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Physics. — “On the Additivity of the Values of b and V'a of
the Eguation of State, and on the Fundamental Values of
these Quantities for Different Elements, in Connection with
the Periodical System”. By Dr. J.J. van Liaar. (Communicated
by Prof. H. A. LoRrkNTz). -

(Communicated in the meeting of Jan. 29, 1916)

1. Introduction.

The additive qualities of the quantity 6 of the equation of state
have already been pomted out by Prof. v. p. WaaLsY), particularly
as far as the elements C, O, H and Cl are concerned. I have
extended this research over many other elements, in which remark-
able regularities have come to light with regard to the fundamental
values of b for the different elements in connection with the perio-
dic system. ]

In reference to the values of ¢ Van DER WaaLs mentions nine
Papers by MaTrews?®), adding that this writer bad come to “very
remarkable” relations with respect to these values. “Remarkable”
Matrews’ assertions decidedly are — but in an entirely different
sense, I am sorry to say, from that probably meant by VAN pEr
Waars. From the criique which T have ventured to give in the
following paper on Marnews treatises, it will be clear to the readers
that MataEws® views and the rule at which he thinks he has arrived,
lack every sound foundation.

On the other hand 1 have found that also the values of /a are
perfectly additive, and that here too we meet with striking regula-
rities with regard to the periodic system.

But there is more. In this I have found that in all cases, in which
the central atom — e.g. C in CH,, CCl,, CHCI,;, C,H, etc. etc., Ge
and Sn in GeCl, and SnCl,, N and P in NH, and PH, — is entirely
surrounded on all sides by other atoms or atom groups, the attrac-
tion of this central atom to the outside on other molecules entirely
vanishes. That namely the lines of force of the attracting (cohesive)

1) These Proc. of Kebr. 28 1914, p. 880. See also ibid. March 28 1914,
p. 1076 and my treatise These Proc. XVIL p. 598. This additwvity itself was
already long known, however. Cf. among other things Guye Dissevtation, Paris 1892).
Afterwards Barscuwsgr (Zeitschrft fir physik. Chemie 82, p 87 (1913)) found
at Te reduced to our unities, H=067, 0= 139, G= 114, all XX 10—>5, These values
are, however — particularly those for H and O — quite erroneous (see our
table in § 3).

) Journ. of Phys. Chem. 1918.
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action are fotally absorbed by those surrounding atoms, and do not
exert any force whatever outside the molecule.

This is, indeed, in perfect harmony with what was found lately
by EmsreiN ') with regard to the influence of the molecules on each
other as far as thewr sphere of action is concerned (this would
namely not extend any further than to the surrounding molecules).
Bul now the same thing is found with regard to the atoms in the
molecule. Only the peripheral atoms take part in the cohesive
attraction, the central ones — for so far as they are entirely shut
off by the surrounding atoms — are perfectly inactive. 1f, however,
these ceniral atoms arve partly free, as e.g. with the doubly and
triply bound C-atoms, either half the action or the full action 1mme-
diately shows itself again. This is certaiuly one of the most remark-
able results to which our researches have led us.

In what follows I shall confine myself to what is indispensable
as a sopport of my contention, reserving the fuller discussion of
this subject for another occasion.?)

2. The calculation of the values of a and .

As a and b are in general functions of » and 7' (@ is probably
independent of wv), it 1s desirable to calculate these quantities for
corresponding states, and for this the critical statle 1s first of all to
be taken into account. Also when we pay attention to the fact that
the variability of & with the volume is different for every substance,
and that thevefore something special continues to adhere even to
the critical state, this circnmsiance can yet be eliminated by the
introduction of a new parameter. As I have lately demonstrated ®),
in the first place we may take for this the quantity y, i.e. the co-
efficient of direction of the straight joining line between the densities
D; and D, in a D,7-diagram, which quantity 1s at the same time
=1/, (bp:0,). We can then express all the quantities in y, which
henceforth represents the only independent parameter; thus the idea
of correspondence will also have obtained a wider meaning.

Thos e.g. the quantity s=—= RBT%: pyvy is always = 8y: (y + 1),
and the quantity r=—w;:0; will always be —=(y41):y. For
S =RTi:pr(cr =bry =14 (11 : pror*) we find 8y. (' 15 the critical
coefficient of pressure for the case that ¢ and b may be taken in-
dependent of 1" at 17). Further rs=38, f// (r—1)=38, (/'- 1)1* =

1y Bemerkung zur dem Gesetz von Edrvdz. Ann. d. Ph. (4) 84, 185 (1911).
2) In the Journ. de Chimie physique of Prof. Guye at Genéve.
8) These Pioc. of March 26, April 23, May 29 and Sept. 26, 1914, resp. p. 808,
924, 1047 and 451.
79
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=27:2,(f/'—1):5° =27 :64.. Compare moreover the table on _
p. 819 of the first of the cited articles, and that on p. 1052 of
the third paper.

For the quantities 7% and pp we find then perfectly accurately:

RTIcZEl% ; Pk'—“l»ﬂ,
27 b 27 byt
at least for normal substances which are not assoaciated at 7%. In
2
this (see loc. cit.) the factor 4 is given by 2 :g;?i—l(yil) . For sub- -
stances with a particularly high ecritical temperature y has the
limiting value 1 and 2 becowes =*"/,, = 0,964. For “ordinary”
substances y=0,9 and 4 becomes=10,977; for argon, where y==0,75,
2 becomes = 0,992; for H, with y=10,6, A =0,999; while for He,
where y=0,55, 2 will be = 0,999. For ideal substances, where b
is constant, y approaches 0,5 and 2 approaches 1.

