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IONIZATION IN MIXTUR:SS

For the full investigations which involve the properties of solutions
containing more than one electrolyge, it is necessary to compute the ioniza~
tions of the constituents of the mixture. The isohydric principle is usﬁally
employed &s the basis for this calculation and tho others” have been‘suggested
"their reliébilit& has hot been thoroly investigated and they have not come into
genéral use.

In the presesnt state of development of the thesory of golutions there is
apparently no satisfactory theoretical basis upon which & method for the
desired computations may Lte founded. The chief if not the only,evidence in
favor of the isohydric principle is the Tact that the conductances thus cal—
culated for solutions containing two or more electrolytes are inwgood sgree—
ment with the experimentally determined valuss. It is,therefore)ihpoftant
to investigate whether from other principles also, values may be calculated
which agree with the experimental results. |

The igohydric principle states that in a mixture the ionization, Y, of
each salt is a function of the totsl ion-concentration. The character of this
function is determiﬁed for each constituent in its pure gsolution. In order
to calculate the ionization of each electrolyte,it is usual to plot values
of Y'against log ¢y, and by a series of approximations to find for each
constituent a value of Y which satisfies the required conditione. Thus in
the case of mixtures containing two salts with a common ion, the following

relations must be satisfied:

* Bray and Hunt, Jour. Am. Chem. Soc. &3, 781.
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where ¢y and ¢, ars the concentrations of the two constituent sa,lts/*, Y,
,énd' A their fesbective ionizations, and 5, i the total ion concentration.
The specific conductance, -L-, is then given by the following relation:
1000 L = c Y, flo

tezYe ADZ

where /\u' and /\oZ are the equivalent’ conduétances of the two salts at in-

finite dilution. N
If, however, the ionization is assumed to be a function of the total
salt concentration rather than the total ion concentration, the calculation
of L is much gimpler, for then the following relation holds:
1000 L = c1 A, + ¢, A,

Here /\' and /\?_ are the equivalent conductances of the separate

constituent salts at a concsntration $c equal to ci +c, -
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TABLE T.
Constituents 1000 L 1000 L AL 1000 L
¥ixed in sre—equiv. Calé. Calc. 4 obs.
Ratio 1:1 per liter = f(x1i) = f(gfc)
KG1) ~
) (18°) .2 £1.822 £1.822 .00,
KBr)
KC1 ) (18°) .2 18.383 18.385 .01
(25°) .1 11.0614 11.0617 .00 11.060%
KI0y) (25 .01 2.4138 2.4138 +00 2.412%
NaCl ) . .
) (18°) .2 14.250 14.253 .02
NalO,) ’
NaCl) £ 48.21 48.17 0.1 47,9572
) (25°) .1 11.45 11.45 0.0 11.41°%
HC1 ) .02 2.721 2.720 0.03 2.709°
+01 £.650 2.650 0.00 2.632
Znso,) :
) (18°) .1 4.4612 4.4628 .03
Cus0, ) '
K50, ) :
) (18°) .1 8.5973 8.5976 .00
Na,S0,) :
NaCl )
, ) (18°) .1 9.1289 9.1359 .08
BaCl,)
Cdso,) »
) (18°) .1 4.5402 4.5414 .03
NgS0 )

* Results from this laboratory.

€ Bray and Hunt, Jour. Am. Chem. Soc. 33, 781.

5 The results of Archibald and licKay,
observed and calculated values to

Trans. N. 5. Inst. Sci., 9, 317-333, show the
agree within their experimental error, about 0.2%.



Table I shows the results of calculations made by each of the above
methods. The =alte represented in column one are present in egual egquivalent
concentrations, the total concentration appearing in column two. The next
two columns show the conductances of the mixtures calculated on the two as—
sumptions, Y = £(3}¢) and Y = £(5i). The probable error in éompﬁtation
‘by phe grafic method is’about'0.0Z%. Column five shows the percentage dif-
ferences between the values ziven by the two methods. Where déta>for mixtures
are available they are given in the last column.

The pairs of salts used as examples repfesent distinctly different com—
binaticns. Thus, since the ionizations of KCl and XZr are prgctically iden—
tical at corresponding concentrations, the two principles stated abocve must
lead to identical ion concentrations in all mixtures of these salts. On the
other hand, in the case of mixtures of KCl and XIO, whose degrees éf ioni-
zation are cuite different for uni—univalant salts, the two sebs of cal-
culated ion concentrations differ by an appreciable amount, but dn account of
ﬁhe fact that the salt with the more mobile ion is ionized to a greater degree
the corresponding conductances differ to a slight extent only. In the case
of HC1 and NaCl therdifference between the mobilitizs of the ions not common
is exceptionally large. The remainder of the mixtures represent_combinaﬁions
of ions with different valences. In the last case the ionizations of the
galts in their own pure solutions ars exceptionally diverzent for bi-bivalent
salte.

In each inestsnce, £>z, the difference between the specific conductances

ecaleulated on the two principles, is within the limit of experimentsl error

of the conductivity determinations.



In & mixture of two salts with no common ion the diffeeance between

the spscific conductances calculated by the two metheds is great emough to

" be detacted. Some of the data of Sherrill* was examined and compared with

+ -
the values of L calculated (&) on the basis iE.%%é_Z = £(511) (isohydric)
used by Sherrill, and (B) on the basis(g%%ﬁ%:zn = £f(5c), where (B+), (A ),
‘and (BA) represent the concentrations of the cation, anion, anq undissociated
molecules, respectively. In the lattser case the solution of the éight con—

dition eguations is somewhat asimpler.

TABLE II.

Concentrations in Milleguivalents per liter Specific Conductance X 10001

of the undis—

Solution + of the iops . .socliatéd moleéules ¢ =~ . = Calcu— Ob— Csalculate
K Na cl SC, KC1 NaCl {80, Na,S0, lated served uncorrsct
) for viscos
ity.
No. 1
y=f(s51) 75.0 73.2 82.7 65.5 8.5 g.8 - 16.5 18.0° 17.59 17.61
: 17.52
= (= ¢) 74.9  72.7 83.7 63.8 8.0 8.3 17.1  19.0  17.52 17.55
No. 2.
)'= £(s1i) 31.8 125.4 131.5 Z25.7 5.5 23.0 2.6 11.6° 17.58 17.59
17.52
Y:= (s e) 31.8 125.0 182.1 £24.8 5.4 22.5 2.8 12.6 17.5% 17.54
Ne. 3. :
y = £ 1) 39.5 8.7 43.0 35.2 3.4 3.6 7.1 7.7 9.371 5.374
: _ 9.346
= f(sle) 38.4 38.5 43.3 34.6 3.2 3.4 7e3 8.0 9.340 9.346

Table II shows the rssults of calculations ¢a these solutions.

Sherrill's data were corrected for viscosity in each case, the viscosity of

Jour. Am. Chem. Soc. 32, 741.



the mixture being estimated from the viscosities of the constituent sclutions.
-The last column, however, shows the specific conductaznces using ionization
values uncorrected for viscosity. Solution No. 1 was made by mixing 0.2 N
NaCl and 0.2 N K,SC, in the ratio:1:1, No. £ by mixing the same solutions
in the ratioc 4:1, and No. 3 by mixing 0.1 N solutions of each in tﬁe ratio
' lzi. It Qill be notedvthat the concentrations of the various constituents
aré found bty the two methods to be appreciably different and ﬁhat>these
ldifferences cencel each other in such a way that the specific conductances
are very nearly the same.

In all cases investigated calculations of the specific Qonductanoe
based on Y::f(:&o) give results differing from those based on the isohydric
principle by a very small amount. In the case of mixtures of two electro—
lytes with & common ion the differences are well within the experimentsl
error. With mixtures invelving no common ion the differenceé are still small,
and the conductances calculated on the basis of the principle thét the total
salt concentration determines the ionizations are in closer agreement with
the observed data than are the values calculated by the aid of the iso—
hydric principle. 7For this reason and also because it is much less laborious
it seems desirable to use in the cass of strong electrolytes the principle
that ionization in mixtures depends upon the total salt qoncentration.

To further test these two principles mixtures containing avtr&nsition
electrolyte, one ionized about 15% in 0.1 N solution, were prepared and théir
conductivities measured. Chloracetic gcid was selected as of suitable strength,

and its sodium éalt used as the other component of the mixtures.



Commercially prépared chloracstic acid was redistilled until the dis—
tillate gave no test for chlorid ion. A standard NaCH solution was prepared
from the pure metal, care being taken to exclude carbon dioxid from the air.
The final soclution gave no test for carbonate ions with calcium hydroxid.
Thé NaOH was standardized against standard hydrochloric acid, and the chlor—
“acetic acid azgainst tﬁe NaOH; usginz phenolphthalein as the indicator. In
prep&ring the mixtures, eguivalent quantities of each solutioﬁ were mixed
énd diluted to the desired volume. The specific concuctances measured at
25° are given in Table II1. HA represents chloracetic acid and NaA its
sodium salt. "

TABLE III.

Normality . , 1000 L
HA 0.05 3.177
HA 0.01 ' 1.237
NaA 0.05 , 3.781
HA 0.01 0.827
HA ) : 0.025
) 2.570
NaA ) 0.025
HA ) ' 0.005
) 0.813
NaA ) 0.005

The value for HA in .05 N solution is somewhat higher than that de-

termined by Ostwald*. BRoth values for NaA lie close to the data of

* Kohlrausch and Holbtorn, lewtvermégen der Electrolyte.
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~.Oat§§1d énd Bredig*. The values used for the conductivities at infinite
fdilution are those of Ostwald 2 and Bredig %, the units they give being
corrected to reciprocal ohme. They are ADM = 586 and ona,q: 92.2.

