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~ 1. Introduction. When the pOlential in the field of the electric 
eharges in a rotalional symmelric homopolal' molecule is developed 
in a series of powers of 1,- 1, the first term may be I'egal'ded as 
being due to a zonaL quadrupole. 

As far as is evidellt from Ihe investigation of Ihe equation of 
state especially for hydrogen, the moleeular atll'aclion in diatomic 
homopolal' gases may be l'egal'ded 10 a liI'sl appJ'oximalion as dlle 
10 such a quadrupolar term in the field of fOl'ce of the molecule,. 
at least for a high temperalure and in a diluted gaseous staie, Thai 
finally an atlraclion resulls must be ascribed 10 two causes: l st thaI 
two molecules when ap[woaching each other will try 10 dil'ect 
each oilier in su eh a way Ihat aUl'aeling forces n.rise between them, 
and 2nd that in two appl'oaching molerules the charges are displaced 
by their mutual influellce thns Ihat Ihis gives rise to an attl'action. 

As far as this DKBIJF. ' ) and the author' ) agree. Their opinions 

. I) P. DEBIJE. Physik. ZS. 22, p. 302, 1921. Very interesting is the application 
made by DEBIJE of these eon si de rati ons to monatomic gases, where the mutually 
directing inflllence of the molecules mentioned undt'r lst becomes zero, so that only 
the attraction du~ to the polarisation of tbe molecules mt'ntioned under 2nd remains. 
See for this also F . ZWICKY. Pbysik. ZS. 22, p. 449, 1921. As to this, we may 
rem ark however the following. The applicaliou of tbe above to a quadrupole 
term in the field of the monatomic molecules gives us a mean value of the 
potential enertly of two sueh molecules proportional wilh r-B (a dipole term would 
grve r-61, while on tbe contrary the obsel'vations ror argon are more in favour 
of r-i or r- 5 (hydrogen below the BOYLE-point r- i ) . see Leiden Suppl. N°. 26 
§ 3, these Proceedings O<:lober 1912, p. 643. 

,) Comm. N0. 6b , these Proc. Vol. XXIIl, Nu. 6, 1920. Physik. 7.8. 22, p, 1~9, 
1921. 
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diffel' IlOwevel' on the magnitudes of the qnadl'llpole moments I) Ihal 
are to be ascrihed to Ihe molecules of Ibe gases in qnestion (bydl'ogell, 
oxygen and nill'Ogen) 011 accoullt of tbe dala of Ibe eqllation of state, 

The authol' bas deduced tbese quadl'lIpole moments I) from the 
expel'irnentally fOl1nd seeolld vil'ial eoefiicients fol' the above mentioned 
gases at selecled temperatlll'es by cOlllpal'illg them wilh tbe depend
ency of the secono vil'ial coefiieienl 011 tbe tempel'allll'e as deduced 
fol' fixed quadl'upoles and tblls wilhoul atlending 10 Ihe displaccmenl 
of tlle charges menlioned uIIdeI' 2nd , Aftel'Wal'ds l

) he bas pl'oved that 
at Ibose temperallll'es Ibe illfluenee of the displacibility of Ihe charges 
is only srnall compal'eo wilh that. of tbc attl'action dlle I the Ihed 
ql1adl'llpoles, Fl'om this il is evident, thai Ibe \'alues fol' Ibe qlladl'llpole 
momenls del'ived fl'om the expel'imenlal data do not undel'go COII
sidel'able cbanges by the displacibility of tbe charges, 

Following anolhel' way of ealclliation howe\'el' D~:BIJI<: finds con
sidel'ably highel' values fol' tbe qlladl'lIpole moments and on sevel'al 
grounds he pl'efel's these high~l' values, 

In this commllnication will be shown Ihat the all thor cannot adbere 
to this opinion and by flIrtheI' calculation he will investigate the 
inflllence of the polal'isability of the molecules on the value found 
for the quadl'llpole moment. Then, as mighl be expected, this illfluence 
wiII be found to be smal!. 

~ 2, Rectification, In tbe fh'st place il may be mentioned here, that 
al Ihe last moment a calculation error has been made in my 
fOl'mel' calculation of the qlladl'llpole moment of bydl'ogen, Fl'om 
the vallles fOl' (J and v gi ven in Leiden Suppl. N°, 39a ~ 5 we 
fiud fol' the quadl'llpole moment of the hydl'ogen molecule: 

1-'. = 1,17 X 10- 26 [e,s ,e, X cm,I]. -

instead of the "alue thai was given thel'e 4). 
As by his calculation of the quadl'upole moment of hydl'ogen 

DEBIJE found the vaille 

1-'1 = 2,14 X 10- 26, 

1) For a molecule which is not rotationally symmetrie (and which bas no dipole
moment) tbis is replaced by a mean quadrupole moment, comp. DEBIJE I. c. 

