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INTRODUCTTI ON.

[

Modern atomic theory has shown that the potentia
energy of any diatomic oscillator as a function of
the distance of the atoms apart may be represented by

.a curve of the type shown in fig. 1.

their potential energy may be taken as zero; thus

XY is the abcissa representing zero potential energy.
As the internuclear distance, r, is decreased the
potential energy of the system at first decreases,
due to increasing attraétive forces, till, at
distances of one or two Angstroém units, repulsive
forces become increasingly important and as r is
decreased these rapidly outweigh the attractive
forces so that a minimum occurs in the potential
" ecurve at a value; 8ay Tge

Now quantum mechanics has shown that every
oscillator under all conditions - even at absolute
zero - possesses a definite quantiséd residue of
kinetic energy. This residua}l, or, as it is usually

called zero-point energy, is equal to % hy,, where




_é.
Yo is the ground frequency of the oscillator and
| !n' is Planck's Constant. Thus although the |
| potential energy of the molecule is given by AB (see|
fig. 1) the emergy of dissociation of the molecule
(:Dv}i;',sﬂB - BC, where BC represents the zero-point
| energye
The exact derivation of these potential curves
| is a rather difficult problem. One method is to
E apply Condon's theory (Phys. Reve., 28 p.1182 1926) |
| which constructs the curve from the distribution of i
intensgity in the band spectrum. A simpler method, |
which may be employed when the dissociation energy, |
| the fundamental frequeney and the equilibrium radius!
.of the molecule are known, is to determine from thesq
data the constants of the Morse Equation (Phys. Reve |
34,P57), which gives a curve of the required shape. |
A third method is to determine theoretically the |
forces involved in the binding of two atoms and,
therefrom, to derive an eguation for the potential
energy. On account of theoretical difficulty this i
| Llast methdd is always limited to determining the
potential curve accurately around the minimum énly
i so that the quantities D, and ro may be obtained
with acecuracy. . : |
Pre&ihua to the development of quantum theory
| electrostatic calculations had been applied to !
‘determine the energies of ionic compounds and crystals

(Born, Handbuck der Physik Vol. 24, 1927). = These

involved 2 consideration of Coulomb attractive

‘forces, and repulsive forces which were supposed to
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arise from multipole interactione

Now, from a purely formal treatment of the
| quantum theory (Pauling, Je Am. Chem. SoCoe, 54 (1),
pe 1367), it may be shown, that, for ionic compounds
the energy is composed of two parts (1) a €oulomb

attractive potential A(r), and a repulsive potential

‘B(r), which results from resonance forces between

the electronic shells of the interacting particlese F

It is thus still justifiable to separate attractive |

and repulsive forces and to write:- [
2(7) S"A(F)"+ B(r)

where a proper quantum potential funection is used

for B(r).

In the case of the electron=-pair bond the energy
involves several resonance terms (Born, Z.f. Physike.
64, pe729, 1930) mutually interrelated. The gquantum
treatment of such a problem is very tedious, and
has been carried out approximately, only in the
very simplest cases (see footnote).

It usually happens however that chemieal bonds
are not either purely ionic or purely non=polar

but, in general, involve a mixture of binding.

FOOTNOTE : Hg has been treaﬁed by Heitler and
London, (Z.f. Physik, 44, pe 455, 1927) Sugiura,
(ibid, 45, p.484, 1927) and Wang, (Phys. Rev. 31 D.
579,1928); LiH by Hutchisson and Muskat, (Phys. Reve
40,p+340, 1932); Li, and Li, by James, (J. Chem. Phy

2, D»794, 1934) and (ibid, 3, P»9y 1935).




a
For, if the substitation of an ionic eigenfunction
and an electron-pait eigenfunction in the Schroedinger
wave equation lead both to about the same energy for
|the compound, then it follows from quantum mechanicsé
ithat a proper solution requires a linear combination
!of the two eigenfunctions (Pauling, loc. cits)e This!
ESubatitution always leads to a greater energy than
Eeither of the simplé substitutions, and thus pepres-

sents a more stable molecule. ‘ i

In the following sections the energies of

digsociation into ions of the halides of Ii, Na, K,
;Bb, Cs, NH,, Cu, Ag, Tl, Au and the hydrides Ii, Na,
K, Rb, and Cs will be determined first from the
experimental data extant, and then reproduced by a
theoretical caslculation, in which it is assumed that‘
these compounds have a preponderating ionic

charactere. i
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Bxperimental datas- Although the direct experi-

_:mental determination of the energies of dissociation
:(DV) of the gaseous salts mentioned above has not
fbeen performed, their values may be obtained indirect-
!:1y however from the lattice emergies (L) and the i
|heats of sublimation (S) of the orystalline salts.

| From the cyclic process shown in Fig. 2. it is

evident that
Dy=L - 8

Dy
(Gaseous Molecule) — — 3 (Gaseous Ions)

|
% (Crystal) Fig2.