The ionization of each constituent in the mixture was calculated on
three assumptions: (1)_the ionization of each constituent is controlled by
the total ion concentration (isohydric principle), or, y = (s 1);
(Z)vthe ionization of each component is controlled by the total salt con-
centration, or, y = £(sic); (3) the ionization of the strong electrolyte
NaA ie controlled by the total salt concentration and that of‘the weaker
electrolyte by the total jon concentration, or, %; = £(Sec), y = £(R1i).
The third assumption seems at first sight to be the most reasomable, since
it hes been shown that for strong electrolytes the principle y = £(3 )
gives good results, while for weak electrolytes the isohydric principle
would be expected to hold. The specific conductivities calculated upon the
basis of these assumptions are compared with each other and with the observed
values in Table IV.

TABLE IV.

Specific Conductance x 1000 of Mixtures of
Chloracetic Acid and Sodium Chloracetate at 25°.

Mixture Calculated Values o Cbserved
' 1. Total Salt. 2. Total Ion. 3. Total salt and Value
Total Ion.
0.025 N HA
+ 0.025 N HaA 3.48 2.68 ‘2.63 2.57
0.005 N HA
+ 0.005 N NaA 1.032 0.846 0.842 0.813

* Kohlrausch and Holborn, Lutvermogen der Elektrolyte.
2 Zeit. PhyBO Chem. 5 176
8 Zeit. Phys. Chem. 15 218
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 Evidently, none of the principles stated above is in complete agree—
‘ ment with the data: tﬁe calculated conductivity is in each case too great.
However, the principle that the total salt rather than the total ion concen-
- tration controle the ionization of strong electrolytes gives values more nearly
in agreement with the observed data.

| This result together with that of the comparison of the applicﬁtion of
the two methods to mixtures containing only strong electrolytes and with the
fact that the application of the method is very simple, makes it desirable to
fgrther test the principle thet in mixtures the total salt oopcentration
controls the ionization of the strong electrolytes. Meantime it would seem
advantageous to accept the above principle provisionally and to employ it,
rather than the isohydric principle, in calculating ionization values in mix—

tures.



ACTIVITIES OF IONS FROM THE SOLUBILITY OF SALTS IN SOLUTIONS OF
ONE AROTHER.

It is well known that activity data may be obtained from the solubilities of

salte in solutions of other salts. For example with a uni-univalent salt such as
AT : , L " ‘ ~ :

-T1C1 the activity of the unionized TIC1 is constant because it is in equilibrium.

with thé solid phase. Hence the product of the actxvities of the 1ons,

= a constant, because the relation a$1+ X 8017 = a constant

B2 X Bpaw
L 0 c1?

_ aff AN aricy
AP

necessarily holds.

LR

Expressing the concentration of the salt, ¢, in equivalents per liter, and

’ e

putting the mctivity coefficient, OL,6 = a , Ve may write

f%f . o%r- C;r- CX?r = a constant,
or S | ) )
N+ Ko _ Cog Cor _ _8*
Togrheg  Cum o Ca CoCe

where the aubscript zero refers to the -olutlon in pure water and S is the solubility

of the sa]t.

For a salt of the;preaAmBn, the expression will evidently be

. ~ - o et X
o L ol . - Cox"arc‘o S
__é_______ = A B = Cm Cx

'Y\— el i S .
C‘O . °o‘ G . A e

Thus from eolubi]xty experiments we can determlne bow the product of the.
activity-coefficients of the ions, each coefficient raised to the appropriate power,
veries with the concentration of the added salt; or with the total concentration of
the soluticn. |

There is a large quantity of data available for this purpose. The most complete
for & uni-—univalent salt ie for T1C1l; but even here the added salte are not such that

ihe effect of the two added ions can be differentiated. If we know, for example, the



‘ effaéiﬁppon the solubility of a salt of the added salts: KC1, KNO,, K SO,, NaCl, NaNO,,
vlnﬁgéa;;vBaCIz, Ba(NO,),, we can separate the effect of the K ion and Ne ion by com
MT éa;ipg the effects of their chlorides; or by comparing the effects of their nitreates,
or sulfatee; and similarly for K and Ba, and for (1 and NO,, and so on. 7
Such a series of solubilities were determined for XCl0,, with the above named
added salts.

. Solubilities ﬁeré determinéd at 25° Qyusing the general method of Noyes and
Ebggsl,>except that normalities were referred to 1000 grams of water. XC10, was
recrystaliized until no test for CI™ or C10,~ was obtainable, one recrystallization
beiné usually sufficient. Other salts were carefully recrystallized once, and in
‘salte other than chlorides mo chlorid iocn could bé detected. The strengthe of the
salt solutions were determined by evaporating & weighed portion on & steam bath and
drying to constant weight at 200° C. After being filtered in the thermostat the
total salt in the saturated solutiors wae determined in the same manner. Knowing
" the amount of salt associsted with & given amount of water in the salt solutions
the amount of KC10, was determined by difference. The results are given in Table I.
| The ratio C*g‘ 'Oﬁuwg was calculated from these datq’and plottéd against

D('ixq—'do '

Cely

(S

the logarithm of the tptal equivalent concentration of the soclution. The results
are gshown in Figure I.

It will be seen that there is a specific effect for eech ion. Fer example,
K ~ jor hes & greater effect in reducing the activity ccefficient product of K — and
€10, — ions than has Na — ion, and Na — ion has greater effect in reducing the
activity coefficient product than has Eé; -~ ion, and NO; —~ ion more than Cl - ion.
This is illustrated in Table II for the total ccncentration 0.5 normal.
77 Vw\Similar piots were madé‘for such other difficultly scluble salts as T1C1,
Ag,S0,, PLCl,, CasO,, Ba(Br0,),, Ba(10,),, Pb(I0,),, and 11,502,
? J.A.C.S., 33, 1650 (14911)



Added

salt

None

NeCl

KC1

NaClO4

NaNC

Na. S0

TABLE I.

, - ey O(K*aaa.;
Strength of Average  Solubility of Average Total con- —
Salt Solution KC10, centration Ko, .« Oeroy
.1490 .1488
.1488 .1493
.1491 .1492 - _
.1491 .1492 .1491 .1491 1.000
.1006 >.1007 .1567 .1568 )
.1007 .1008 . 1007 .1566 .1568 . 15687 2574 .805
42995 .2992 L1659
.2921 2991 .29947 .16569 .1657 .1568" L4652 808
.5906- L1732 L1732 .
.5803 .5901 .5903 .1732. +1730 .1732 . 7635 . 741
.0985  .0980 .1138 1135
.n883 .0984 .0983 .1135 .11386 .1136 .2119 .923
12993 .2995 .0758
.2995 2995 2994 .0757 L0751 L0757 «3751 .783
.5089 .6089 0534 .0529
.6087 6080 .5089 .0538 .0535 .0535 .8624 .627
.1027 .1117 .1123
.1026 .1025 '1026, .1123 .1122 L1122 .2148 .922
3091 :
» 3088 3090 3090 0751 0752 0752 . 3842 <769
BR273 - L8273 @ .6273 .0532 .0535 .0533 .6806 .613
.1008 1007 ) .1610 .1611
.1008 .1008 .1008 .16810 .1812 .1611 261G 857
.3141 .3140 1789 .1780
.2138° 3138 «3139 L1791 J1790 .1790 4929 .694
.5218 .1995 .1994 »
6221 .8220 .1993 .1682 .1694 .8214 +559
. 1047 .1047 .1633 1834
.1047 .1048 .1047 .1633 .1828 .1633 2880 .834
3210 L2E0Y .1801 .1800
.3211 .3210 .3210 .1802 L1799 1800 5010 .6886
.5810 5610 :
.6610 .6610 .6610 .1954 .19568 .1957 .8567 .580



TABLE I (Continued)

Added - Strength of  Average Solubility of Averagse Total con—- Fx Keeo
selt . Salt Solution KC10, centration oy aou.,‘r
KNO, J0971 L0971 174 L1173
L0971 L0971 J175 L1175 L1174 .2145 .883
.2955  .2953 .0844  .0848
.295% .2954  .0847 .0844  .0848 3800 .691
.6686 o L0641 L0639 ‘
L6687  .6686  .6686  .0654  .0836  .0642 .7307 .450
K.S0 | | Py 1) |
24 .0998% .1194 .2192 .49
.3024 .0857
3026  .3025  .3025  .0857 .0855  .0857 .3882 .688
.6011  .8005 L0841
.6004 .6012 .6008  °.0B44  .0B49  .0844 .6652 .519
BaCl, L0991 .0991  .0991  .1569  .1569  .1569 .2560 .903
L2975 .2974
.2971 .2974  .1637  .1638  .1638 4612 . .829
5996  .5895  .5695  .1692  .1694  .1603 .7688 .776
Ba(NO,), .0988  .0991 .1612  .18612 o
L0990  .1592 .1605 .2595 .85
.3019  .3021 .1756 -
.3016  .3018 .3018  .1726  .1760  .1747 .4766 .728
L6074  .6076 »
.6077  .6073  .8075  .1896  .1907  .1902 587 .614

Deryived -fv-l’m +he

1) [Results of Noyes and Boggs, J. A. C. S., 33 | 1850 (1911)

)



Table IT.

uk" OLCQO—
Values of the retio: X - x for different added salts at 0.5 N
0,4+ o .
total c:.oncelrit,x'a.t.im:»:< oy
Salt Ratio Difference Salt Ra.f;io Difference Salt Ratio Difference
KC1 0.705 KNO, 0.600 K50,  0.597
‘ 00093 0.09<-'- o.mT
NaCl 0.768 HaNO, 0.880 ) Na S0, 0.688
0.02i 0.05
BaCl, 0.821 Bo.(llle)g 0.717
KCc1 0.705 RaCl 0.798 BaCl, 0.821
' 0.103 0.11% 0.10+
KNO, 0.800 . NaNO, 0.690 Ba(noa)z 0.717
0.003 0.004
0.886

K,S0,  0.597 Ne,SO,

-
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Lewis and Randall® have put forth the principle that the activity coefficient
w  of'every strong electrolyté is the same in all dilute solutions of the ionic strength.
He defines ionic strength such that each ion (1, 2, 3, — — — ) contributes to it

proportionally to its stoichrometrical molality (ml, Mg, My — - -) multiplied by tE?
2

“

square of its valence (1)12, -032, V4“; — — — ), or ionic strength, Vb %2“‘ ™,

This rule, he shoys in many ceses, applies to solutions ae dilute #B p= 0.1.
We have_iested the fule for highér concentrations. Referring to the graphe, where
,.the ratié of sctivity coefficiente is plotted both ab@inst the logarithm of the ionic
: strength aﬁd against thé logarithm of the total concentration, it was seen that the
"linee.sometimes coincide more closely on one plot and sometimes on the other, but
that the ionic strength rule does not all simplify the situation for these concen—
trations.