We see from this that the correction factor 2 deviates about
2,3°/, from unity for ordinary substances, so that in the second of
the relations: ‘

RTy 21 (BT

DL ' k_642 Pk

the value of a; must then be augmented by this amount; and by a
smaller amount when the critical temperature, as for argon, O,, N,,
H,, etc., is particularly low. We have always taken this factor
into account. ‘

When the substances at 17 are still associated, the above simple
formulae must be replaced by much more intricate ones.) For the
few abnormal substances, however, which occur in the following
tables, we have calculated the values of @z and b, on the supposi-
tion that these substances are normal at 7% and then added that
the accurate values are smaller. (Always in reference to a single
molecular quantity.)

For R we have put the value 0,0036618 =1:273,09, so that
the values a; and by are expressed in the ordinary “‘normal’ unities,
+ ie. & in the normal volume v, = 22412 cm® (the volume of 1 gr.
mol. of substance at 1 atm. and 0°C. in the AvoeaDro state), and
a in atm., when 1 gr. mol. has the volume v,.

Want of room obliges me to omit the extensive table of 74 sub-
stances, in which T%, pk, bz, @z, V'ar, and 2 have been given; there-
fore the values of 7% and p; have been added in the following
partial iables for b,. These values have been taken from the best

1 Gf. Arch. Teyier 1908 and also These Proc. of Nov. 7, 1914, -p. 598.

by =

OO!o—l




1223

and newest sources (tables of ABraHAM and SackrDOTE, Tables An-
nuelles, values given by K. Oxxyes and his collaborators, determina-

tions of Carposo and others).

3. The additive qualities of ) in connection with the
periodic system.
The values of b, found can now be composed additively from
the following fundamental values for by X 10°.

He < 1057
H=485 || C =100 | N =8 | O =170 | F =55 | Ne=T1?
(3414) (15) (60) (50)
Si=155) | P =140 | S =125 | Cl=115 | Ar =144
Ge=210 | (As=195) | Se =180 | Br=165 || Kr =177
Sn =265 | (Sb=250)| (Te=235)| I =220 || X =228

The regularity is very striking. In every vertica/ column the increase
is 55 units, whereas in every horizonial row the decrease amounts
to 15 units. (Only Cl =115 fits in better than 110). Hydrogen seems
to belong to the first series, the noble gases evidently always pro-
longing the horizontal rows. (The value for He still continues to be
very uncertain; nor is Ne quite certain).

It must be further observed that C presents fwo different values.
In the anorganic compounds and in the aliphatic organic compounds
C is always =100, but in the aromafic compounds, i.e. in the
cyclically built compounds, the smaller value 75 should be taken
for 75. (75 is somewhat greater than 100 X '/,1/2 = 71).

The same thing is found for N. Only for N, itself do we find
the fundamental value 85; for all other compounds of N on the
other hand- the condensed value 69 (= 85 X '/, V'2).

As for O, here the fundamental value 70 holds everywhere ; only
for CO, and for one of the two oxygen atoms of the organic acid
group CO.OH (or of the group CO.0X of the compound esters), viz.
that which just as both atoms in CO, is bound to C through a
double -binding, the diminished value 50 (=70 X */,1/2) is found.

For H three values ave found. The fundamental value 48,5 only
for H, aud HCL In the anorganic compounds NH, (and also in the
radicals NH, and NH), PH., H,0, H,S, H,Se H iseverywhere = 34
(=48,5 X /,V’2), whereas in the organic compounds, where H is
directly bound to C — both in the aliphatic and in the aromatic
series — the doubly condensed value H=14[=48,5 X (1—'/,12)]
is found.
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Now the different tables for the reconstruction of the b-values
may follow.

a. Elements.,
Found T/a by Tk P ,
H, =2X 485= 97I 97 (X108 || 31,95 | 150 || He 520 (> 2,26 | 0,9999
N, =2X 8 =170 172 .1 1260 {335 || Ne|-45 29 0,9976
0, =2X 70 =140 142 154,25 | 49,7 || Ar| 150,65 48,0 | 0,992
P, =4X140 =560 535 968 82,8 || Kr| 2105 54,3 | 0,989
Clob=2X115 =230| 226 414,1 839 || X | 289,7 58,27 0,988

b. Anorganic Compounds.

Found T, Py
(CN), =2 % {100+ 60) =320 307 ()X10-5) 401,4 | 5975
CO =1004170 =170 172 1334 | 355
CO, =100+2X50 =200 191 304,1 12,9
CS, =100+2X125 = 350 343 546,1 72,9
Ge Cly = 210443 115 =670 663 5500 | 38,0
SnCly=265+4X 115 =125 733 591,8 | 36,95
NH; =60+3X34 =162 165 4060 | 1123
N,O =2X60-+70 =190 198 3006 | 71,65
NO =60+10 =130 114 (127) 177,1 71,2 (64)
*NO, =60-4+2X70 =200 | <197 431,3 | 100
PH; =14043X34 =242 233 3259 | 640
*H,0 =2X%34470 =138 | 2141 6381 | 2005
HS =2XB34+12%5 =193 192 3135 | 89,05
SO, =12542X70 =265 254 4302 | 71,65
HSe =234+ 180 =248 206 ? 410,1 91,0
HCl =485-+115  =1635 173 3245 | 860

Only H,Se deviates considerably, but 1t is very well possible that
the critical pressure (91 atm ) has been found too high. With regard
to NO it is known that the critical data of this substance necessarily

N\
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require revision. Indeed, with Ovszewskr’s second ialue, viz. p = 64
instead of the first value used by us (which gives better agreement’
in other respects), we should have found 6r = 127, in good agreement
with the calculated value ?).