?values of the lattice energies of all these salts
é(except those of Auw) have been caleulated recently
!by Sherman (Chem. Re¥. 11 P93, 1932) and are
estimated to be accurate to within 3%.(See column 2
of table 2). The lattice energies of the aurous |

salts are those estimated by Klemm (Z.f. physik. Chem.

812" pul, 1931)%

The gublimation energies of the crystalline salts
are not known so precisely although quite a number of
independent sets of values have been publighed.
| A complete collection, as far as can be ascertaib-

ted of the data available for the alkali halides, is

|given in columns 1,2,3,4,52adb of table 1. The

| values of Wartenburg and Schulz (column 1) and Fioch
‘aanRodebuah (column 5) were determined from measurements
!of the vapour pressure of the salt at two or more

dlegp S
temperatures, the slope of the equation dﬁf ~ RT*




giving the value of S . The values of Klemm, Fajans |
Eand Schwartz, Mayer and Helmholtz, Beutler and Levi
(columns23,4 and &) and those for the HHZ:salts

(column 9), which were obtained from data in the I.C.f.
and Landholt-Bornstein were determined from one
éobservation of the vapour pressure which gives the
%ffee energy of the change solid (or liguid) — vapour,
itogather with the entropies of the solid and vapour
;which can be estimated from heat capacity data.

| A casual comparison of these data at once shows
Ethat the values in column 1 are quite out of agree-
5ment with the others. Of the other valueé those in
columns 4,5 and 6 are of greater precision than those;
in columns 2 and 3. In order now to make an exact |
ﬁnalysis of the data the figures must be compared at
the same temperature. For this purpose 1 Kilocalorie
was calculated to be the average difference in
%ublimation energy between 0°K. and 298°K. Then |
5laciqg the greatest'reliance on the figuresg of i
columns 5 and 6 a weighted mean value was determined)i
column jjwhich in most cases should not be in error i
by more than 2 K. cals. An exception is LF which may

be in error by 4 Ke.calss In the case of the salts of

|
Cw, Ag, Tl and Au reliance had to be placed entirely

on Klemm's velues (column 8) which may contain an
error of 3 K.cals., and,in the case of the alkali

|

pydridea,on Kasarnowski's data which may also be in

|
error by 3 K.cals. Insufficient data was available

to calculate a value of (S) for NHqF ; the values for
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Table 1.
Heats of Vaporisation of Salts (K.cals Z Mol.)

sa1t 298° 293° 201°  0° 298° 9° 298%Sa1t 293° 298° X

(1) 52y, (3) ()5} (6) -(7) (8) (9

LiF 57 69.--69 62 - - 67

Licl 39 48 249 47 - = 47 ©uCl 23
LiBr 40 46 47 43 - - 45 CuBr 23
Iil 40 51 - 39 - A7 46 GCul 23
NaF 617--7% - 72 —65 - - 69 AgF 65

NaCl 48 58 58 54 - 55 54 AgCl 60
NaBr- 40 5]~ BI1- 5o i G4" SG1C 51 KgBpr o 53
Nal 39 48 48 48 - 50 48 AgI 46

KF 45 60 6o 59 - =

KC1 44 - 53 B3 B2 G- v 63 . H5D Aull - 28
KBr 41 51 51 50 50 51 50 AuBr - (25)
KI 3948 -~ 49 48 ‘47 48 47 Kut . i(23)

RER - 43 53 53 9% & =E 03

BRBGI= 41 51 =50 53 - $ .91 Ti16l - 37

RbBr 39 48 49 49 - == 48 - MBr 30

RbI 39 48 @ 48 46 e 47 T1I 28

CeP 37 46 46 46 - - 46 THF -
CsCl 40 48 49 49 47 - 47 NH,C1 45
G5By -39 48 48 47 - = 46 NH,Br 51
CsI 39 48 48 47 - - 46 NH4I 49
LiE (40) i~

NaH 27

KH 22

RbH 21

CsH 20




References teo Table 1.
Column (1) Wartenburg and Schultz, Z. Elecfrochem. 27

P0568, 192lc

|
(g)and(a) Klemms Ze PhYSiko Chem. Bc.12, Dely

1931.