Harned4 has stated that in a mixturé of two salte with a common ion the activity
of the common ion is the same at the same total concentration, with whatever other
fons it may be aesociasted. Harned has obtained results only on chlorid fon in mix-

tures of KC1, NaCl, LiCl and HCl. It seems then, in view of the specific jion effect

noted atove, that this generslization should be limited to univalent chlorids.

Summary .

1. The available data for solubilities of salts in solutions of other salte has
been reviewed, and a series of deternminations for KC10, made including combinations
of Na, K, Ba, C1, NO, and SC, ions.

’ 2. At the concentraticns considered, the effect of added ions is e spécific

effect, and must be determined for each ion upon each difficultly soluble salt.

8 G. N. Lewis and M. Randall, J.A.C.S. 43, 1137 (1921)

Harned, J.A.C.S., 42, 1814 (1920)



THE CRYSTAL STRUCTURE OF LEAD MOLYBDATE.

By Roscoe Dickineon snd Richard M. Rozorth.
I. Purpose of the Investigation.

The present investization is a study, with the éid of Laue photographs, of the
- orystal structure of lead molybdate. The specisal objects in view were: (1) to determine
. whether the arr&ngementbof lead anq molytdenum stoms praviously obteined by one of us
yith the.aid of X~ray spectrometer measurements, is confirmed; (2) to locate the oxy—
gen atoms by departures in the intensities of the photographic spote from what would be
~expectéd from the assumed arrangement of lead and molybdenum atoms; previous work had

fsiled to determine the position of ths oxygen atoms.

2. BExperimental Procedure.

The method used was essentially that of Nishixqwa as developed by Wyckoff.g

Two small, clear, orange-colored crystals of the mineral wulfenite were selected-
and ground mechsnically to thin sections on plate glass, using flour emery as an abrasive.
The sections, both ground parallel to a (001) face were of thickness 0.4 mm. snd 0.2 mn.
respectively. The photographs, both somewhat unsymmetrical, were made by passing the
smell cylindrical beam of X—rays through the sections not quite perpendicularly. The
distence of the photographic plate from the crystal was S em.; and the orientation of
the crystal with respect to the plate was determined by tﬁe preservation of' the inten-
sities of thes Paces (102) and (102) in the thin section. |

X-raye were produced by a Universal Type Coolidge tube with a‘tungsten target.

1The peakvvoltage estimated by means of a sphere gap when the tube was not operating wa s

64,000 volts. This estimate is probably approximately correct‘since the tube consumed
onlyasmall fraction of the rated energy output of the transformer. The tube current
was 3.5 milli amperes sand the sxposure with the thinnef crystal 8 hoursj the exposure

with the other crystal was somewhat longer.

1Dickinson, J. Am. Chem. Soc. 42, 85, 1920.
Am. J. Science, 4th series, vol. 50, 317, 1920.
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3,Treatment of Observations.

‘From prints of the photographe were preparesd gnomonic projections in the manner
descriﬁed by Wyckoff.z Altho the projections were somewhat unsymmetrical, a knowledge
of ihe axial retio and the spproximate orientation of>the crystal enabled the indices

of the planes.producing esch of the spots to be determined without smbiguity. When
the projeetloﬁs were prepared the distance of e&ch photographlc spot from the center
\of the central image was measured on the print and the intensity of tha spot estimated
on the plate.

For analytical purposes it seamé simplest to regard the crystal as built up on a
simple tetragonal prism lattice of the dimensione 7.84 x 7.64 x 12.04 i. According to
.previous gpectrometer results th;re are 8 lead and 8 molybdenum atoms &ssociated with

each uhit of this size. Their arrangement is given by the following coordinates:

Pb at (0,0,0) (232)0) (0"2':'2’/ %,Org')
o) G G G
oot (2,%.5) (o,0,%) (&.0.0) (0. &.0)

aa a 3¢

A, R €Y /3a 3a e 3a 3¢ 22 &
G %) G G5 ) Ve

where a = 7.64 K and ¢ = 12.04 K.

The shortest distance betwecn two (hkl) planes passing through lsttice points is

‘given by the expression®:

c
a = I —
hkl) ) ) ot
( —/(h2 + k?)-—zg + 1%

This becomss in the present case, if d

is expressed in Angstoms:
(hi1) expressed In Angstoms

12.04

d =
(hicl)
(h? + k%)2.487 + 12

3 A. W. Hull, Phys. Rev. |2] 10,661,(1917)



The value of n.k, i.e. order of reflection times wave-length, for any particulsr spot

- is thén given by:

n\=2d gin & = 24.08 8in O _

hkl
(bic1) /(12 + K2)2.487 + 17

The value of sin® is readily calculated from the distance of the spot from the central
| imﬁge, and the distanca of the crystal from the photographic plate. |

From the maiimum voltage impressed on the tube, the shortest wave-length present
4n the ¥-ray spectrum may be calculated from the quantum relation Ve = hd¢. In the
present case A was caleulated to be 0.193 A. The smallest value of nX.calculated Por
‘anj spot on the photographs weas 0.214 K. In view of the fact that the intensity of the
- gpectrum close to the short wave-length end is comparatively sma114 it seems reasonable
to assume that values of nA between 0.21 and 0.42 K correspond to ﬁuré first order re-
flections.

In order to be able to compare the intensities of reflection by a given wave-~length
for different forms, a plot of nA againet intensities was made for each form.

4. Interpretation of the Data. |

The symmetry usually sassigned to wulfenite is>tetragonal pyramidal, this class
beipg cheracterized by only & tetragonal axis of symmetry. If the arrangement of the
atoms correspond to thié clags of symmetry, the Laue photographs obtéined should have
symmetry like that obtsinable from a crystal having in addition to a tetragonal axis
a center of symmetry, that is, like that from a crystal of the bi;pyfamidal class.
Consequently of the eight planes, (hkl) (khl) (hk1) (x¥h1) (kh1) (hk1) (kh1) (bkl), which
| mizht produce spots on the photographs taken, tﬁe first four should in general, under
the same conditions, reflect with different intensity from the second four. If this
takes place the points on an n\~intensity plot will lie on two curves, one containing
only points due to the first four planes. Such a distribution was shown with certainty
only in the case of the forms {511} and g;sg » 21tho each photogreph has about 200 spots.
A similar lack of dissymmetry was observed by Jagers. Cne of two possibilities resulis

4 6. 7. W¥ey, Phys. Rev. (2) 11, 401 (1918).
Kon. Ak. v. W., Amsterdam, 18, 1350 (1916)
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from»ﬁhié: (1) The entire stomic arrangement has symmetry greater than that even of
. the bi-pyramidal clase. In this case the observed dissymmetry of {5118 and {151}

must be disregerded. (2) The heavy atoms are arranged with greater symmetry but the

. oxygZens are not. Due to their relatively low weight they have too little effect upon

the intensity of reflection for their relative dlssymmetry to become ev1dent except in
the case of {51j}and 5153 In eithsr case the heavy atome have more than bi-pyramidal
|
symmetry. '
If the arrangement of lead and molybdenum etoms is that given in section 3, and
the oxyzsen atoms are for the time neglected, the intensity of reflection of a given
’waﬁe—lengtb is given by the expression
| I—k}(d (A% + B2)
where
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B = a similar expression in sine terms.
In what follows k will Ee treated as constant for & given substance under the same con—
ditions. No assumption will be made oonoerning-}(%) excebt that the function decreases
continuously as % decreases. Bxcept where definitely stated no aésuﬁption will be made
regarding the relative valuee of Pb and Mo. |

It csn be shown that the general expressions for A and B reduce to the following
in special cases:

Tlaes I. When one and only one index is odd:

Ifn=1 A=0 B=0
n=?2 A=0 B=20
n=3 A=0 B=0

il
O

n=4 A =8Pb+8Mo B



¢class II. When two and only two indices sre odd:

Ifn=1 A=0 B=0

1]

]
O

n=2z A =8Pb + 8 Mo B

Cclase III. TWhen all three indices are odd:

Ifn=1 A = 4Fb - 4o B = 4F6 ~ 4¥o
‘Neglecting the effect of the oxygen stoms, nlaness with one odd index should give
no values of nA'corresponding to reflections under the fourth order; i.e. if (n)\)m ie
| (nN)
4

the smallest value afwu\fbund for any one of these planes m ghould be no smaller

then about 0.21.

Likewise planes with two odd indices should not reflect under the aecond order; and
for these Egé)m should be no smeller than 0.21.

Planes having ali odd indices may be expedted to give values of‘nA from 0.21 up.

The smallest value of Jzé found for any plane having only one odd index was 0.225.
Planes belonging to four forms were found giving valuee of %A between 0,21 and 0.42 viz.
feod {221} {412} and {322}.

On esch photograph planes belonging to ninetecn different forms having two odd in—
dices were found with values of g‘ under 0.42. A very few of these gave values ofj&ﬁ_
under 0.21, $he smallest being 0.194. This value, although perhaps smaller than wguld
have Sean expected, is not telow the lower limit of wave-lengths calculated from the
estimuted voltage.

Of planee having all three indices odd, reflections were found on éach photograph
with velues of mA ranging from about 0.21 up. Planes belonging to seven different forms
were found reflecting in the first order in ths “irst photograph and eight. forme in the
second.

Thus no planes were found reflecting lower orders than predicted from the assumed
arrengement of lead and molybdenum etoms; moreover all three kinde of planes were found
reflecting in renges of n\ indicated as pos:ibtle.

