK. Gomm. Leiden Suppl. 24b, 
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TABLE I. 

t B C 

110 0.0157 -0.00120 

120 -0.0146 -O.OOOO!) 

130 -0.01355 - 0.00070 

140 - 0.01255 -0.000535 . 
150 -0.01175 -0.00039 

160 -0.0111 -0.00023 

170 -0.01035 -0.000165 

180 -0.00975 -0.000115 

190 -0.00910 -O.OOOOSO 

200 -0.00855 -0. ()00()65 

220 -0.0015 -0.000036 

240 -0.(X)655 -0.000024 

260 -0.0058 -0.000016 

280 -0.0051 --9.8900." 
300 -0.0045 -0.000015 

350 -0.-0032 -O.OOOOl3 

400 - 0.0022& -0.000012 

450 -0.0015 -0.000010 

500 -0.00105 -0.000008 

550 -0.00068 -0.000006 

Asin ammonia, here also de\'Ïations show themselves at the lower 
temperatures (below 2500 C.). 

From tbese data, 8.C(',ording to KSEsoM'S ca.lculations, tbe radius 
and tbe dielectric moment can be derived (or tbe water molecule, 
wh en assumed spherical. 

In tbis way we find 0 = 3.21.10-8 cm. and m,: = 2.62.10- 18 

in e.s. units. 
CakuJating these qnantities fOI·1ammonia also, in thesame way, 

I fouud (J = 3.54.10 8 cm. 1IIe = 2.36.10-18 e.s.units. 
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The dimensions of the molecule, correspond, therefore, as regards 
the order of magnitude, with those determined in ot her ways. 

1<'01' Iiquid water DEBYE has calculated the electric moment, and 
gives me = 5,7.10- 1Y e.s. units. The correspondence is not altogetber 
wltat might be desir'ed. 1 have therefore recalculated tbe electric 
moment from tile measurements made hy BAEDI<;KER '), who deter
mined the electric constant for water vapour aud for ammonia. 
For water vapour the range of temperatures exarilined is vel'y smalI, 
so that not much reliaJlce was be put on the conclusions to be drawJ!. 

Accol'ding to DEBYE, the following formuJá applies to the dielectric 
constant 

4.7 me' N" 
whel'e a = - ---- J. N represents the J1umber of molecules in 

:1 Ic 

1 cm l
., k PJ.ANK'S constant 1,346.10-16 erg. 

The fit'st term Eo is dlle to tbe quasi-elastic electJ'ons, the serond 
to tbe bipoles. I have calclliated the fh'st from tbe inrlex of refraction 
for whièh I look n = 1,000255 for water, and n = 1,000377 3

) for 
ammonia. These values apply, it is trne, to the visible spectrum, 
bilt the uneertainty introdueed by this cannot be great, as Eo itself 

is sm all. In the following table the calcl1lated values of (13 - Eo) ()U T 
() 

'wiJl be found. The factor ~ is intl'oduced so as always to work with 
()o 

the same number of molecules. 
Tbe last column in the abO\'e table shows that for that part of 

tbe dielectric constant which is due to tbe bipoles, the same law 
holds as given by CURIE for the magnetic susceptibility, at least in tbe 
('ase of ammoma. The correspondence is not so good for water. 
At the same time, in order to be able to continue the calcuJation, 1 
.have assumed that the law applied to water a1so 4), müng tbe mean 
constant in the calculation. In this way we find rOl' tlle electric 

1) K. BUDEKER Z. f. phys. Ghem. (36), 805, 1001. 
2) See P. LANGE VIN. Ann: Chim. Phys. (5), 70, 1905. 
S) Recueil de Constantes Physiques, 
4) Whether deviations actuallyoccur in water, as in magnetic suhstances, must 

he settled by further experiments. 
Furthel', the question arises, why the .value of the electric moment calculated 

for water vapour deviates from th at calculated by DEBYE for tbe liquid. I thought 
tbe dflviation might he accounted COl' by the fact that DEBYE has assumed in his 
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TABLE 2. 
Dielectric constant for ammonia. 

() I ;O(f -fO) ~(f-fo) l' t E. 
I Q, 

18.4 1.00130 0.934 1.00010 0.00107 2.06 

19.0 704 931 70 681 1.. 
59.4 547 814 61 597 1.98 

62.1 538 808 61 591 1.98 

83.8 482 751 57 562 2.005 

95.3 453 733 55 543 2.00 

108.4 434 707 53 539 2.055 

mean: 2.01 
Dielectric constant for water vapour. 