. The abnormal H,0 does not seem to be considerably associated
at the critical temperature. (Abnormal substances are indicated in
the tables by an asterisk). From Screrrer’s researches we know
already that NO, at 7% is hardly associated to N,O,.

¢. Carbon-hydrogens.

Found Tk ?p
CH, — 100+ 4 14 = 156 | 191(156) (X 10-5)| 1902 | 456 (53)
C.Hs =200 + 63 14 = 284 | 286 3052 | 48,9
CsHs = 30048 X 14 = 412 | 377 3106 | 450
n-CjHyy  =4004-10%14 = 540 | 525 +424 |437
n-CsHy  =5004-12X14 = 668 | 652 4103 | 330
CHp  =5004-12X14 = 668 | 641 4609 | 329
nCeHy,  =600-- 1414 = 196|185 5079 | 29,6
n-CHg —=7004-16X14 = 024 | 019 5309 | 26,9
n-CsHig =800 18X 14 = 1052 [1059 5603 | 246
C.H, = 20023 14 = 228 | 229 308,6 | 61,65
CoH, =20044X 14 = 256 | 255 282,6 | 50,65
FGHp  =500--10X14 = 640 | 627 4647 | 339
CoHs —=6X (514 = 534|537 561,6 | 47,9
C7Hg =534 4 (1001 23X 14)= 662 | 653 593,7 | 41,6
0-CgHyo =662+ 128 = 1790 | 80 636,1 | 36,9
Cyclohexaan = 6 X (T5 -2 14) = 618 | 636 5531 | 39,8
CiHs ~ =10CH—28 = 862 | 866 741,3 | 392

The value 191 found for methane is probably too high in conse-
gquence of the too low value of pz. For this we have, namely,

1y Prof. Guvec is so kind as to mform me that n 1910 Apwenrowsk: found
Ty = 180,2, almost idenlical with 177, assumed by us, but pr = 64,6 atm
This 15 really the value, which gives the expected value for b .

For Cl, Peinaron (Dissertation, Neuchatel 1915) found Ty = 417,1, pr =76,1
These values would yield bx = 251 X 10-5, Var = 11,5 X102
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assumed Carnoso’s value, whieh is 45,6 atm., whereas Dewar found
50, and Orszewsky and v. WROBLEWSKI on an average 56 atm. With
pr =53 156 would have been found for &, instead of 191, in perfect
harmony with the ealculated value. -

In all eyclical compounds C==75, i.e. ini the core. But of course
(' again =100 in the substitution groups CH, (in toluene and xylene
e.g.). For H we find everywhere 14. -

The fact that the values which have been found for &z for
n-pentane and iso-pentane from Youne’s data differ as much as 11
units, suggests that the constitutive influences should not be entirely
neglected, even though they do not make their influence felt much,
compared with the so much stronger additive influences.

d. Other organic compounds.

-

Found Tc ?,
CH;F =1004 42+ 55 =197 | 2357(<10-5) || 3180 | 62,0
CH;C1 =100+ 424115 =257 | 260 4146 | 73,0
CHCl; =100} 144345 =459 | 456 536,0 | 538
CCly =1004 0460 =560 | 566 ' 556,2 | 45,0
CoH5Cl1 =200+ 70--115 =385 | 386 4556 | 54
C.H,Cl, =200+ 56 230 =486 | 484 5624 | 53
C3H,Cl =300 98 4115 =513 | 4627 494,1 49,0

. (GH;)0 =400+ 140+ 70 =610 | 600 4669 | 35,6
(CH;3, CGH;)0 =3004112+ 70 =482 | 4367 4415 | 46,3
*CO(CH;). =300+ 844 T0 =454 [<4d4 5059 | 525

H.COOCH; =200 564 (10+50)=3176 | 376 487,1 | 59,25
CH;.COOCH; =300+ 844120 =504 | 501 5068 | 46,3
CH;.COOC,H; =400+ 112+ 120 =632 | 630 5232 | 380
CH;.COOC3H; = 500-}- 140120 =760 | 758 549,3 | 332
CeHsF =5204 55 =575 | 514 5596 | 44,6
CeH;5Cl =520+ 115 =648 | 648 6323 | 446
CeHsBr =520 165 =685 | 687 (670,1) | (44,6)
CeHsl = 520 4- 220 =740 | 740 (721,1) | (44,6)
CH,S =400+ 56125 =581 [ 567 5904 | 47,7

The abnormal acetone seems already to be normal at T%.
For CH,F, C,H,Cl and (CH,,C,H,)O we have had to be satistied

-

-
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with old determinations of 7% and pr; hence the critical pressures
may be inaccurate. As we have already observed above, for the
compound esters one O in COOX (of 0X) = 70, the other (of CO) = 50.
In the group C,H, C="75 as in benzene, whereas we find C =100
in thiophene. This is rather strange, as in cyciobexane (Hexame-
thylene), also a cyclical compound, C is very decidedly = 75, just
as in C,H,. But it is very well possible that the reduction of the
value from 100 to 75 only takes place in the eyclical binding of
stz C-atoms and not of four.

e. Some alcohols and amines.