As previously mentioned, the intensity of these spote were roughly estimated on the



photégraphic plates, and by means of comparisons between them the arrancement was further
ﬁested as mentioned below.
o Within sach class of plenes, the intensity of the reflections of a given wave-length
ghould bte uniformly less the smaller the interplanar distance because within each class
the valuesof A and B are the same for each plane.

For the same value of %, plsnes of classes I and II should reflect ﬁhe gsame Wave—
length with equal iniénsitiée. Reflections from planes of class II1I, however, should
.under thése conditions‘be weaker than those of the other classes, for here-JXﬁﬂ;—;§~is
proportionsl to the difference of the reflecting powers of Pb and Mo,‘instead of to their
UM | |

These” tests were applied «in a great many cases, and in each case the structure was
confirmed except when comparisons involved the {511}form.

5. Conclusions.

The arrangement of the lead and molybdenum atoms as previously determined spectro-
metrically has be:n confirmed by the Laue photographic data. It has not been possible
to locate the oxygen atoms; the only data giving any evidence of théir reflections is

>

that relating to the {511} form.

Pasadena, March 1922.
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'THE CRYSTAL STRUCTURE OF POTASSIUM CYANIDE.

By Ricaarp M. BozorTH.!
R’eceived December 22, 1921,

1. Introduction.

The purpose of this research was to study by means of X-rays the crystal
structure of potassium cyanide, hoping thereby to throw some light on
the similarity in properties between this substance and the alkali halides.
The crystallographic information is very meagre, nothing having been
found in the literature except the statement? that the salt crystallizes
from the melt in cubes and from an aqueous solution in octahedra.

This research was carried out in part with the aid of a grant made to
Professor A. A. Noyes by the Carnegie Institution of Washington, for
which I wish to express my indebtedness. I also wish to express my thanks
to Dr. R. G. Dickinson, under whose immediate direction the work was
carried out.

II. Preparation of the Crystals and the Methods of Measurement.

The crystals used in this research were prepared by two methods. Slow
evaporatlon of a saturated aqueous solution in a desiccator yielded crystals
with (111) faces large enough for good spectrometer measurements.
Cubes large enough for Laue photographs were formed by placing a layer
‘of alcohol over the saturated aqueous solution and allowing diffusion to
take place. After several days crystals formed on the sides of the container.

Observation under a polarizing microscope showed optical isotropy,
confirming the fact that the crystal has cubic symmetry. A good cubic
cleavage was found, but no cleavage was observed parallel to (111) or (110) .

" planes.

Most of the X-ray data were obtained from Laue photographs and from
photographs of line spectra from single faces. ‘The apparatus used and the
treatment of the spectral photographs were the same as those employed
by Dickinson.? The angles and relative intensities of two reflections
from the (111) face were measured on the X-ray spectrometer.*

III. The Spectral Measurements and the Unit of Structure.

The values of the angles of reflection for different planes are given in
the second column of Table I. ‘The number of molecules per unit of struct-
ure and the dimensions of the unit were derived from these data. To

! Du Pont Fellow in Chemistry.
2 P. Groth, “Chemische Krystallographle,” Leipsic, 1906, vol. 1, p. 203.

3 Dickinson, THIS JOURNAL, 44, 276 (1922).
4 Dickinson and Goodhue, ibid., 43, 2046 (1921).
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~ find the number m of molecules in the unit of structure, the following

well-known equation was employed. ,
nd _8sindo. M, . l‘
m Npop N o

In this équétion n denotes the order of reflection, 0 the angle of reflection

~ from a (100) plane, M the-molecular weight of the substarice, \ the wave-

length of the X-rays, p the density of the substance (1.52), and N the
Avagadro number. '

The length dyoo of the unit cube, on the basis that m = 4, was calculated
by the equation

2 dio sin 6 C
M terr - @

The values so calculated in 10~# centimeters are given in the sixth column
of Table I. ' :

TapLg I
THE SPECTRAL MEASUREMENTS
Crystal Angle of Orderof Spectral Wave- Length of Intensity of
Face Reflection Reflection Line length  Unit Cube Reflection
(100) 5° 23’ 2 Rha 0.614 6.54 Strong
: 10° 51’ 4 I3 ©0.614 6.52 Medium-
16° 23’ 6 o 0.614 6.53 Weak
4° 47 2 B 0.545_  6.54
4° 40’ 2 b% 0.534 6.56
(110) 7° 39’ 2 a 0.614 6.52 Strong
15° 22’ 4 o 0.614 6.55 Weak
6° 42’ 2 B 0.545 - 6.60
6° 35 2 ¥ 0.534 6.59
(111) 5° 24! 1 Mo« '} g.710 6.53 100:153
10° 51’ 2 @ :
(Mean) 6.55

The value of digo calculated directly from the density under the assumption
that there are 4 molecules in the unit is 6.55 X 10~8 cm. This is equal
to the mean of the above values. This value was used for calculations
of the wavelengths from the Laue photographs.

IV. The Laue Photographs.

Laue photographs were taken with.the beam of X-rays approximately ’
perpendicular to the (100) face, and also with the beam approximately
perpendicular to the (111) face. " Gnomonic projections were made from
the photographs, and the analysis cartied out according to the method
described by Wyckoff.5 A gnomonic projection of an unsymmetrlcal
photograph taken with the beam making an angle of 4° with the perpen-
dicular to the (111) face, showing the 3-fold axis of symmetry, is repro-

s Wyckoff, Am. J. Sci., 50, 318 (1920).
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duced in Fig. 1. The area of each spot is proportlonal to the intensity
estimated directly from the plate.

The smallest value of #\ for any plane, as calculated from Equation 2,
was found to be.0.24 X 1078 cm.; consequently it was deemed safe to
consider any values of #\ between thls value and 0.48 X 10~% cm. to be
pure first-order reflections. The forms giving reflections in the first order
were: (311), (331), (5631), (533) (651), (711), (731), (553). (731), (751),
(753). 'Those appearing in the second order, but not in the first, were: -
(221), (320), (321).

All of the spots from planes reflecting in the first order on Laue photo-
graphs had comparative intensities such that the planes with the greater

| - == R \<< SR o
T N TN A
//\ \ & b\‘\“‘\%x\/x\ﬁ/\\r

N NN N NS
\\ B //\\\O/ N ;/ \ f\\ ‘l\
\ 4 \\ ' \/ .3././._.,\./‘_#,_\6\?
D s way A (NN
\ SN
\ A \\/J \ />\

Fig. 1.

-interplanar distance always had the greater intensity when reflecting
with the same wavelength.  Also, spots produced by second-order (221)
planes could not be distinguished in intensity from those produced by
first-order (531) planes and second-order (321) reflections could not be
distinguished in intensity from first order (731) reflections.

It was possible to obtain one additional piece of information from a
powder photograph. From this it was clear that the second-order (100)
reflection was more intense than the first-order (111) reflection.

V. Interpretation of the Data.

The relative intensities of reflection of various orders shown in Table
I are characteristic of crystals with the sodium chloride structure having
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the halogen appreciably, but not too greatly, different in weight from the
metal. Thus there is a rapid decline of intensity with increasing order
for the planes (100) and (110), and a weaker reflection of the first order
from (111) than of the second order. The facts shown by ‘the powder
photograph that the second order reflection from (100) was stronger
than the first order from (111) in spite of the smaller value of d/» in the
former case is also in agreement with a sodium chloride structure. In
view of these facts and of the close resemblance between potassium cya-
nide and the alkali halides, the attempt has been made to satisfy the
requirements of the remaining X-ray data on the assumption that the -
potassium atoms are located in-the same way as the metal atoms in sodium
chloride, and that the carbon and nitrogen atoms are near the corresponding
halogen position. This assumption, whose approximate validity is clear ‘
from the above X-fay considerations, simplifies the treatment of the
possible structures given below, which would otherwise contain three .
. parameters to be determined.

Magnesium oxide is a crystal having the sodium chloride structure
and the application of the theory of space groups to this substance has been
treated in detail by Wyckoff.6 All the possible positions for the atoms of
potassium cyanide are included in the possibilities given by Wyckoff
for magnesium oxide. There are two possible arrangements for a substance
having 4 molecules in the unit and 3 atoms in the molecule. These are,

(a) Kat:(u, uu) (u @8 @ua) (@& d q '
Cat:(v,v,v) (v,9, %) (@ v,7 @¥vV)

Nat:(w,w,w) (w,w,w) (W,w,w,) (W W, w _

(b) Kat:(u u u (‘g +u, %—u, ) (7—11, i, g +u) (@ % +ui—u
Cat:(v,v,Vv) (—2- + v, 7—v, ) (—z——v, v, 5’ 4+ v) (9, % + v, 7—v)
Nat:(w,w,w) G+wi-ww) G-wwitw &it+wi-w.

The arrangement (a) has tetrahedral symmetry, while (b) has tetarto-
hedral symmetry. ‘The first can be made to approximate the sodium
chloride structure by giving u the value 0. 25, and v and w values on either
side of 0.75. ‘T’he second can be made to approximate the sodium chloride
structure by giving u the value zero and v and w values on either side of .
0.50. Since the reflecting powers of carbon and nitrogen are probably
about the same, these two arrangements are indistinguishable by the pres-
ent methods of analysis, provided the atoms are in the positions indicated.
above. There is, moreover, a holohedral arrangement (Wyckoff’s (j)),.
having 32 molecules in a unit (the dige for which is 13.10 X 1078 cm.),
derivable from the space group Of; but this would also be mdlstmgulsh-
able from these. It suffices, therefore, to consider only the first arrange-
ment.