(3) Fajans and SchwartzsZ. Physik. Chem.
Bodenstein Festband,'p. 717, 1931.

(4) Mayer and Helmholtz,Z.F. Physik, 75, pe 26

1932.
(5) Fiock and Rodebush, J. Amer. Chem. Soce48.

DPe 2522, 1926, |
(6) Beutler and Lévi,Z. Physik.Chem. B,24. p. |
263, 1934. :
(7) For the alkali hydrides Kasarnowsky, Z.f.

; Physiky 61, p«236, 1930
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the other ammonium salts (column 9) do not involve an
error larger than 3 K.calse

The lattice energies, the sublimation energies
.finally chosen and the energies of dissociation
iobtained by difference of (L) and (8) are collected
;in colums 2,3 and 4 respectively of table 2. All
fﬁhe data are in Kilogram-calories per mole and refer

'to 25°C.

igggoreticgg Calculation:- The first theoretical

!calculation of the energies of dissosiation of the

lalkali halides appears to be that of Reis (Zf, Physik,
1 p. 294, 1920), who used the expression

,¢= GiOr be* (1)

for the mutual potential ¢of the ions at the distance

r, and employed values of b and n taken from Born's

!
;calculation of the lattice energigs of sslt crystals.

! This expression ig quite inadequate, since it
éneglects the important unbazlanced polarisation forces
which adjacent ions exert on one another. This
;defect was largely rémedied by Born and Heigenberg
I[Z.f. Physik, 23 p.288, 1924) who derived the

exXpression

3 <) , be* ;
- ?(H”‘f{;i +ioq + B2 )

in which the polarisabilities o{;and oof the ions

are introduced. The values of D, obtained by these

authors agreed very well with the data then available,
!but when compared with the values given in Teble 2
E(column 4) are uniformly about 10% tooc high. This of

écourse might be remedied by a different choice of



constants, but the expression also needs revision
gbecauée'it uses the older crystal lattice repulsive
Epotentialo

The application of quantum mechanics to problems |
?involving repulsive potentials by Bruck (Z.f. Physik
|i", pPe 707, 1928), Unsold (Z.f. Physik, 43, pe 563,

'1927) and London, (Ze.f. Physik, CheB.1ll, p«222, 1930)]

ghas shown that the discriminating part of this potential

'is exponential in form. Born znd Mayer (Z.f. Physik|

75, Pel, 1932) have recently applied a repulsive !
| =1
potential of the form B(r) = byb_e ® to the calcula-

ition of the lattice energies of salts with. |
| |

considerable successe. This is applied in a slightly i
modified form in the following calculatione. ; !
i The potential energy of the two ions may be
iexpressed as @(r) = A(r) + B(r). where A(r) and B(r)
iare the attractive and repulsive potentiais respectivelye.
|

A(r) mey be written as

| / ek el
A= L(iesdae o) § Bt 2 )

in which the first term is identical with that of |

Born and Heisenberg and the second is the resonance ‘
|

1 |
term which London (loc.cit) has deduced for the |

interacting electronic systemse. The numerical i

coefficient 9/4 suggested by Born and Meyer (loc-cit)!
ias been used instead of 3/2 as given by London. :
| Bquation (3) can only be applied at temperatures |
eppreciably removed from absolute zero since at very |
low temperatures, as Margenau (Z.fe. Physik, 64, p.584;

1930) has shown, it becomes necessary to modify the




s A
dipole terms.

The repulsive potential of two oppositeﬁx charged |
| Tt~
ions may be writtem as  P(F) = Coh o7 .

Co is a numerical constant given by the following

formula, due to Pauling (Z.f. Krist,67 p. 377,1928)

s L+ L~
C. I+W+_ Noaisnl

'where e, is the number of electronic charges on the

4
!Gation end N, the number of electrons in its outermost
;ahell, and e_ and N_ refer to the same quantities |
ébelonging to the Anion. Thus for the Mo, K;REGs: and
fa:l:ﬂ!rlm:liuxn halides and TiH, Co = I, while for Na, K, Rb
iand Cs hydrides Co = 0.625, and for Cu, Ag, T1l, and |