Found Tk \p b
*CH,OH =142+ (70 - 34)=246 | <300(x10-5) || 513, .85
*C,H;OH =270 104 =374 | 315 516,2 63,0
*CgH,0H =398 104 =503 | <490 536,8 50,2
*CH,.COOH = 142 - 254 =306 | <411 5047 | 57,1
/ NH,CH; =128 142 =270 272 428 12
E NH,CH; = 128270 = 308 3127 450 66
NH,GH; = 128 398 = 526 450 401,1 50
NH(CHy), = 94-284 =378 356 436 56
{ NH(C,Hs), = 94 + 540 = 634 560 2 489 40
NH(C;H7), = 94--796 = 800 8147 550,1 31
( N(CHgls = 60426 = 486 484 “ll 4335 | 4t
| NCH)s = 604810 =870 | 8122 532 30
NH,.CeH; = 128 4 520 = 648 611 6987 | 5235

Ethyl- and propylalcohol seem to be aboul normal for 7%, but
methylaleohol and acetic acid are still considerably associated. In
the group OH O = 70, H = 34, the first O-atom 10 COOH being = 50.

With- amines we are struck with the remarkable phenoinenon
that always only the lower members agree, the higher ones on the
contrary deviate greatly. Thus e.g. NH,CH, is in good harmony,
but NH,C,H, deviates 20 °/, and NH,C,H, deviates 15 °/,. Itis possible
that the determinations of Vincent and CHaprivs, (who have also
investigated the divergent C,H,Cl) are inaccurate, and the critical
pressures too high. If e.g. for NH(C,H;), we substitute pz = 35
atm. for 40 atm., for N(C,H,), pr = 28 atm. for 30 atm., and for
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NH(C,H,), pr=28 atm. for 31 atm., all deviations vanish. Andsuca -

diminutions of the critical pressures in later, more accurate experi-
ments with purer substances are by no means rare. History even
knows more considerable diminutions. Thus e.g. for CH,Cl the old
and the new values are resp. = 73.0 and 65.9 atm.; a difference
of almost 11 °/,. In view of such facts it would be rash to attach
too much weight to the deviations found for some amines. The
more so as the agreement for the many other substances in the
foregoing tables is almost perfect, or the dewviations do not amount
to more than 1 or 2°/, in the extreme cases.

§ 4. The additive properties of the values of 1/a.

As we have seen, the values of & can be built up additively from
a small number of fundamental values — those of the elements —;
such an additivity is not found, however, with regard to «, though
it is with regard to Va.

This is quite natural. For « is always composed of the ploduct
(or the sum of some products) of two values, one of which always
refers to the first of two molecules that attract each other, the
other to the second molecule.

Thus e.g. when the ‘“‘attracting wass” of a helium molecule is p,
the total cohesion will be ¢ = Cu*, when ( is a certain factor
of proportionality, in which also the summation with respect lo all
the molecules is included. (This summation is the same for all
substances, because a refers to the same volume.w, and the
molecules lie equally far apart therefore). If the attracting mass of
a Clatom = g, the cohesion of Cl, will be represented by a = C. 4u®.
Lastly, if u, is the attracting mass of H, u, of Cl, the quantity «
for HC1 will be represented by a = C (u,*+2u,p,+p.%) = Clu,~+p.)".

Accordingly, the cohesion is not supposed ‘‘specific’’ (chemical)
— so that eg. the attraction of an atom H in another molecule
being given by w, X u, = n,*, the attraction between H and an atom
Cl (likewise in another molecule) is determined by @, X u,; i.e.
the attracting mass of H will remain the same, viz. u,, independent
of the fact whether H attracts a second H in another molecule, or
whether it attracts an atom Cl.

Hence we assume — and this assumption is perfectly confirmed
and justified by the found additivity of /@ — that the cohesion is
of entirely physical nature, only depending on certain not yet
sufficiently known circumstances concerning the number, mass,
veloeity, path of the different electrons, of which the atoms are built up.

We may add that the above considerations come to this, that the

-10 -
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quantity «,, in @« =a, + 2 a,;, 4 a,, in which «, and a, now refer
to the attractions between the homonymous atoms of e.g. two

molecules HCI, is always = V'a,a,, so that a becomes = ya, + V/a,)?,
and therefore a = o, + Va,".

It is now clear that not the values of @, but those of 1/a must
be found to be additive .

Well, we shall prove in the following tables that the values of
V/a can be built up additively from the following fundamental
values for Vo X 10%.

He < 0,87

H=(i°,,2) C=31|{N=29|0=27!F =292 || Ne =20
i)

— P=64|S =63 Cl=54 Ar =52

— - Se=71|Br=6,9 || Kr =69

— |Sb=89 — I =88 || X =91

As has already appeared from the table for the fundamental
values of & and is now again confirmed, H belongs genetically to
the series C. N, O etc., and does not stand separately somewhere
above Li in the periodic system The monatomic noble gases again
form the continuation of the different series. The value of Ne seems
a little too great that of H {oo small to us.

a. Elements.
Found ’
Hy =2X1,6= 32 1.95 0,999
N, =2X29= 58 52 0,992
0, =2X27= 54 5,2 0,992
Py =4X64=256 25,7 0,97
C,=2X54=108 10,9 0,971

) The relation a;; =V aa, will evidently have to hold for homogeneous
mixtures of two substances | have always held to this relation of BerrHELOT'S
in different earlier papers. I am more than ever convinced, that everywherc where

amz V ey, has been found, association or molecular compounds oceur. Whenever

it is possible to eliminate these distutbing influences by caleulalion, ¢, =V @)@,
will always be found back.

?) WaLpen and Swimwne (Zeitschr. fur physik. Ch. 82, 289 (1913)) cursorily
mention the partial additivity of the “specific moleculai cohesion”, i.e. of @ or
afv?. They too — like MareEws — seek connection between the values of @ and
the sum of the effective valencies. On Maruews compare the paper following this.