For the intensity, I, of reflection of a given wavelength from any plane

¢ Wyckoff, Am. J. Sci., 1, 138 (1921).
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we may write: I = f(d/n) (A? + B?), where A is given by the following
equation and B by a similar expression in sine terms.
A = Klcos 2xn(h +k + Du + cos 2en(~h + k—Du + cos 2mn(—h—k + Du
4 ¢cos 2an(h—k—1Du] + C [a similar expression in v] + N [a similar expression in w].
K, C, and. N, the re_ﬂecting apowers of the atoms, were placed equal to the
atomic numbers of potassium, carbon, and nitrogen, respectively; u was
placed equal to 0.25, while v and w were independently varied by steps
of 0.020 between 0.625 and 0.875. With these various values VA2 4+ B?%~
was calculated for the planes for which data are available,
It was found on the Laue photographs that planes with all odd indices
reflecting a given wavelength in the first order gave smaller intensities
the smaller the value of d/#. Assuming that £(d/#) has smaller values

the smaller d/# is, a satisfactory set of values of VA2 +B? should show no
great variation, especiadly, for planes having nearly equal values of d/n.
It was also found that planes with any even index reflected in the second.
order with about the same intensity as planes with all odd indices in the
first order when the values of d/# were the same. These planes with even
indices should give about the same values of VA? 4- B2 as the other planes.
The best'correspondence with the data seems to be obtained by placing
v = 0.70 and w = 0.80. 'The values of VA2 + B2 caleulated with these
parameters, together with the values calculated for other parameters,
are given in Table II for all of the planes whose calculated and observed
intensities can be compared. Values of d/# in 108 centimeters are given -

in Col. 3.
Tasrg II

CALCULATED VALUES OF A2 4 B?
Values of vA2 + B2 for

u=20.25 u=0.25 u=0.25
Order of Value of v=070 v=0.656 v =0.75
Reflection  Plane » d/n w=08 w=0.8 w=0.75
1 (311) 1.97 48 86 24
1 (331) 1.50 59 72 24
1 (531) 1.11 76 63 24
2 (221) 1.09 80 87 128
1 (533) 0.99 76 82 24
1 (551) 0.92 76 34 24
1 (711) - 0.92 104 65 24
2 (320) 0.91 71 116 128
2 (321) 0.88 72 86 128
1 (b53) 0.85 76 04 24
1 (731) 0.85 93 71 24
1 (751) 0.76 76 61 24
1 24

(753) 0.72 76 82



322 RICHARD M. BOZORTH.

“It will be seen that the values of VA2 4 B, calculated for u = 0.25,
v = 0.70, w = 0.80, correspond satisfactorily with the observations.
The only exception is that the calculated value for (711) is (104/76) or
1.4 times that calculated for (551), while the observed intensities of the -
(711) and (551) spots were the same as nearly as could be determined.

The intensities obtained from spectrometer measurements and from-
reflection photographs are in good agreement with the calculated values.
‘The relative intensities of the spectra from a simple face can be estimated
by assuming the normal decline to be 100:20:7. Values of the intensities
so calculated are compared with the observations in Table III.

TasLg ITT
CALCULATED AND OBSERVED INTENSITIES
Relatiye Intensities Calculated for

u =025 “u = 0.25 u = 0.25 ’
Plane v = 0.70 v = 0.65 v. = 0.75 Observed Intensities
w =208 - w = 0.85 w = 0.75 E
(100) 100:10:3 100:2:1 . 100:20:7 Rapid decline for
the three orders
(110) 100:11 100:17 100:20 First order much
) ' stronger
(111) 100:218 100: 51 100: 570 100: 153

VI. Representation of the Crystal Structure.

Figure 2 represents /3 of the unit of structure, with the atoms placed
in accordance with the values of the parameters, u = 0.25, v = 0.70, -
w = 0.80. The potassium atoms are repre-
sented by the larger circles, and the carbon and
nitrogen atoms by the smaller ones. ‘These latter
atoms are equidistant from the corners of the
cube not occupied by potassium atoms. Since
the measurements do not serve to distinguish be--
tween the carbon and nitrogen atoms, beth of
these kinds of atoms are represented by the

Fig. 2. same sized circle. - Table IV gives the distances:
between ,the centers of the atoms, together with the sum of the corre-’
sponding Bragg radii,” both in 108 centimeters.

TasLe IV

DISTANCES BETWEEN THE ATomMs
: - Sum of
Distance Bragg Radii
Carbontonitrogen..........cooveveeran... 1.15 1.4
Potassium tocarbon..................... 3.0 2.8
Potassium tonitrogen.................... 3.0 2.7

7 Bragg, Phil. Mag., 40, 180 (1920).
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Langmuir has suggested® that in the cyanide radical the carbon and
nitrogen atoms possess in common an outer shell of electrons. If in ac-
cordance with this hypothesis the cyanide radical be regarded as a single
atom for crystal structure purposes, potassium cyanide can be given the
holohedral sodium chloride ‘structure with four molecules in the unit;
but if this be done, the values of VA2 4+ B2 for (711) and (320) will, on the
same assumptions used previously, be 24 and 128, respectively, and this -
- would make the intensity of the (320) reflection (128/24)2 or 28 times as
~ strong as that of the (711) reflection. This great discrepancy might be over-
come by assuming the reflecting power of the cyanide radical to drop off
much more rapidly than that of the potassium atom with decreasing values of
d/n; but there seems to be little present justificatiou for such an as-
sumption. .

* VII. Summary. ‘

The crystal structure of potassium cyanide has been studied with X-
rays making use of the Laue photographic method, the spectrometric
method, and the powder method. The X-ray data show conclusively
that the structure of this substance approximates the sodium chloride
~ structure. - Corsequently, the potassium atoms were placed at the sodium
atom positions and the carbon and nitrogen atoms near the chlorine atom
positions. ‘The positions of carbon and nitrogen atoms which give the
best agreement with the data place these atoms 1.15 X 10~% cm. apart,
equidistant from the position of the chlorine atom. The structure is
represented in Fig. 2.

PasADENA, CALIFORNIA.

8 Langmuir, THis JoURNAL, 41, 905 (1919).
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Received March 22, 1922

1. Introduction

Ammonium fluosilicate, (NH,),SiF,, exists in two crystalline forms,?
cubic and hexagonal. The cubic form is the stable one at ordinary tem-
peratures, while the hexagonal form has been obtained?® below 5° It
seemed probable that the cubic form has the same structure as ammonium
chloroplatinate studied-hy Wyckoff and Posnjak,* and ammonium and
potassium chlorostannate studied by Dickinson;® but complete evidence
of iso-morphism was lacking.® It was therefore desirable to study its crystal
structure, not only to determine whether it is the same as that of these
otlier salts, but also to measure the size of the unit of structure and the
distances between the centers of the various atoms.

Crystals of the fluosilicate were prepared by the spontaneous evapo-
ration at room temperature of an aqueous solution contammg an excess
of hydrofluoric acid.

The methods employed for obtaining the X-ray data and for the in- -
terpretation of these data are essentially those used by Wyckoff and Pos-
njak and by Dickinson, to whose articles reference may be made for more
detailed information. ]

I wish to express my thanks to Dr. R. G. Dickinson for valuable advice
during the progress of this research.

2. Determination of the Size of the Unit-cube and the Number of
Molecules in It
Photographs of line spectra from the (111) face of a crystal showed

! DuPont Fellow in Chemlstry

2 Groth, ““Chemische Krystallographie,” Engelmann, Leipzig, 1906, vol. 1, p. 485,
3 Gossner, Z. Kryst. Mineral., 38, 147 (1904).

4 Wyckoff and Posnjak, TH1s JOURNAL, 43, 2292 (1921)..

5 Dickinson, <bid., 44, 276 (1922).

¢ Ref. 2, p. 466. :
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five orders of reflection. From the values of the angles of the reflections
and the density of the salt, determined to be 2.01, the smallest possible
number of molecules in the unit of structure was found in the usual way
to be 4, as in the other salts mentioned above.

Table I gives the angles of reflection, the orders of the reflections, and
‘the length in Angstrom units of the unit-cube based on this conclusion.
In calculating the number of molecules in the unit and the length of the
unit-cube the wave length? of the rhodium o, line was taken to be 0.6121
Angstrom units.

TapLE 1
T'HE X-RAY REFLECTIONS OF THE RHODIUM a; LINE ¥rRoM THE (111) Face

Angle of Order of Tength of Intensity of
reflection reflection unit-cube reflection

3° 38’ 1 8.37 strong

7° 15" 82 8.40 strong

10° 56’ 3 8.38 medium weak

14° 39’ 4 8.38 medium weak

18° 26’ 5 8.38 weak

From the density 8.37
Final value 8.38

3. The Laue Photographic Data

Laue photographs were then taken with a beam of X-rays passing through
the (111) face, and these photographs analyzed by the usual methods.

The data which were useful in determining the positions of the fluorine
atoms are given in Table II. The interplanar distances and wave lengths
are expressed in Angstroms. The smallest wave length calculated for
any spot on a Laue photograph was 0.27 Angstrom units. Wave lengths
lower than 0.26 were considered to be absent from the spectrum.

TaBrg 11
DATA FROM THE ILAUE PHOTOGRAPHS

Photograph No. 1. Photograph No. 2. Photograph No. 3

Wave Wave Wave

Inter- length of Intensity lengthof Intensity length of Intensxty Calculated
Reflecting =~ planar reflected of spot reflected . of spot reflected of spot amplitude
plane ) distance X-rays produced X-rays produced X-rays produced for #=0.205

First-Order Reflections

(135) 1.42 040 0.9. 0.47 3 1.2
(531) 1.42 0.49 1.0 .. .. 1.2
(335) 1.28 048 0:3 050 0.4 .. .. 0.2
(353) 1.28 .. .. .. .. 046 0.5 0.2
(155) 1.17 0.52 1.5 049 4 .. .. 2.8
1in 1.17 .. .. .. .. 0.46 0.6 0.4
(335) 1.09 .. .. 046 2.5 1.8 -
(731) 1.09 ~ 0.31 0.0 0.42 0.05 0.5
373) 1.02 047 0.4 037 04 1.5

7 Duane, Bull. Nat. Research Council, 1, No. 6 (1920).
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TasLE IT (continued)
Photograph No. 1. - Photograph No. 2. Photograph No. 3

- Wave Wave Wave
Inter- length of Intensity lengthof Intemsity lengthof Intensity Calculated
Reflecting planar reflected . of spot  reflected of spot reflected  of spot  amplitude
plane distance X-rays produced X-rays produced X-rays produced for #=0.205
S Firgt-Order Reflections