Au halides Co = 0.929.
=12
b is a2 dimensional constant = 10 ergse Born

fEE.
and Mayer first assumed Th and r_ to be equal to the |
Goldschmidt ionic radii, and on this basis derived

values of e from the compressibilities and coefficients

I
‘of expansion of the crystals. The values obtained

for all the alkeli halides did not differ greatly
|

'and they took for all these salts the mean wvalue

(345 % 10 cm. The values for the halide salts of

‘the other metals (see footnote) are given in Table 2,

column _50

. The values of p for silver and thallous salts are
‘given by Mayer ( J. Chem. Physics. 1. be 327, 1933);
'the value for cuprous salts by Mayer and Levy ( ibid
1, pe647, 1933); and the value for ammonium salts by
Bleick ( ibid 2, pe.160, 1934).
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Usi ng these values, Hugging and Mayer (J.Chem.

‘PhysiesI, p.643, 1933) derived r, and r_ more exactly

by finding the values required to give agreement with)

'the observed lattice distances of the crystalse.

If the values of T, and r_ and @ so obtained,

!correctly represent the repulsive potential of 2 i@ns:

;it should be possible to calculate the potential
!energy at the equilibrium redius (re) by first

?finding re from,

! ﬂé?eé) =0 G

and inserting its value in _¢(1,:&) =D, +& ©)

where £ is the zero-point energy.
The constants of Huggins and Mayer do not, however,

éive agreement with the eXperimental values of Dy
%hen uged in this waye. This is not surprising on
|

account of the complexity of the calculations for

Fryatals since effects, not otherwise accounted for,

will appear in the repulsive constantse

| It was therefore necéssary to determine the
|

repulsive constants ab initio from the experimental

%aterial- With the exception of .the a2lkali hydrides,|

Thich will be considered later, the value of rpis
pnknown and go it is impossible to proceed as Born

and Mayer did by inserting its value in (5) to
|

'determine r, =T, % r_ and caleculeting Dy by (6) from

! :
Fhe values obtained. Assuming that Mayer's values

5f P (locecit.) are appropriate both reand ro can be

determined by (5) and (€) using the experimental

%alue of Dy. These values cannot of course be
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employed to calculate D, since they will necessarily

reproduce the experimental data, but if the theory is

| adequate the values of r, should be additive for

different ions. In Table 3 are given the values of
r, and r, which were obtained for 14 salts. It{ was
then found that when r, was plotted against r, {Grap¥
I) that a straight line which represents the - :
relationship
r, = 0.768r, + 0.824 (7)

resulted. |

Although no fundamental reason could be found‘
for this equation its importance however, lay in theé
fact that, having derived it from a limited number
pf results, one could assume that it held generally |
for all the halide salts of Li, Na,K,Rb, Cs, NH#’ Cu;,
Ag, Au and thereby r, might be eliminated from (5) |
and (6).- The equations now requiring to be aoived

on this procedure were:-

| 2 S }k%;xl ;za zazf
,D,,=?(/+ 20 ) /4_(5,,.5_) frb Cobb
824~ 2321
LA ) M-ﬂ-néﬁ“o

From these equations the values of p, and I@ for
the alkali, ammonium, cuprous, silver and auroﬁs |
halides were determined. The agreement between
experimental and calculated values of D, (colums (4)
and (7) of Table 2) it will be noted is excellent

for all the alkali halides with the exception of LiF

; and CsF which may be due to faulty experimental datal

| In the case of the ammonium halides the agreement is|

(7)
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Table 2. |

Obgerved and Calculated Energies of Diggocigtiocne.

° I.l o0 g ® DV ° ° Igl). Dv(l) s re(z) ° DV(Z) oﬂx fo’scgg.
BE | (@) (3) (4 (5 @) Zl ey e o)
SR 0400Y o . 67 17375 ¢ 1598, 164 . = D190 . 5.5
1iCl 193.3 47 146 : 55018 U147 1.98 . 1§D 5.2
34
LiBr 183.1 45 138 24138. 143 . 2.15 1-;0 5ol
i |
111707 46 125 a.gmg A3 leEBIRIEE . -5
Na F 21540 69 146 1052 143 - 1.94 1:i&5 962
NaCl 180.4 54 126 - 2451 124 2.42 1&4 8eb
| e34
NaBr ,!171.7 51 121 24610 121 2463 :L!F.S 9.0
NaI 16048 A8 113 2e8092 1102493 109 96
KF |190.4 ~ 59 131 25006 131 = 2:91 133 816
K ClL 164.4 52 112 : 2.704 114 2,69 113 99
o34
K Br |157.8 50 108 2.891 108 2.89 108 10.6
KI 149.0 47 102 30126 102 3.18 100 11.0
Rb F |181.8 53 129 20345 129 233 126 90
Rb C1158.9 51 108 2.851 109 2.85 109 10.6
p . 4 1
RbBr (152.5 48 104 . 3009 104 3,00 204  11.1
RbI |144.2 47 97 3.31800 995.43.35 g7aiaio.g
Cs F [172.8 46 127 24566 118 261 15}6 967
0sCl |148.9 47 102 3.100 102 3,13 101 11.7
OsBr 143.5 46 97.5 3270 97 3427 97 1243
Cs I 1’3.36.1 46 5090 3.631 89 3+57 90 138
=
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| Table 2 (contd.)