') Leiden Suppl. NII. 39a. Tbese Proc. Vol. XVIII, p. 636. These Comm. N°. 6a, 
these Proc. Vol. XXIII N°. 6 p. !J39. 

s) l.c. p. 162, no te 2. 
') In note 1 p. I ó l.c. we must read therefore 0,70 X 10-8 instead of 

0,92 X 10- 8. As to the rf'mark in § 1 of Comm. N". na. these Proc Vol. XXIII 
p. 940 on the agreement bet ween the values of the quadrupole moment deduced 
from the equation of state and from the model of BOHH-DEBIJE, this loses its sense. 

11* 
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Ihe two methods of ealculation are evidently leading to ronsiderably 
different resuhs for hydl'Ogen too. 

~ 3 . Ris opinion that the polarisation of tlla molecul~s caused 
by their mutual influence, is of great importance, is based by 
DEBIJE principally 0/1 Ihe val lies of the roefticients of the mean 
reduced equation of state. Tbis mean equation of state has been 
given by KA?tmRLlNGH ONNES for a systematic summary and discus
sion of the material of obsel'\'ations and of the deviations from the 
law of corresponding states. At the same time, however, he declal'ed 
emphatically 1) that fOl' no sllbstance th is mean I'educed equation of state 
will coincide with the real I'edllced equation of state. It would only 
do so, when the substances the data of which have been used in 
the del'ivation of the llIean redllced equation of state, strictly 
obeyed the law of corresponding states . Now this is hy no means 
the case, especially 1I0t for hynrogen compared with nih'ogen and 
oxygen, which gases gave the data for the higher reduced tempera
tures, which are of most interest for our question. This is a. o. 
evident from the following fact. When for tlle great volumes and 
for the dominion of redllced temperallll'es cOlTesponding to the tem
perature intel'val in which AMAGAT has made measurements on O. 
and N. we want to make the reduced equatiolls of state of H. COI'
respond with those of O. and N., we must choose as critical reduction 
temperatlll'e for R.·) 43, wllet'eas howevel' Ihe critical temperatUl'e of 
H, is 33. Now in the mean reducerl equation of state the reduced 
second virial coefficient ~ is I'epresented as a function of the redllced 
temperature t that is obtained by comhining the values taken from 
H. with those of O. and N •. etc. and redl](~ed as well for H. as 
for O. and N, by means of the expel'imental values of lic. And it is 
evident that this function ean show a quile different character from 
that which corresponds to the behaviour of each of the substances. 

For the discussion of questions as those considered here, we do 
better not to use the IDean reduced equation of state. 

It would be preferabie to start frOID the special reduced equation 
of state of hydrogen I). In the above question however the special 
equation of state would learl to trllstwol'thy results only then, 
when it was fitted to high tempel'atures. But this is not the case, 

1) See e.g . Leiden Comm. N0 74 § 4, 1901. 
') H, KAMERLINGH ONNES and C. BRAAK. Leiden Comm, N°. 97b, p, 39. 

H, KAMERLINGH ONNES and W, H. KEESOM, Die Zustandsgleichung, Math, 
Enz. V 10. Leiden Suppl. N°. 23, no te 399, 

3) See Leiden Comm. N0. 109a, § 7, 1909. 
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The special equatioll of state deduced frollt tneaSUl'etlleuts of KAl\I~~H
I,INGH ONNES and BRAAK gives e.g. 

BaJ = 0,000893, 

a value higher titan migltt be expected from direct graphical extra
polation of lhe individual vallles of B fwm the measurements of 
KAMEHLINGH ONNJ<:S and BRAAK . Therefol'e tltis special equation of 
state 100 wOllld also give a 100 high value fo~ the quadrupole 
moment when the method of calclIlalion of D~;B1JE was used. 

ft seems to me prefel'able 10 proceed as was done in m.)' preced
illg communications \·iz. to work ont the theoreticalJy deduced 
development. of Buntil') it extends over a snfficiently wide domi
nion, to compal'e then Ihis development wilh Ihe experimelltal data 
alld 10 dedl.lce in this way e.g. the value of the quadrupole moment. 

~ 4. Flwtltel' development of the second vi7'ial coefjicient fol' splte
rical pol'lrisable quarb'upole molecules. In order to take into con
sideration Ihe influence of the polarisability of the molecules in the 
deduclioIl of the qnadrupole moment, t.lte development started in 

Comm. N°. 6b ~ 3 lias been extended by a fe\\' terms. Thereto 
the formulae given in Leiden SuppI. N°. 39a may be of use. By 
IIlnltiplying equalioll (11) from the paper by 

X = sin' (), + ,in' (), + 4 cos' (), + 4 cos' (j, . (1) 

(Comm. N°. 6a equation (10), we tind, following' the notations of 
Leiden Su ppI. N° . 39a: 

ltf'" X] = 2:r [A" X] + (;) lA "-2 B' xl [cos'gJ] + (; ) [A" - 2 c·x] [cos' 2(p] + 

+ (; ) (~ ) [Au- 3 B' Cx] [co,' cp cos 2cp-1 etc. (2) 