(557) 084 046 04 047" 0.6

1.7

(359) 0.78 036 0.2 0.40. 0.3 .. . 0.9

(593) 0.78 032 0.1 .. .. 0.46 0.5 0.9

(775) 0.76 0.50 0.0 04 0.0 .. .. 0.0

(i11) 0.7 . . . 046 0.4 1.2
(559) 0.73 045 0.3 049 0.5 3.0

(197) 0.73 044 0.1 041 0.1 0.7

aril3  0.73 046 0.05 052 0.1 0.2
(11-15)  0.69 046 0.2 047 0.2 1.8
(759) 0.67 046 0.1 0.41 0.1 1.3

(55-11) 0.64 0.44., 0.2 0.47 0.3 2.4

Second-Order Reflections

asi) 3.42 040 0.4 0.3

212) 2.79 .. .. 0.48 0.2 0.0

(123) 2.24 0.35 0.4 041 0.9 1.1

(043) 1.68 045 0.1 041 0.1 0.5

(324) - 1.56 0.52 0.0 047 0.0 0.1

350) 1.44 0.48 0. 041 0.5 3.2

4. Interpretation of the Data

The possible arrangements for ammonium fluosilicate permitted by
the theory of space groups are those counsidered for athmonium chloro-
platinate by Wyckoff and Posnjak, and for ammonium chlorostannate
by Dickinson. The correct arrangement in this case is the same one’
that they have found, and can be proved in the same way. The intensity
functions are accordingly of the same form. '

- For purposes of comparing intensities, planes may be divided into three
classes, namely: (1) planes all of whose indices are odd; (2) planes having
two odd indices and one even; (3) planes having one odd index and two
even. Planes of Classes 2 and 3 reflect only in even orders.

The value of the parameter u, which fixes the position of the fluorine

4 - /2 atoms, was first limited to the re-
3 ‘ gion between 0.19 and 0.25 by
] : the following method. It was ob-
.8_ I served on the spectral photographs
40 . that the fourth-order reflections
2 v from the (111) face were as strong
.2 W as the third-order reflections. It
3 ' was therefore concluded that the

NV *° fourth-order amplitude must be
Fig. 1. greater than the third-order ampli-



‘ CRYSTAL STRUCTURE OF AMMONIUM FLUOSILICATE

tude:

1069

The amplitudes calculated for all five orders from the (111) face are

plotted for all distinct values of # in Fig.1. The regions which show a greater
fourth-order than third-order amplitude can be noted. It was concluded

4

3
w2 731
a 553
=}
t @,
—l' e
o .
2 . ~e
<o \/

' \/

» .

[+ U .25 50
‘Pig. 2,

from Laue photographic data that (553) must have a larger amplitude than
(731) in the first order, and (321) a larger amplitude than (211) in the
second order. The calculated amplitudes of these forms are plotted for

all distinct values of # in Fig. 2.
It will be seen from Figs. 1 and 2
that the only values of » which ac-
count for these data are those be-
tween0.19and 0.25. To limit fur-
ther the value of # a plot was made
‘showing the amplitudes of planes
of Class 1 for values of u between
0.19 and 0:25. The original plot
included all planes having an in-
terplanar distance of more than 0. 64
Angstrom units, which is the inter-
planar distance for (1155), the
most complex plane observed. In
Fig. 3 are reproduced only those
curves which were most useful.
Certain inequalities in amplitude
were established from the Laue
photographic data, and the value
of % more definitely determined with
the aid of the figure. For example,
since (11:51) > (971), » < 0.218;

AMPLITUDE
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since (11'5:1) > (975), ® <0211; since (711) < (533), # < 0.218; since
(955) > (11'5'1), #>0.195; and since (971) 2 (11:31), #> 0.200. The
value of u, therefore, lies between 0.200 and 0.208. The best value is
considered to be 0.205.

In calculating the amphtudes given in the Iast column of Table IT it
has been assumed that the reflecting power of each atom is proportional
to its atomic number; but the determination of # based on the compari-
sons that have been made is largely independent of this assumption,
* since any reasonable values of the reflecting powers would lead to the same
~conclusion. However, comparisons between planes of different classes,

or even between planes of the same class where at least one of the ampli-
tudes is small or opposite in sign to the other, can be made properly only
with a good knowledge of reflecting powers. In view of these limitations
all the comparisons which have been properly made are satisfied remarkably
well when » = 0.205. Many of these comparisons may be made with the
data of Table 11, using the calculated amplitudes given in the last column.

5. Conclusions as to the Structure

Summary
The crystal structure of ammonium fluosilicate has been showil to be

like that of ammonium chloroplatinate, ammonium and potassium
chlorostannates, namely the structure is that® of calcium fluoride, CaF,, |
in which each fluorine atom is replaced by an ammonium group, and each
calcium atom by a fluosilicate group with the 6 fluorine atoms equidistant
from the silicon atom in the directions of the axes of the crystal. The
length of the cube constituting the unit of structure containing 4 mole-
cules was found to be 8.38 Angstrom units; the corresponding lengths.
for the three other complex salts just mentioned are 9.84 for ammonium
chloroplatinate, 10.05 for ammonium chlorostannate, and 9.96 for po-
tassium chlorostannate. The shortest distance between the centers of
the atoms of fluorine and silicon is 1.72. Angstrom units, while the sum
of the Bragg radii® for these atoms is 1.84. ‘The corresponding distances
between the platinum or tin and the chlorine atoms in the other three
salts are 2.3 Angstrom units for ammonium chloroplatinate, 2.46 for °
ammonium chlorostannate and 2.44 for potassium chlorostannate.

PasaDpENA, CALIFORNIA '

¢ See W. H. and W. L. Bragg, “X-Rays and Crystal Structure,” G. Bell and Sons,

Ltd., London, 1916, p. 107.
® W. L. Bragg, Phil. Mag., 40, 180 (1920).



THE CRYSTAL STRUCTURE OF CADMIUM IODIDE.

1. Introduction.

‘The purpose of thie work was to determine by means of X-rays the positions
of the atoms in crystalline Qadmium iodide, CdI,. Crystsls were prépared by
'spoﬁtaneoué evaporatioh‘at room temperature of & saturated solution. The crystals
are‘light yellow, hexagonal tablets, described crystallographically by Grot.h1
as beionging to the hexagon@l system. |

The X-ray date were obteined in two ways: (1) from phoﬁog:aphs of line
spectra from the principel faces, using rhodium as the target, and (2) from
Laue photographs. |

2. Spectral Photographs and the Unit of Structure.

Photographe were taken of line spectra reflecting from (00.1), (10.0) and
(11.0) plenes. The first was taken by reflecting the X-rays from the (00.1) face,
while for the other two, measurements the X—rays were pﬁssed thru a thin crystal
in such aiway that the (10.0) or (11.0) planes could reflect. The &ﬁgles of re—
flectién and the estimated intensities of the reflected beam are given in Table
1. Measuremente are for the rhodium line, wave-length 0.6121 angstroms.z

The valus of %, where d is the interplanar distdnce snd n the order of re-
flection, may be calculated from these data. If the reflectioné,occurring at
the smellest angles from the (00.1) and(11.0) planes be fegafded as first order
reflections, the dimensions of the corresponding hexzgonal unit of structure ars
found to be 6.84 sngstroms in height and 4.24 sngstroms along one gide of the
base. (see Figure 2). Combining these measurements with the density, 5.644 o3
quoted by Grothl, thie unit ie fourd to contain one molecule, CdI,. on this

basiz the (00.1) reflecticms will be the first to eighth orders, the (11.0) re—

e scam e e e e e A e s S e e b e e et e b s e e ave e o b s e com ow

P. Groth, "Chemische Krystallographie" Leipzig, 1906, vol. 1, p. 213,

2Duane, Bull. Nat. Research Council, I, No. 6 (1920).



Table 1.

Data from the Spectral Photographs.

Reflecting - Angle of Order of

d
plane ' reflection n intensities
(00.1) 2° 34! 6.83 -
od
: g
lst
15° 35 1.14 50
gth
5th
(10.0) ' 14° 26" - 1.23
(11.0) 8° 18" 2.12 18t
16° 537 1.08 2"



flections the first to third orders, and the (10.0) reflection will be the third
order.

3. Discussion of the Possible Structures.

A symmetrical Laue photograph showed that cadmium iodide is not hexagonal
but trigonal. An exsmination of all the spote showed that the symmetry of the
photograph corresponds to that of the point group, DSd’S snd that therefore the
afrangement of the atoms is gi#en by a specialization of the point groups DSd
or CEV" If there is but one. molecule in the unit the possiblelarrangements

are all included in the following:

wif
o ok
=

o

I. Cd at 00%, Iet 55w,
II. Cd at OOu, et 335

III Cd at 000, I at 00u, OOU.

Arrangement ITI places the three atoms in a straight line parallel to the
axis of the crystalj conaeqﬁently the spectrum from any prism face would show
a regular decline of intensity with order of reflection. Since the (10.0) speo—
trum shows a third order much stronger than the first or second orders, these
arrangements may be ruled out.

To distinguish between arrangements I and II, use was made of the intensities
of the (00.1) reflectione. For the intensity, I, of reflection of a given wave-
length from any plene we may write: I = f(d/n)-sz, vhere for arrangement I,

nl (h + 2k

'Y
rcos 2= + ET'{;cos n + luﬁ . Cd end I, the reflecting powers

&l

g =
of ths ;toms, were taken to be proportional to their atomic numbers, and were

put equal to 10 and 11, respectively. f(d/n) is conslidered to be a function de-
creasing continually with decreasing values of (d/n). h, k and 1 are the Bravais-

Miller indices of the reflecting plsne.

- s e oam B cam e S i e S e Em e MR e e G e e i A e e P s mam et ot i e i wm e e e

8

Notation of Sch8nfleis "Krystullsysteme u. Krystallstructur® Teubner, Leipzig,
1891.
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| For the reflections from the (00.1) face S becomes 10 + 22 cos nu for
fa;rangament I while for arrangement II, S =—/P‘§10 cos nu + 22)2 + (10 sin nu)%] .
Plote were constructed showing the value of S for all distiﬁct valuee of the
parameter, u, for each of these arrangements.