: 15425. ' SQS: Dyﬂs; . rél). Dy(1). re(2). D2) i.ju.xiofxe.gs.
B ) ) ey g5 ey ) (8) (9) | (10)
M, F 1775 - - 24506 1175 .2.52 116.5 9487

| mo 153.3 45 108 s 39031, <9102 . 3.63 102 | 1147
mQBr 147.4 51 b 36199 975 - 320 97.5; 12.0
M, 14;,06 49 94 3.536 90 3¢5 91 | 135

| | |
IE  219.2 (40) 179 (1.60) 184.5 | -
|l H 19;2.33 27 165 i (1.90) 171 ' =

: ‘3 : |
- frm  168.8 22 147 2,323 143 il 1.40
RE  163.3 21 142 2.516 143 | 3.34
156 20 136 2,873 118 Eie

|
-| tuCl 2%8.1 23 205 1.738 204 ls74 205 | 1.82
fuBr 22i3.6 23 501 = <223 1.841 201 1.97 185 | 1.46
Cul 22;1.2 23 198 2,024 192 2630 =160 | s
- |eF 2253.0 65 158 1.927 165 1.92 166 5.64
gl 207.3 60 147 5 2,382° 143 247 137 | 6.5
| 260

B 204.3 53 151 23514, 55193 2.65 129 =
I 20‘1.9 46 156 2763 128 2.96 117 -
kgl 236 28 208 1.952 209 1.95 209 2.38
b 243 25 218 .200 2.056 202 2Oy 186 | -

|
I 245 23 222 B4~ 190 - 2«B0° 159 |- =
Mol 170.9 37 134 2.30 136 | 4.41
N 166.6 32 135 361 2,60 123 | -
RE I, o8 . 134 3.04 109 -
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Table 3.
Salt Te T
NaCl 2640 | 24679
NaBr 20513 20772
K F 2419 | 251
K €1 2475 | 2493
K Br 2092 | 3606
T 34126 | 3.228
RbC1 2682 | 3.00
RbBr 2499 | 3.123
CsCl 310 | 34205
CsBr 3027 3034
CuCl 1080 2915
CuBr 1.82 2¢24
AgCl 24318 | 24585
AgBr 20333 | 2.628
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iagain within the possible experimental error. The
correspondence in the case of the cuprous,silver and
'aurous halides will be discussed later.

|
Reverting now to our original purpose of deter- ‘

1 |
i:mining the repulsive constants T4 and r_ of individual
ions it is evident that these may now be obtained by
suitably dividing the values of r, given by equation

(7)e In order to determine these constants the |

value for one individual ion must be chosene. |

a For this purpose Huggins and lMayer's value of r_
)

| for F was taken and the values giving the best
| additive agreement with r; for the alkali and

armonium halides were calculated (see Table 4). The

+

:values for Cu+, 11t and sut were obtained by sub- .

:tracting the r_ values for the C1l ion from the val@e

.Of r, for the corresponding chloride. In the case of
iAg+ the r_ value for the F ion was subtracted frﬁm
| the r,value of AgF (see Table 5)s The r, value for
jTit to which equation (7) did not apply, was obtained
{ from the experimentél value of D .

In Table 6 the values here found are compared
with those of layer.

Using these constants the values of D, and r,

(for all the salts were recalculated (columns 9 and 8,
iTable 2)e For the alkali and ammonium halides the
inew values of r, required do not differ significantly
in the majority of cases from those already obtained%
%In the case of the Cu, Ag and Au salts quite large

|
|differences in r, occur due to the fact that equation
|

%(7) applies accurately only to a few of these salts
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Table 4.