With 

sin' ()I + 4 ClO" (), = AI' + 4B,' (3) 

(see Leiden Suppl. N°. 39a equation (9)) we find : 

[AP B 2q C'-X] = ~/+8q+l [A/' B, 2q C/] I [A/+2 BI 2'1 c/] + 
+ 4 LA/, 8,2q+2 C/]! (4) 

I) Of course I acknowledge the objections made by DEBIJE in § 5 of his cited 
paper. They show th at the results obtained in lhe above mentioned way can only 
he accepted with some reserve as has been specially stated in Comrn. Nn. 6a § ,. 
On account of all this accurate measurements on the second virial coefficient at higher 
tempel'alures are very necessary. In the meantime however it seems to me of 
some importance that such a good agreement with the experimental data that are 
at our disposition is obtained by using the mentioned simplifying suppositions 
(quadrupolal' action, no quantum deviations as yel, colJisions as of solid spheres). 
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Apply ing then equations (14), (15) and (16) of Leiden Suppl. NU. 39a 
and substiluting in equation (16) of Comm. N'. 6b , we finally obtain : 

B = in. t .11'01 ~ 1-1.0667 (In')' + 0.1741 (hV)I - 0.4 738(ltV)4 + 0.6252(hv)' ... 

- 2,4 :. hl' [1 + 1.0667 (hl')' - 0.3641 (hl,)1 +0.2267 (hv)4 ... ] ( .. (5) 

. a 
; 5. Hyd1·ogen. Substituting for hydl'ogen - =0,0640 (Comm. N' . 6b 

Ol 

; 4) we find : 

B = in. ~ .11'61 11-0.1536 kv - 1.0667 (ltV)' + 0.0103 (hV)I

- 0.4179 (lw)4 + 0.5904 (lw)' -0.2360 (Im)8 + 

+ 0.1355 (hvr - 0.1079 (hl')' + 0.0593 (lm)' ... ! . . . (6) 

This gives for the JO UJ.E- KET. VIN point of invel'sion for small 
densities (cornp. Leiden Sllppl. N'. 39a ; 4) : 

lW inv (p=O) = 0.503 . . . (7) 

From this we derive for B expl'essed in terms of ~ = t(in v) : 
inu(p=O) 

- 1 - 2 -3 
B = Brr> 11 - 0.0773 t (inl') - 0.2699 t (in v) + 0.01311 t(inv) -

- , - 6 - 6 
- 0 .02675 t (inv) - 0.01901 t(inv) - 0.00382 t (inv) + 

- 7 - 8 - 9 
+ 0.00110 t (ino) - 0.00042 t (inr) + 0.00011 t (inv) • • • 1· . . (8) 

T B B 

Till v (p =O) Brr> B . 
anv 

0.6 0.160 0.246 

0.15 0.426 0 .650 

1 0.655 1 

1.5 0.829 1.266 

2 0.895 1.366 

3 0.944 1.411 

4 0.963 L470 

In this way we reach an accllrl\ry of about 1 '/. (of Brr> at 
T = 0,6 Tin 0 (p=Oj ) ' The preredillg ta ble gi ves some of the calculated 
values. 

In fig . 1 these values ha\'e beell plotted togethel' with the 
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Fig. 1. 

experimental data aceording to KUH:HLTNGH ONNES and BRAAK. Ovet' 
the whole range of tempel'ature thai is considered, the agreement 
p"oves to be very good . 

As in Leiden Sllppl. N° . 391l ~ 5 we /ind fllrlbel' : 
for a the same value as was given there, bilt 

v = 1.34 X 10- 14 

anrl the qlladrllpole moment · 

,.,.', = 1.10 X 10-26 [e.s.e. j, em.']. 

As to the qlladt'llpole moment of H, we thus reall,Y find, as wa!'! 
expected in Comm. N°. 6b ~ 4, a value de viating only liUle from 
th at deduced bJ lhe caleulatiOlls of Leiden Snppl. N° . 39a (see this 
Comm. ; 2) . 

~'urtbel' we dedllce still easily fot· IA, the following relation 

IA.' = 9.19 >; 10- 17 . ai Tjll v(p=O) (9) 

Fot' the reasons discu8sed in ~ 3 thi8 equation 8eems to me 
preferabIe to equation (6) of DEBW~ 1.(' . 

~ 6. O:l:ygen and ltit1·ogen. For oxygen we mayalso apply 
eqllation (8) . For Ilitt'ogen the coellicient will be a little different. 

Fot' the moment however we omit a mOt'e det.ailed calculation of 
the qlladrllpole moments of these gases .as these may only be 
deduced with little accul'acy because of tIJe relatively small 
tempemture intet'val in which for these gases data on B are at OUt' 
dispoRal (Comm. N°. 6a ~ 2). For tIJis l'eason tlle small aIteralioll 
introduced by attending to the polal'isability of the molecules 
would be of no imporlance. 