-11 -
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The values found for H, and N, are too low [71n the last column -
27 (RT%)?
644 pr }

of the table 1s the factor in a; =

b. Anorganic Compound;.

Found I Y
(CN), =23(3,1+29)=12 125 10~2 || 0977
CO =31+4+217 =58 5,35 0,992
CO, =31+54 = 85 85 0,088
CS, =314+126 =157 154 0,975
GeCly = 0-+4X54 =21,6 21,5 0,975
SnCly = 04454 =216 235 0,975
NH; = 0+96 = 96 9,2 0,977
NO =58+27T = 85 8,75 0,988
NO =29-+27 = 56 5,0 0,992
*NO, =29+54 = 83 | 2104 0,977
PH; = 0496 = 96 9,3 0985
*H,0 =64427 =91 | 2107 0,97
HS =32--6,3 = 95 95 0,98
S0, =63+54 =11,7 11,7 0,977
HSe =327, =103 10,3 0,077
HCl =32454 = 86 84 0,985

4

NO, and H,O seem to be still a httle associated at Tz. [tis further
seen that H 1s everywhere = 3,2, except for H,, H,S and H,Se, where
half the value 15 found, as for afl organic compounds.

For GeCl, and Sn(Cl,, and also for NH, and PH, the attractive
action of the elements Ge,Sn,N and P is entirely eliminated. In
these compounds — and we shall find back the same phenomenon
for C 1n orgamec compounds — the central atom 1s quite 1nactive,
because it 15 symmetrically surrounded on ‘all sides by atoms H,
Cl, etc. (or atom groups), which wholly absorb its attractive action.
(shadowing-action).

This 18 in perlect harmony with what EinsteiN found already n
1911. Only with us the absotption of the lines of force takes place
already n the molecule through the surrounding atoms, whereas

-12 -

-
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EinsTRIN considered the attractive action of ihe molecules as a whole,
which was absorbed by the surrounding molecules.

A glance at the values of Vaz for CCl,, GeCl,, and SnCl, 1s
already sufficient to convince us of the truth of what has been
said. They are namely ahnost equal, 1esp. = 20,0, 21,5, and 23,5,
yielding for Cl the mean value 5,4, the same value as 1s also found
from other compounds (eg. Cl, itself).

And the same thing is found for NH, and PH,, where Va; is
found resp. = 9,2 and 9,8, corresponding with H = 3,2 as mean
value, also again the same value as 1s found for H in H,O and HCL.

¢. Carbon hydrogens.

Found )

CH, =0-+4X%1,6 = 64 6,7 0,992 -
C:H, =046X16 = 96 10,4 0,988
C3Hg =0+48X16 =128 13,3 0,977
n-C,Hy, =0+10X16 =16, 16,8 0,977
n-CH, =0+412X1,6 =192 197 0,977
1-CsHyp =0--12X1,6 =19,2 19,3 0,977
n-CgHy, =0-+14X16 =224 22,5 0,977
n-C;Hg =0+16X16 =256 | 25, 0,975
n-CgH;s =018 1,6 =288 | 21,6 0,975
C.H, =2%31-42%1,6 = 94 94 0,988
C.H, =2X155+4X 1,6 = 95 9,5 0,988
i-CsHy, =2X 1,55+ 3X04+ 10X 1,6 =19,1 19,2 0,971
CeHg =6X 155616 = 18,9 19,5 0,975
CqHg =6X1,55+1X0-+8X1,6 =221 22,2 0,97
0-CgHjp =6X1554-2%X04+10X1,6=253 | 253 0,97
Cyclohexaan=0¢-123<1,6 =19,2 21,1 0,975
CioHs =10X1,55-+8% 1,6 =283 | 286 0,97

We see agamn at first sight that the values of Va; for carbon
hydrogens C,H,,,, are smply proportional to the number of
H-atoms from CH, to C,H,,, and that again C=0, just as Ge and
Sn in Gell, and SnCl,. For in these carbon hydrogens all the

-13 -
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C-atoms are again entirely surrounded by other atoms or atom groups.
But for ethylene and iso-amylene, where double bonds are found
— so that two carbon tetrahedra adjoin along a side instead of by

the angular points — /ﬁzlf the fundamental value is found for C,
i.e. 1,55. In each of the compounds H,C = CH, and CCE-">C = CH,

5
there are fwo such tetrahedra, which therefore fieely expose part

of thewr surfaces — without shadowing atoms or atom groups — to
the attractive (cohesive) action to the outside. For the other atoms
of iso-amylene C remains therefore — 0, because #lese vemain sur-
rounded on all sides. (single bindings in the angular points of the
tetrahedra). -

For acetylene there 1s #riple binding, i.e. the tetrahedra adjoin
each other by an entire side plane, so that now the whole central
body is exposed to the attractive action to the outside. Accordingly
we duly find C = 3,1 as for the above considered anorganic substances,

For C,H, and its homologues we have 6 atoms with a double
binding, so that here we have 6 > 1,55. But in the aliphatic sub-
stitution groups CH, with single bindings we find again dnly C=0.
For naphthaline with 10 double bindings we have also 10 X 1,55,
and for cyclohexane with only single bindings C 1= again = 0.

From the above table it appears how close the agreement is
between the calculated and the found values (for C,H,, C,H,,
i-C,H,, among other compounds this agreement is even perfect),
only for C,H, and cyclohexane a discrepancy exists of 8 a 9°/,,
probably to be attributed to inaccurately known critical data ?).

Table d, see following page.

The agreement is again satisfactory. Only CH,F deviates in a
simlar way as for ), which may be aseribed to inaccuracy in the
critical data.