Tq r+¢ s oS A
Li F 2.05 1.96 ¢09
LiCl 2437 235 r 002
LiBr 2447 2448 «01
ToinT 2.64 271 <07
Na P 2032 2.31 «01
NaCl 271 2470 oQ1
NaBr 2.83 2493 0
Na I 3005 3406 o 01
KF 2452 2451 <01
K Cl 2490 2490 0
K Br 3:05 3003 «02
K I 3623 3e26 003
Rb F 2463 2662 <01
RbC1 3.01 3401 0
RbBr 3.14 3014 0
Rb I 3437 337 0
CsF 2080 2082 902
CsCl 321 3.21 0
CsBr 3¢34 3e34 0
CsI 3.61 3057 « 04
NH,F 275 276 201
NH,C1 3e15 315 0
NH,Br 3.28 3.28 0
NHegI 3e54 3.51 «03




1 i i lo 50 I‘ Lk, = loll
c1 7 |
|
re I'e I‘+
CuCl [1.738 | 20159 | 066
i 50 - 24981 | 1.48
AuCl [1.952 | 2.322 | 0.82
AgF  [1.927 | 24304 | 1.19
Table 6.
o B r
= I-ang © F=  layer T+ Maygr
Ei 0.85 0,475 | H - Aweb =
Hat. 196 0875 T/ rani- 1uaa0 | cat 6466 1eTB3
k¥ A0 1018y [ ceiTe 1isoie 1aags [ et (2i19 1.361
mot  1.51 1.320 | BrT 1463 1.600 | Tt 1.48 1.273
gats Gu7isg 1ee | aaT B 1,860 785 e 0a8onstia
NHI 1465 1.2947]

+ Bleick (J. Cheme Physics 2, ps 160, 1934)
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viz. CuCl, AgF and AuCle.
In the case of the alkali hydrides no value of (|
was available, but on the other hand for LiH and NaH|

the values of r, and also the fundamental vibration ;

frequencies (V,) are known (Krebs. Z.f. Physik, 80,

De 134, 1932).

The values of V, are related to the second
derivative of the potential by the equation

= A = : :

Vs = M/K% sec'’ (14)

where K = restoring force per unit displacement =

_M:M-

#"(r,)sp= reduced mass of the molecule = MM
H+ and M_ belnv the masses of the two ions concernedr
. hence since A (f) (23«6 Jﬁi%;;f (15)]
| ,e —
g % +1-1
and siéﬂ{ﬁ) = +/4”{7} 5 p(16)

f
: A'le) (17)
P i - A
Having obtained the value of o from (17)
substitution in (195) gives (r+ + f_). Then using

* +

the values of ry for Li' and Na already obtained

one obtains the value of r_

] (=]
In case of LiH 1x, = 1.60 A f’ = 43169 A .
Hence '

- <

Y, = 1383 cnm r = 1.72 A

o °

In case of NaH r = 1.90 A P = +3597 A

- Hence =~

), = 1171 cm r_ = 1«65 A

Since these values of P do not vary considerably
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from .345 this value was taken for all the hydride

isalts. Choosing P = o345 and solving equation (15)
| :
for r _ in the case of NaH the value obtained is 1.66.

The values of D, and reo obtained using these:

|
|
!constanta, f’z‘.345, r_ = 1l.66, are given in columns
;9 and 8 of Table 2.

i The data used in these calculations are given in
|Table 7. The polarisabilities are those given by
Mayer and Helmholtz (Z.f. Physilky 75, p.19, 1932)
together with Pauling's values for Gu*; Ag+; A %

and H (Proc. Roy. Soce A 114, p.181, 1927) and a
value for EEZ estimated by Bleick (loce cite)e

The lonisation potentials'of the ions and the

‘electron affinities of the halogens (given in ergs X
10*®) are from a paper by Rabinowitch and Thilo
i(Z.f. physike Chem. Beb.p290, 1930} the value ofor H |
iia from Shermen's paper (loce. cit.). No value of(D
?haa been given for Aut. The value used (+200) was
lestimated by plotting the values for Cui Ag, T1
;againat the compressibility of the metal and taking |
the value corresponding to the compressibility of

golde
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Table 7. |
. |
| |
O(Klauft' 73 | 1§ iz 24 17 '
e, EX10 2794 AxXl0 ee. EXx/0 2799 XX 10 e E K10 2rgo.
it  0.679 119 [ET 10,08 1.13 [cu’ 0.43 32.6
Na¥  0.21 75 |F= 1405 65 |AgT 1.72 33.4
et . 0.88 50 {C17 3466 6.0 |Tit 1.87 42.5 (est)
LEDT . 141 43 By~ 4477 5.6 |auT 3.50 3341
cst  2.50 42 |I” 7410 5.2
¥EY  1.70  45.3
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Numerical Solution of the equationse: Since no direct

|method is available for solving an equation of the
|type é/-,c)_ ¢ the value of r required was found byl
!a method of successive approximatione

The initisl problem of determining the repulsive
constants from the experimental valueg of D, was

'golved in the following way.