140.0 1.00765 I 0.645 1.00033 0.01155 4.7 
\ 

142.2 767 I 641 33 Jl.f5 4.75 
i 

143.2 736 j 640 33 110 4.6 

145.8 694 636 32 104 4.4 

148.6 648 632 32 0975 4.1 

mean: 4.5 

moment of the water molecule me = 2.3 10--18 e.s. units, and fol' 
ammonia me = 152 10-18 e.s. units. 

Tbe order of magnitude is tbe same as tbe electrie moment 
ealculated from tbe equation of state. The numerical correspondence, 
ho we ver, still leaves sometbing to be. desired. This is not surpl'Îsing, 

calculation that tbe density or the liquid remained constant. Ris formula runs 

.-1 T 4nm'.N 4.1r N,.et 
--~.=---+-~-T=a+ lT 
f+2() 9 lc 3 lp 

in which ror tbe calculation () = ()D was assume(l. Ir the necessary correction is 
introduced for tbc density, a becomes negative ror water, so .that no rea} value is 
foOOd for the electric moment. So that in fact, like BoGUSLAWSK.J (Phys. Zeitschr. 
1914 p. 283) I could not find any agreement between theory and experiment lor 
liquid water. 

E-l 
The form--

2
, also, is not a very suitable ODe as BOOn as , beeomes much 

E l-

greater tban 1. If, as iIl water, , vanes between 60 and 80, this fraction varies 
very littJ.e with cbanlina ,. 
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as the measurements of the dielectric constant lie partially in the 
field of temperature, where the values for B calculated on the 
assumption of bipoles deviate from those determined experimentally, 
and moreo\'el' the supposition upon which the calculations are 
based \\'ill not entirely cOl'respond to' the facts. 

FinaUy, I should Iike to drawattention to the conclusions, which 
follow from these calculations, for the determinations made by 
Po. A. GUTE 1) and his fellow-wol'kel's of the molecular weight of 
gases from the weight of a litt'e under normal cÏr'cllmstances and 
the compressibility. These meaSlll'ements, which have been made 
with the greatest care, have not alWaj8 led to a satisfactoI'J 
agreement bet ween the molecular . weight determined in th is and in 
otber ways, espeeially in the case of easily eompressible gases. 
From our ealculations it follows 18t that for an accurate determinatioll 
of the compressibility the measurements must be so arranged that 
they enable us to determine ') with tbe necessary accuracy not only 
B but also C;and 2nd tbat when it is not established in another way 
tbat a given gas behaves as a normal substanee, the compressibility 
rOl' that gas mUdt be specially determined, 

OU1' c.aleul8:tions demonstrate tbat the deviations from the law of 
oorresponding states, . whieh in variOHs substances may be very 
important as regards the value of B, may be even greater for C, 
so mueh so that the sign 3) rOl' suhstances with and without bipoles 
may be different. The faet that for Borne gases including ammonia 
a correct value' fol' the molecular weight was obtained by making 
uae of the law of corresponding states, even where this was not to be 
expected accordillg to the preceding diseussion, must therefore be 
regarded as due to accident. .And it is not to be expected that at 
other temperatUl'es an equally good agreemeRt would be found. 

1) See for instance Mém. de la Soc. de Pbys. de Genève (35) 1005-1007. and 
further Journ. d, Cbem. Phys. various volumes. 

I) This conclusion was also drawn by H. KAMERLINGH ONNES and W, H. KEESOM 

Ene. Math, Wiss. V 10 p. 902. They also point out here (p. 900) the influence 
of the deviations from tbe law of the corresponding states upon the delerminatiolls 
of tbe molecular weight. 

a) Whel'eas B changes its sign ror all substances examined, a possible difference 
of sigu at equal reduced temperatures may thus be ascribed to the choice of the 
crilicaJ quantities as col'l'esponding, thitS is not the case with C. Fol' normal 
substanees (see H, KAMERLINGH ONNES Comm. Leiden NO. 74, p. 10) 0 is every
where positive anti increases witb fallingo temperature. 

60 
'ProceediDp RoyaJ Acad. Amsterdam. Vol. XIX 