In acetone the C-atom bound dirvectly to O, just as ‘that of the
group COOX for the compound esters. is = 3,1 — in accordance
with CO, CO,, CS, etc.

) We should be careful not lo transfer in ow thoughts the deviations in V'
(calculated and found) doubled to @ itself as a standard An error of 3% in Vo
would of course give risetoan erior of 6%, in ¢ ; but then we should overlook that
(RT%)® occurs in the formula for @, on the other hand ET% n that for Va, so
that an error in Ty is transferred to Vo wumenlarged, but doubled to a. Not the
deviations between the values of ¢ but between those of Va are therefore to be
considered as standard of accuracy. Indeed, @ is always a product of two separate
factors. And these separate factors must only be taken into account and are com.
parable with the quantity b

-14 -
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d. Other organic compounds.

Found ;
CHF" =04+3X1,64+29 = T 9,17 0,088
CH,Cl =0+3%1,6454 =102 11,7 0,977
CHCl, =0-4+1X1,6-+83X54 =178 17,6 0,975
ccl, —04+ — 4X54 =216 20,0 0,075
C,H;Cl =0+4+5X% 1,654 =134 | 149 0,977
CoH,Cl: =04-4%1,6+2X54 =172 185 0,975
C:H,Cl =0-+7X1,6 +54 =166 17,0 0977
(C;Hs), O =04+10X1,64+27 =18, 18,8 0,977
(CHs,CoHs)O =0+ 81,6 + 2,7 =155 16,0 0,971
*CO(CHa), =31-+6%16+27 =154 | <168 0,977
H.COOCH; =0-4X1,6-3,1+2X27) =149 15,2 0,971
CH,;.COOCH; =063 1,6 + 85 =181 17,9 0,977
CHz.COOC;Hs=0 + 8 1.6+85 =21,3 20,4 0,977
CHj . COOC,H; = 0 10X 1,6 +85 =245 23,0 0,975
CoHsF =173 +29 =20,2 20,2 0,975
CeHsCl =17,3+54 =227 22,8 0,97
CeH;Br =173+69 =24,2 24,2 0,97
CeHsl =113+88 =26, 26,1 0,97
C:HsS =4X155+4x1,6+63 =189 20,6 0,97

C,H, being = 18,9 (see table ¢)), we have C,H, =17,3.

HC=CH
In thiophene | >8 all the C-atoms have a double binding
HC=CH

as in Benzene; therefore here agamm C=1,55.
The abnormal substance acetone has evidently become about
normal for 77.

Table e., see following page.
Methylalcohol and acetic acid are still pretty much associated at

the critical temperature, whereas ethyl- and propylalcohol are almost

normal.
In the alcohols is the group OH =2,7 4 3,2 =15,9; hence 3,2
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holds for H just as in H,O0 = H . OH, and some other organic com-
pounds (see under c¢). The same applies to group OH in COOH,”
C again being = 3,1 there.

e Some alcohols and amines.

Found ’
*CHOH  =0-4+3X1,6427+32) =107 | <140 0,977
*C,HsOH  =0-4+5X1,6-+59 =139 | 156 0,977
*C;H,OH =0-+7X1,6-+59 =117, Z182 0,975
*CH,;.COOH =4,8 + (3,1 +2X2,7+3,2) =165 | <190 0,97
NH,CH, =(042X32)+48 =11,2 121 0,971
sNHZC Hy, =64+8 =144 133 0,977
NH,C;H, =6,4-411,2 =116 16,7 0,971
NH(CHy), =32-+2X48 =128 14,0 0,977
NH GH;), =32+2X8 =192 186 0,971
NH(GHy), =322 11,2 =256 23,8 0,975
N(CH); =04+3X48 =144 16,3 0,971
N(CHs); =0-+3X8 =240 23,4 0975
NH,.CeHs; =64+17,3 =23, 233 0,97

0

For the amines the agreement is better than with respect to the
values of b;; we should bear in mind that in consequence of V'py
in the expression Va; errors of pj are transferred to V'ay for half
the amount, passing to the fnll amount to 0j.

SUMMARY.

If we summarize what has been discussed above, it may therefore
be said that also the values of)/ax can be built up perfectly additively
from a few fundamental values. These fundamental values have
been given at the head of this paragraph, and roughly it may be
said that in the first series of the periodic system (H included) /oy
is about =8 {3>< 10-?); in the second series about 5; in the thire
series 7, and 1n the fourth series 9.

After this paper had been wrilten we have seen thatin the fourtn
series Sb=28,9 quite in agreement with [ =8,8, and X =9,l.
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Further that in the fifth series Hg = 11,0. Hence we have for the
six horizontal principal series of the periodic system .resp. the
fundamental values (with He = 1 in the series zero)

1, 38, 5, 7, 9, and 11 (X 10-?),
so that /@ 1s exactly 2 units greater in every suceessive horizontal
series.

We may still remark that the proportion of the fundamental values
of &; of the last members in the first four horizontal series (of the
halogen group) 15 exactly as:

Tt 2 - 8 : 4.

@) For the application of the fundamental table forV/ay we should
further bear in mind thai the atoms C, Ge, Sn, N, and P lare no
part i the attraction, when (as m CH,, CHCl,, CCl,, C,H, etec.,
GeCl,, SnCl, , NH;, PH,) they are surrounded symmetrically on a// sides
by other atoms (or atom groups) which absord the lines of force.

b) Wherever a carbon atom exhibits double bindings (C,H,, i-C,H, ,
CH, CH,S C must be taken = 1,55, and for ¢riple binding
(C,H,) C==3,1. The same jfull value 3.1 also occurs in CO, CO,,
CS, ete., just as in the group CO of the ketones, organic acids and
‘compound esters. T

¢) Finally with regard to hydrogen, the full value 3,2 is found
for all anorganic compounds (except H,S and H,Se) and in the group
OH of the alcobols and. organic acids; whereas Zalf the value 1,6
is found for H,S, HSe and for all organic compounds, )where H
is directly bound to C.