Writing equation (Szrgsvk
At = cabe 7 = 0

'we obtain by rearranging 3 A!'ﬂ)
e =, 2303, 'O r(%?m Cob

Successive values of r,were now chosen, Io
gcalculated, and then r and ro substituted in equation
(6) vize.
: D, = A (z) +3B (g) - €
gand D,determined for each value of r chosen. This
process was continued till = value of D5 (znd thus T )
,was obtained which gave the experimental value of D,
;to within 0.5 Ke.cals.(see Table 3).

Having obtained the relafion (7) from these
results the equation gﬁl(Q}OWas now. solved directly
:for re in the followiﬁg Waye :

A reasonable value of r, (say r,) was chosen and

() and Bf(q) evaluated.
It A'(q) 4 Bl(q) was pesitive a slightly higher
Value of r,was chosen (r,) and A’(rz) + Bf(rz)

evaluated. >

/
This process was co_ntinued till A'(g) + B (%)zo.

i This method is not so laborious as might at first |
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ésight appear as an actual example chosen at random

!will show.

| -l 2

NH, Br T = 3.162 ergs x 10
A'(3.162) + B'(3.162) = 3.639 - 3.583 = + ,056
A'(3.18) + B'{3.18) = 3.572 = 3.542 = + .030 |

| r = 3.236 |

| A'(3.236) + B'(3.236) = 3.368 - 3.416 = - .048

r,= 3.199

A'(3199) + B'(3.199) = 3,500 = 3,498 = + .002
'Hence r,, for NHfo = 3,199, | |

| In every case a solution was obtained where A'(r)
| ; .
‘differed from B'(r) by not more than 0. 1%

' From these values of T, the energies D, were .
| |
icalculated by direct substitution in equation (6).

The zero=point energy& was calculated from the

equation £ = 3+ hY,(ergs) in certain cases ,Where

h = Planck's constant = 6.55 x 10 (erg.—secs)
and ), is given by equation (14) above.

Its magnitude in the case of the alkali halides
varies from ;2 Kecals for CsI to 0.8 Keals for LiF. i
Since these values are within the experiméntal
éerror; a deduction of .5 Kcals was made in every

case for the alkali Ni,, Cu, Ag, Tl and Au halides.
In'the case of:LiH, E has a value of 2.0 Keals and
in NaH,a value of 1.7 Keals. A deduction of 1 Keal

-ﬁas made in the case of the other hydrides.

| The values of r, determined from the additive

%onsténts (column 8 Table 2) were calculated
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| approximately (to within 1%) by plotting ¢ (r) as
' a function of r, the minimum in the curve giving

' both re and Dy
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:Discusgions- From a comparison of the calculated

' values ofiﬁv,coiumns‘(7) and (9), and the experimental
column (4),in the case of the alkali and ammonium
_halides it is evident that both calculations give
:satisfactory results. One exception is CsF which
Emay-be-due-to faulty experimental data, another is
ELiF, for which the second method of calculation
ifaila to give a definite result.

; In every other case the calculations agree withig
i he possible experimental error. It would appear

i 0 be justified therefore to classify these compounds

as purely ionic. '

. Further evidence of the adequacy of the calcula- 
%:tiona comes from a comparison of the calculated
gialues of r, with values of r, for these compounds
fwhich may be obtained from a set of ionic radii for
imolecules compiled by Rodebush (Trana. Far. Soc. 30,
! p. 782, 1934). Rodebush points out that these
Em,olecular radii do not give exaetly additive ionic ?
‘radii so that the values obtained are only rough

iaverages. The general agreement shown in Table 8

'is however satisfactory.

|
|
imetal halides fails to account even for the sequence

The calculations in the case of the transition

%of values in these salts. The experimental values
of the alkali halides (fig. 3) all decrease in the
order F >C1>Br 7I, while the values for the

itransition metal salts either increase in the order

C1<Br<I or (in cuprous salts) decrease to a much

|
|
ismaller extent than in the case of the alkali halidesl
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Izble 8.

Rodebugh.