Congideration of the comparative intensities of the different §rders of
reflection given ih Table l,rand of the nature of the intensity function, ieads
to ﬁhe conclusion thet certain inequalities exist in the values of .S. If Si)
be the value of § for the nth order, 5g>51, 5,7 8g, 54> S5» 5> 55y 557> S,
and 88:> S7. It was determined from the plots that these conditipna are never
satisfied for arranZement II, and therefore this arrangement is impossiltle. These
conditions are satisfied for arrangement I only in the region Eetﬁeen u = 0.23
and 0.253. Becsause the sixth order réfleotion ie several times &s strong se
the seventh, and since Se is calculated as described above to be greater than
Sq only above 9.248, the best value of u is considered to be 0.250. Deviations
of the reflecting powers of the atoms from strict proportionality to their atomic

numbers would not require the value of u to lie within these limits, But a large

deviation would not permit u value of u very far removed from 0.25.

4. Confirmation of the Structure by the Lsue Photographs.

Unsymmetrical Laue photographs were examined to cbnfirmrthe structure given
by arrangement I. Two photographs having over 150 spots each were analyzed, the
intensity of each spot estimated and its wave —length calculated on the basis of
the unit previously chosen. The smallest wave-length found for any spot was
0.26 angstroms, a value consistent with the voltage spplied to the tube, about
53,000 volts. Figure 1 is a gnomonic projection of one of the photogrsphs, with
the Laue photograph represented disgrammaticelly in the center. The area of each
spot is proportional %o £he intensity estimated from the photographic plate.

The structure was tested most eatisfactorily by comparing the intensities
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‘oflgpots produced by planes having the same interplanar distances and reflect~
"ihg with the same wave-length. Forms as {h k 1} and fk h i}h&ve the same
:cglculated value of S when (h + 2k)/3 is an integer, but otherwise S is dif-

’ fereﬁt for the two forms. In no case where (h + 2k)/3 is an integer could
differences in intensities be establishec when comparisons were madé in the
manner just described. When (h + 2k)/3 is not an integer, the intenaitiee
never failed to cdrrespond a8 well as could be expected to the values of S
caléhlated by means of equation (1) for u = 0.25. Comperisons were also made
between all forms having ihterplanar distances nearly equal, and found to be

sﬁtisfactory.

S. Discussiop of ﬁhg Structure. Summary.

All the data obtained from three spectral photographs and two uneymmetrical
Laue photographs confirm the structure of cadmium iodice represented in Figure 2.
The positibns of the iodine atoms were determined by comparing observed in-
tensities of reflections with the intensities predicted assnming the reflect—
ing powers of the atoms to be proportional to their atomic numbers. But with
any reasonsble assumption regarding reflecting'powers the gtome would be placed
close to the’positions that have been chosen. This arrangemént has been shown
' to be the only possible one if there is only one moleculs in the‘unit. Arrange—
ments involving more than one molecule in the uﬁit, o} invoiving & rhombohedral
lattice have not been investigated.

In this arrangement the shorta=st distance between the centers of cadmium
and iodiﬁe atome is %.00 zngstroms; this happens to be exactly the sum of the
Bragg radii4 for these atome. The shortest distance between iodine atoms is
4.21 angstroms, & value much larger than that given by Bragg as the "diameter"

of the iodine atom, namely 2.80.
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4 §. L. Bregg, Phil Msg. 40. 180 (1920)."



It is interesting to note that this srrangement is that found forPyrochroit

5
Mn(0H),, by G. Aminoff , who estimates the value of u to be% .

Pasadena, May 1922.

5 Zeit. fur Krystallographie, 56, 127 (1921).



FIGURE 2

Arrangement of the atems in cadmium iodide.



MONOGRAPH ON THE SEPARATION OF THE ISOTOPES

Richard M. Bozorth

I. Introduction

- The existence of isotopes among non-radioactive elements was first discovered by
J. J. Thomson‘1 during his experiments on positive rays. When hie discharge tube con—
- tained Neon, he found beside the line corresponding to an atomic weight éo, a faint
line COrrespdnding to an atomic weight 22. It has since been shown that Neon is real-
‘ly a mixture of two isotopes, and more recently Aetonz has investig;ted»a>graat number
of ¢lements and found that a large proportion of these are in reality mixturee of two
or‘more isotopic forms.

| Since the discovery of the two forme of Neon attempts have been mede to separate
those eclements which are mixtures into their constituents. It is the purpose of this
nonograph to discuse the methods of separation which have been proposed, and the actual
attempts at separation whigh have been made.

II. Properties.
The only propertias in which isotopes differ dintigctly are mass; and correspond-

:_ ing vélocity of translation or sgitation of the molecules. The other properties which
havg been inveetigéted are enumerated below.
1. Atomic volume. 7Richards and Wadsworth® found the density of lead to change

with the atomic weight so that the atomic volume remained the same within the limits of

. experimental error, about 0.01%.

2. Solubility. Richarde and Schumb4 determined the molecular gsolubilities of lead
nitrates from ordinary lead and from radium lead, and found them to be the same within
the limit of experimental error, less than 0.01%.

3. Electrochemicsl equivalence. Van Hevesy and Paneths measured the potential of

the cell, Hg,Cl,, Pb(NO4),, PW0,, using a solution of Pb(NO,), from ordinary leed and

then replacing this by a solution prepared from radium lead. When one Pb(NO,), solution



was substituted for the other he found nc difference in the potential of the cell with-
‘in 16 microvolts.

4. Absorption in charcosal. Astoé;absorbed neon in charcoal cooled by liquid air,
then sucked cff the yas from the charcoal after it had been warmed somewhat. He hoped
that the first fraction which came off w.uld be richer in the lighter isctope, tut
after 3000 distillations found no difference in dq?sity.

el

5. Spectral FProperties. HarkinsAhaﬁedetec ed a difference in the wave lengths
of the lead 4058 line in ordinary lead and radium lead. The difference in atermic
weights of the two kinds of lead was 0.9, and the shift in the spectrum 0.0044 angstrom.
Mertoghhas confirmed this facy,‘finding a shift of 0.0050 + 0.0007 angetrom, and find-
ing also a shift in the other direction of 0.0022 i 0.0008 angstrom for therite lead
having an atom weight about 0.6 unit greater than ordinary lead.

Loomig’has sug’ ested that in the absorpticn spectra of the hydrogen halides there
is a difference in wave—length for isctopes, and he believes he has identified one line
which ie due to HCl55 alone, and one due to H0157. These are supposed to corresovond

to the frequencies of vibration of the hydrogen and chlorine nuclei along their line

of centers.

In general, it is interesting to note that Eaxte;bfound the atomic weight of
meteoric nickel to be 58.88, a value the same within the experimental error as the
atumic weight of terrestial nickel, 58.70, which he determined in the same manner.

It seems likely; then, that elements are mixtures of isotopes in the same proporticrs
thrcughout the solar system, and that no natural mechanicai process exists which sepa-

rates them.

I11I. Nethods of Separation Depgg@gqp_upog_avpiffgggggqﬂin Mass.

(1) By Positive Rays.

Astonéestimates from the dimensions of his positive ray spparatus, that he could
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construct a new apparatus which wculd separate the two isotopes of neon, in which
. 0.0005 of the total tube current of 10 milliamperes would be carried by the positive
) rays‘rgaching the receiver. For such an apparatus, the volune of gas collected per

. hour, measured at 0° and 760 mm. would be

. .010
20005 x 0.010 . 22400 x 3600 = 0.004 cc.

96500
_ But it would be extremely difficult to fix even this small amount once it was separat—
‘ed intc its components. It would be diluted by the gas which is present in the tube
even at the low pressure attainable, and would repuire extreme cold to prevent its
. diffusing eaway.

(2) In a Gravitationsl Field.

The presence of the isotopic mixture neon, in the atmOSphere,'suggests that at
& great height above the surface of the earth the isotopes do not exist in the same
relative proportions that they do at the surface. An approximation to the ratic of
the two isotopes existing at any height can be calculated by assuming a constant tem—
perature, say 250° K.

Let Pog = the partial pressure of Ne20 at & height, h, and = demsity of Ne,,

at a height , h,

i

then dp20 = 'dhﬁig' and pzo—;;O = RT. - )
- = RT - ra” AT
Combining these, -—dh(gbg = d(?. a,-—-, or €° = cg, RT
Let =@ when h = 0
& 6. £:20.h
=p a *XT
then e° e”.ﬂ- _ z,;m L\_

: RT
Similarly, for Neger @, = B, L

2%\
and Cao - _fgm Ll RT
631-“- eusn.

At the surface of the earth, the molecular weight of Ne is 20.2, and 2re. ig sup—

(eun
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22 — 20.2

g,.adly —reememem=— = 9. If a sample of air could be obtained from a height of
o 2 - 0

2082 2 x 980 %_w__m

,fgo m1les, or 1.2 x 10% em., (e would be 9 Q8. 8.3 x 107 x 250 = 12.27, whence
; kS

ggha molecular weight M given by %gw—E%mw = 12.27 is 20.151 which differs from 20.2

;ihy only 0.25%.

(3). By Cemtrifuging.

A centrifugal fie]d is similar to & gravitatioral field and the equation which
“applies hefa may be obtained from the one just developed by replacing the acceleration

g .by co“r, where w is the angular velocity and r the radius of the centrifuge. The
2

relation may be derived also by equating the terms, RT 1n—§9~ and %Mv » which represent

the work necessary to transfer a mole cf gas from the center, where the pressure is

 po» to the periphery, where the pressure is p. The equation obtained is

P, T ("l - \':)
p - (-] 2ﬁ
-1 = \ l

P2 Pa,
where v is the peripheral velocity, and the subscripts refer to the two components of

. the mixture.

For the ges HCl, ¥ = 36.46, Po; - _38 — 36.46

Pog 36.46 — 36

= 3.3478.

For & centrifuge with an arm 30 cm. long, whirling at the rate of 5000 R. P. M,
used
v = 15,700 om. per second. Thie is about the epeedAbny‘Tolmanma

in his apparatus for
produéing electromotive foroe in solutiona.