Physics, — “On the Validity of Matuauws’ so-called Valency Law.”
By Dr. J. J. vax Laar. (Communicated by Prof. H. A. LoreNTz).

(Communicated in the meeting of January 29, 1916).

It now remains to say something about the so-called rule of
Mararws?) that namely o would-be = C(M X »)'s, hence Va ==
=V C(M X v)s, when M represents the molecular weight, and »
the total number of effective valencies. Thus e.g. for n-C;H,, M =72,
p=>5 X4+ 12 X1 =232, hence V(72 X 32)=13,2, and"v/'C=
=19,7 < 10—2:13,2 = 1,49 X 10-2. And for C,H,Cl M =112,5,
r==06 X4+ 5X1-41X1=230, hence ¥~ (112,5 X 30)=15,0, and
V' C=228 x 10-2: 15,0 =1,52 X 10-2, which is almost equal o
1,49 % 10-2.

1) Journal of Physical Chemistry, 1918 (minc ailicles).

: 80
Proceedings Royal Acad. Awmsterdam Vol XVIIL
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Unfortunately, however, in about 50 out of 100 substances examined .

by Maragws the rale does not hold good at all; while at least 37
of the 74 substances investigated by us, hence also about half of
them, deviate considerably. B

Marrews determined the values of a chiefly in two ways, first from
the surface tension, reduced to the absolute zero-poini, and secondly
from the critical data. The {wo series of values of a did not differ
much, from which M (loc. cit. p. 160) drew the conclusion that @
is almost independent of the temperature. TYRER ') came to the same
conclusion.

We found, however, by means of an accurate calculation that
the two series of values do differ, indeed, and that the values of
a, are about 16°/, higher than ay (al least when the critical tempe-
ratnre is not too low).

We will not enter here into the details of the calculations (loc.
cit. p. 154 et seq.), nor into some theoretical considerations which
seem very questionable to us (particularly those in the last Paper,
loc. cit. p. 603 et seq.)?®, but only mention that M has found
1,50 X 10~2 (loc. cit. p. 183) for V'€ as middle value, whereas we
find 1,47 > 10-2 as mean value for those substances in our tables
for which the rule is more or less valid.

In the numerous cases in which the rule does not hold, M always
succeeds in finding means to make his rule hold good. He either
pronounces the most normal substances to be associated (even still
at the critical temperature, where water, ethylalcohol elc. are already
almost normall), or he applies strange corrections to the valencies,
and e.g. declares chlorine to be trivalent in all the cases in which
his rule does not hold good, while this element again falls back to
its monovalent r0le in the cases in which his rule does apply. ®).

Ly Z. f. ph. Chem. 87. p. 195 (1914).

2) This will be more fully treated in my book on the Equation of state, which
I hope, will be able to be published after the war.

3) In the same way M manipulates some numerical factors, e.g. the constant of
the formula of Edrvds (resp. Ramsay and Sgiewps) in order to establish a non-
existing identity of the two series of values @y and ar. For the same purpose also
v. D. Waas’ factor #fgy (or corrected by us to *7/g,, in which A is =1 for
ideal substances, and for ordinary substances about =0,977) was replaced by

1 T
o Rl g which is only correct in the limiting cases = ¢
(for substances with very high critical temperature), and N B. does not converge
to /gy [or ideal substances (s =2%/5), but actually to 8/;,! In the correct expres-
sion for #/gys, viz. (f"—1):8® he namely substitutes for f'~—1 the entirely faulty
expression [s?—(8—2)]:(s—2}, which for s =79/ would nol converge to 3, but

[s%—(s—2)] : s%(s—2) =

N
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We shall now shortly pass in review the different groups of

substances, in which the little scrupulous manipulations will be
manifest with which M. gets rid of exceedingly troublesome
deviations of up to 300°/,.
- «. For the valenceless noble gases Marrews’ rule is, of course, not
valid at all. For if » =0, then V'a = 0 would also be = 0. But this
difficulty the author entirely ignores. He simply assumes the formula
to be vahd, and now simply calculaies the valencies of He from
it ete. Thus he finds for He v = 0,04 & 0,07, for Neon » = 0,32,
for Argon ‘v =1,12 & 1,35, for »=1,23, and finally for Xenon
v=1,80 & 1,95 (loc. cit p. 339).

Hence He '/,,-valent, Ne !/,-valent, Ar. and Kr. 1'/,-valentand X
very nearly bivalent!

And in order to justify these singular broken valencies (among
which < 1), M assumes that these inactive gases are, indeed,
valenceless, but that they yet possess two “extra’-valencies, which
are, however only partially active. One of these two valencies in
extraordinary service would be positive, the other negative, but only
for a part of the molecules present those valencies — which are
neutralized in ordinary civcumstances, —— would be ‘“closed”, as
M expresses himself free and “open”. And only these “open”
valencies are revealed by M’s rule. Thus 90°/, of the valencies are
open for X, about 65°/, for Kr., 60°/, for Argon, 16°/, for Ne, and
at last about 5°/,, for He (loc. cit. p. 341).

After this ingenions explanation — we see our way to explain
away all discrepancies in the whole of Nature in this way — there
is no need of anything further.