In this case __1&, at 300° K is 3.3478 x_Q_'o‘Ol = 3.3143 whence at the periphery

M = 36.4636,a difference of 0.01%. If a peripheral velocity 10° em. per sec. can be
obtained, M = 36.62, an increase of 0.5%. This large increase over the value 38.4636

is due to the fact that the value of the velocity appesrs as the square in the exponent

of 0.



5
Calculation of the equilibrium concentrations for a centrifuged licuid mixture is
more difficult than that for a gas, for here the molecules are prectically incompressibile.

W
.Poo]e has considered this Drob]em, and gives an approximate solution which can be put

. ay Q° (Ml 1.\
1nt0 the form ?fL = y Where che c1 and Co refer to the molar concen—
+ o, -

trations at the periphery, and Qe and Qotare the average concentrations along the tube.

IV. Methods of Separation Dependent upon & Difference in the Speed of the Molecules.

(1) Effusior . If a mixture of gases is sllowed to effuse from & small hole, the
nunter of mclecules of each kind which Piow out is proportional to the numter impacts

s [ s f et
per cmz. per sec. made by the molecules of that kind. The number of impactchmzhsec. for

"~ any gas ds determined by the kinetic theory is 1/4 nG where n is thé number of molec/cc.

and T is the mean velocity. Since for two gases A :—1/gg;;the ratio of the concentra-
“ " t 4

8
tions of two isotopes, A and B, in the gas which has flowed thru the opening, is EEZL_1/21;
Mo
A
For HC1, ;gé = 1.028, and the corresponding molecular weight of the effluent gas is
'4
38.450.

(2) Rapid Evaporstion. If the pressure of the vapor above a liquid could be kept
at zero, the number of molecules evaporating from the liguid would be equal to the num—
ber of impacts of the molecules of the liguid upon the surfsce layer. Vhen & liquid and
its vapor are in eguilibrium, the mumber of impacts of molecules upon the surface layer
from the vapor and liquid sides must be equal. Consequently when there is no vapor phase
present, the number of molecules evaporating per sq. cm. per sec. is equal to the nunter
of iwpacts per cm! Ar;;c. calculated for the vapor, namely 1/4 ndé. This expression can be
evaluated in terms of p, T and M, and it can be eesily shown thet the number of moles, N,
This relatién has been derived and

evaporating per so. cm. per sec. is .
. H2 T RTHM o

tested experimentally at low pressures by Volmer and Estermann. For two isotopes,

N} - fi_ { M. g Oor if X4 and X, are mole-concentrations in the liquid state,
A <P¢ ) )

h7 _Jj;: /»A separation could thus be obtained by collecting very quickly the vapor
Na

froi a rapld evaporation.
13 ook (s
(3) Diffusion . The Rayleigh diffusicn theory assumes that the diffusion ccefficient

of each zas is inversely proportional to its molecular weight. Then if x and y are the



~molal concentrations of the two gases in the residue and x and y the initial concentra-

‘tion-s,v the following equations hold:

\
dy = ky —
y kyj,ﬁy
dx = Kx
| -,
therefore dy = gvfﬁ;
dx XMy
This may be put into the form:
e I,
Yty _x,_(i/_r_ﬁnm? b8 (%S"Tr““
Kotye KT, fofy, : Yot te \bofx,

For an equimolar mixture of two isotopes, this may be approximately expressed as follows:

e _ ™M LR S finel volume
. ot
$o/¥s LR initisl volume

| ~or, the retio of the two comstituents after diffusion, divided by the ratio before
diffusion, is proportional to ¥'® root of the ratio of the volumes before and after
diffusion.
For mixtures not equimolecular, the more genaeral equation above must be used.

The diffusion coefficients are inversely proportional to the molecular weights only
a8 & first approximation. Using Boynton's expression for the diffﬁsion coefficient, and

assuming equal diameters for the two isotopes, the ratio of the diffusion cosfficisenta
i, r' ———
is found to be m, . A, TR DI

-‘f ~ ’
ml 2-"“\1 ks o ’-——’h.\ ’h\’+’m~
[

appreciably fromﬂ; for example for HC1l when n1 = ng ‘@= 1.027, while the above ex—
— \ _

L

pression gives 1.070. This is a large discrepancy, and if the latter value is really

This differs

f;he correct one Rayleigh's theory mekes the separation seem much slower than it really is.

(4) Thermal Diffusion. Ghapma.n15 haé celculated the separation of isotopes in a

mixture under a temperature gradient instead of a pressure gradient. He finds for the
same values of —L1 - and —1- that thermal diffusion is about three times as efficient

as pressure diffusion. According to bis formulae, the atomic weight of neon could be

changed by 0.001 unit by one diffusion, keeping the extreme temperatures 80° and 800° K.



7.

VA Method Dependent upon a Difference in Light Absorption Spectra.

- .

16
Thig method hes been suggested by Merton and Hartley, and depends for success upon

a difference in the absorption spectra of the two isotopes of HC1, HBr, or HI. Suppose

g7 Dut mot by HCl,

and & corresponding band of equal width of wave—lengthAA,, absorbed by HC155 but not

there is & narrow band of light of wave—length A\, absorbedhby HC1

‘ : , ~dX

by HClz;. The law of light absorption may be expressed I = I, 4, where I, is the
‘original intensity of the beam, and I is the intensity after it has padsed through a
thickness, x, of material whose absorption coefficient is A . Let a beam of white light

pass thru & column of ordinary chlorine until all but 0.001 of the light of wave-length

A\has been absorbed; i.e., until ;EAJ = 10"3. Since there is about three times as

o .
much Cl3 as Cl in ordinary chlorine, light of wave—lengtllkwill be absorbed by 3
times as much meterial. This is equlvalent to saying that x for A is 3 times x for A
Then Ikt - 2 ( ) QD )-|o and -JLAL = |0 ‘

Io I IA‘ :

Upon passing this filtered light thru a mixture of hydrogen and chlorine, the light

of wavé—length'A|wi]1 activate H and Cl57 while H and €1,_ will not combine appreciably

35
because the‘actiyating wave—length, At, is almwost entirely &bsénf. The resulting HC1
will then be almost entirely HCl,, |
VI. Actual Attempts to Separste Isotopes.

Zesides the experiments describted in Sectibn II, there have been several more
serious attempts to obtain actual separation. These are enumerated below in the order
in which the experiments were performed.

(1) By Diffusion. Astog7diffused neon.thru clay piﬁestem and obtained a difference
in density between the light and heavy fractions of 0.7%. Repeated experiments showed
a difference of but 0.3%. 2

Harklns dlffused HC1 in & similar way and obtained s d1fference in density of about

.12) §1>Centri£ggigg, Joly and Poole’centrifuged molten lead, attalnlng a peri-



8
. . 4 .
pheral velocity of 10" cm. per sec., btut could detect no separation. They calculate

a difference in denaity of only 0.005%, too small for their methods toc detect.

{3) By Rapid Evaporation. Bronsted and von Heves;odistilled mercury at about
50° in a high vacuum, condensing the vapor on the surface of & flask filled with liquid
air.‘ By repeating this process many times these men succeeded in obtaining a difference
in density between the final distillate and residue of 0.05%, corresponding to 0.1 unit
in atomic weight. In a1l they distilled 2700 cc. of mercury, obtaining 650 cc. of distil-
late and 2050 éc. of residue.

Bronsted end von Heves;‘have by this same method separated the isbtopes of chlerine,
by evaporating a strong solution of HC1 at -50° C. They obtained a difference in the
atomic weights of the lighter and heavier portions of‘0.0Z unit.

Eallikan and HarkingmhaveAséparated mercury in essentislly the‘same way that
Bronsted and von Hevesy have. Their separation corresponds to 0.03 unit in atomic weight.

(4). By Effusion. Bronsted and von Heves?apassed a stream of mercury vapor thru
a tube in the wall of which wae inserted a platinum (isc perforated by 1000 holes having
& diameter of 0,15 mm. The fraction of the meréury passing thru these holes was found

to differ in density from ordinary mercury by 0.001%.



1. J. J. Thomeon, Rays of Positive Electricity, Longmans, London, 1913, p. 112
2. F. W. Aston, Phil M=g. 40, 628 (1920)
42 436 (1921)
3. T. ¥W. Richerds and C. Wadsworth, J. A. C. S. 28, 221
4, T. W. Richsrds and W. C. Schumb, J. A. C. S. 40, 1403.

5. G. v. Hevesy and F. Paneth Nonatsh 36, 795 (181%)
See C. A. 10, 148.8

6. F. A. Lindemann and F. . ieton, P. M. 37, 527 (1919).

7. W.D. Herkirn and L. Aronberz, J. A. C. S. 42, 1328 (1920).
8. Merton, Proc. Roy. Soc. London 96A, 388 (1920). |

9. Locmis, Astrophyse. Jour. 52, 248 (1920)

10. G. P. Bexter snd L. W. Parsons, J. A. C. S. §§, 507 (192i}

11. J. H. Poele, Phil. Mag. 41, 818 (1921) |

12. M. Volmer and J. Estermenn, Zeit. Phys. Chem. 99, 383 (1921).
13. Lord Reyleigh, Phil. Mag. 42, 493 (1896).

14. W. P. Boynton, Xinetic Theory, Macmill&n? London 1804, ». 103.
15. S. Chapman, P. M. 38, 182 (1919}.

16. T. %. Merton and H. Hartley, Nature 105, 104'(1920).

17. Ref. 8, p. 5é9.

18. W. D. Harkine, J. A. C. 8. 43, 1803 (1921)

19. J. Joly end J. H. J. Poole, P. M. 39, 372 (1920)

20. J. N. Bronsted and G. v. Hevesy, 7. P. C. 99, 189

21, " " " L n Nature, 107,619 (1921).

22. R. S. Mulliken and %. D. Harkins, J. 4. C. S. 44, 37 (1922).

10a. R. C. Tolman, Proc. Am. Ac. Sci., 46, 120 (1910).