B The other elements. Where with us only hydrogen departs from
the rule with regard to Va, not a single element is found to conform
to his “rule” in MaTHEWs. In order to make this rale valid also now,
however, he declares the factor *7/,, inaccurale by 60°/, for e.g. H,
(though it happens to be almost perfectly accurate for H,, being
2=10,999); furither N and O to be monovalent in N, and O,, and
chlorine friwalent i Cl,.

y.  The anorganic compounds. In our table all the normal com-
pounds (also CO and NO after correction of. pr— see O in § 3)
are in good agreement. With Mararws, however, 12 of the 14
substances of our table do not agree at all. Only H,Se and SO,

to 9%/g! For ordinary subslances this singular formula gives already errors of
159/, for the factor *7/;,, and the errors can mse to more than 2009/, when we
approach Iideal subslances. But his purpose is allamed: the values of ¢ now
coincide with those of «, (Cf. the last of the cited papers).

80?
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(Se considered as Divalent, S as ietravalent) concord well. The other
substances are “hopelessly aberrant”, as M bimself remarks with
respect to CO. (loc. cit, p. 195). %)

To redress this he assumes C and O f{o be monovalent in CO;
C and O biwalent (mark C divalent) in CO,; S hexavalent in CS, and H,S;
N monovalent and O bivalent in N,O; N and O both monovalent in
NO; N and P pentavalent in NH, and PH,; Cl &riwalent in SnCl, (),
but again monovalent in HCL In GeCl, three atoms Cl would be
trivalent, but the fourth monovalent!! (loc. cit. p. 259), though M
also pleads for the inaccuracy of the critical data for GeCl,.

And to further the good cause CS,, NH,, PH,, H,S, HCl are declared
to be associated at 1 (loc.cil. p. 190 et seq.). *) Thien Cl can also
be taken trivalent in HCL

I should not have discnssed all these things at such length, 1if
van DER Waars had not stated in his paper on the additivity of
the b-values (cited by us in § 1), that M bhad found “very remark-
able relations” with regard to a. I thought it therefore necessary to
criticize these papers of M.

d. The carbon hydrogen. Here we find 13 of the 17 substances
of our table in accordance with M’s rule. But CH,,CH,,C,H,,C,H,
(important members, indeed, of the series) deviate greatly. For CH,
MaTHEWS again tries to save his cause by declaring the factor *7/,,
to be faulty (comp. Footnote 3 on p. 1236)°), and as for C,H,: one
C-atom would be bivalent, the olher tetravalent!

The cause why M’s rule happens to hold good for the higher
members of the series, is this that the values of V/a are simply
proportional to the number of H-atoms, and that for compounds, in
which also C,N, and O occur by the side of H, the fundamental
values of these elements differ little (vesp. 3,1, 2,9, 2,7). But when-
ever Cl occurs, the fundamental value of which is about double the
value, or § ete., the rule does not hold good at all.

e.  Other orgamic compounds. As may therefore be expected
CH,Cl, CHCl,, CCl1,, C,H,Cl,, C,H,S deviate more or less considerably.

1) Instead of V' C=1,5X10-2 we find for ¥ G102 resp, 1,4, 0,97, 1,2,
18, 1,8, 58, 2, 124, 094, 1,7, 1,85, and 2. Deviations (herefore of on an
average 45°/y (for SnCly; even 2909/,).

% M. also asserls that HoO — because il departs more than 70%; from his
rule — is the most associated (at T% ) of all substances known. We found H,0
at T% only slighlly associated, just as CoH;OH elc. Much less than CH;OH and
acetic acid e.g.

% M even promounces the conviction that if only the factor 27/, were duly cor-
tecled fov every subslance, all lhe discrepancies would vanish. Indeed.
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For this reason Cl is pronounced to be ¢rivalent. But in C,H,Cl,
where the rule does hold good,\Cl is suddenly again monovalent. In
Cl,S S would be /leaavalent. Besides: several substances which
more or less deviate, are declared to be associated or slightly asso-
ciated (al 7%).

For the compound eslers one of the O-atomsin COOX is declared
tetravalent (except for methyl-isobutyrale and metlhyl propionate, where
it is unnecessary), the other O atom bivalent.

. For the alcohols and the acetic acid M finds the oxygen in
OH tetravalent, the other atom O in COOH is hivalent. Compare
these. assertions with ours in § 4 under ¢). We saw viz. that the
cause must not be found in the O-atoms, but that the ¢ in COOH
has the normal fundamental value against O in other compounds
and that also H and OH have the full value, viz. 3,2, against 1,6
for the other H-atoms (bound to Cj.

For the amines NH,CH, and NH,C H, deviate, which accordingly
are declared to be associated with N pentavalent, but for the other
amines, which do agree, association is unnecessary, and therefore
N may remain #rivalent.

Afler these remarks, to which we shall not add anything (in my
book to be published later I subject also some very singular the-
oretical considerations from his latest paper to criticism) the reader
himself can form an idea of the value which he will have to attach
to this remarkable ‘“rule” of Mathews.

In § 4 we have suofficiently shown, that not only the values of
bz, but also those of V'« can be built up perfectly additively from
a few jfundanental values. With regard {o these fundamental values
themselves, we found with respect to 0, exceedingly remarkable
tegularities in connection with the periodic system, and also the
fundamenial values of V'arp — which are almost equal for every
horizontal series — cerlainly open up important perspeciives 1n
connection with TaomsoN’s and Nicmorsow’s theory about the atomic
structure. .

Butl to this we shall revert later on.

Clarens, November 1915,

-21 -