+ + - - ~ -~ =
Ion | Li ﬂa~* K H ® oloer.l Br | I
X 047 t87 1018 lel(lell 1947 1.10 1078

.Rodebush. Calc. A
LiH le57 (1s60) | = <03
LiF 1.58 1.60 |- 402
LiCl 1.94 2402 |+ .08
LiBr 2607 Deld 1% 607
Lil 2425 2636 |+ o1l
NaH 1.97 (1.90) | + «07
NaF 1.98 1.95 | = 03

|

NaCl 2034— 2-4-5 + 11
NeBr 2047 2,61 |+ J14
Nal 2665 289 |+ 24
KH 2028 2432 |= <04
KF 2429 2421 | = 608
KC1 2465 270 |+ 05
KBr 2478 2689 |+ o11
KI 3,06 3e¢l3 |+ 07
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!The calculated values also decrease in the order
IF)C.’l.}]?:r >I in both groups irrespective of the '
 magnitude of the characteristic constants of the
Imeta:l iongse It is thus evident that salts in the
second group are influenced by factors which do not

' come into the calculation and they cannot therefofe

' be regarded as having purely ionic moleculese.
The sgreement of the calculated values of the
|

' chlorides of these metals given in table 2 column (91

|cannot be taken as evidence that these salts are

| ionic compounds since the repulsive constants of the\

metals were chosen to give agreement for thesge saltaf

but it is evident that if the calculated values of

the chlorides are also too high for the ionic bond |

thoge of the bromides and iodides will deviate to an|

even greater extent from the experimental values

 than those given. Approximate sgreement for some

- of these salts is obtained by the first method of

|

|
calculation, in which in place of empirical constanté,
the empirical relation (7) is usede This certainly
works for the alkali and smmonium halides and might |
be regarded as evidence @&f the ionic nature of the i
other salts with which it succeeds. But its
application to these coﬁpounda may be accidental.

We can conclude that the energies of dissociation

of the bromides and iodides of the transition metals
under discusgion are certainly greater than is re-

tquired for iomic binding and are determined largely|

by other factorsy such as occur in the homopolar
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!bond. These effeects occur to a considerably
:smallgr éxtent, if at all, in the fluorides and
' chlorides. This fits in with the general conclusions
as to the nature of these compounds drawn from

spectroscopic (Spooner, Z.f. Electrochem., 34, p.483f

1928) and crystallographic evidence (Mayer, J. Chem.
iEhysica 1, p.327, 1933) and from the electrical

!conductivities of the pure salts (von Hevesy, Z.f. |

iElectrochem., 34, p.463).
| In the case of the alkali hydrides it is

| surprising that so large a measure of agreement
‘exists-betteen experimental and calculated values

!since it is definitely recognised that these compuunds
| are of a mixed bond type (Rodebush loc. cit).
, | Moreover the onus cannot, in this case, be laid on

the choice of repulsive constants since these have

been obtained from experimental material (viz. r, and
|

|
|
|
Iyg). The choice of ¢ = +345 may appear to be rathe?
i

arbitrary. If however the value .3594 (that for NaHJ

' had been chosen the agreement would still be as good |
| |

' as may be seen from the following Table 9. |

| Table 9.
| . :
i P = .3594 r.= 1,65
D, exp. | D, Calc. i
NaH 165 165
KH 147 146 |
RbH 142 135




30

In a recent communication Hellmann (J. Chem.

Physics 3, Pelbl, 1935) has described a Quantum

' mechanieal calculation of the energy of KH in which |

| account is taken both of the ionie binding, which '

| gaseous molecule into atoms and is related to Dy as

is es large as 80%, and the atomic binding which is |

20% of the total binding energy. The preliminary

' results are compared with those here calculated gnd

with the experimental values in Table 10,

Table 10.
KH

Hellmann Thesis | Exptl.

D Kecals 44,8 59.8 63.8

re 1.9 2.32 2,31

+ speciroscopic value

Here D is the energy of dissociation of the

follows
D=Dy-I+E, |
where I is the ioniaation potential of K (= 99.6)
and B the electron affinity of hydrogen (= 16.4).
From the above Table it is evident that the
present calculation fits the experimental facts

more exactly than does the present quantum mechaniecal

treatment of Hellmann, even though the latter mstis

no doubt on a fundamentally more adequate basis.

There are two possible ways by which to explain

| the agreement thus obtained from these partly homo-

| tpolar salts. Firstly it may be that the repulsive|

small
potential increases too slowly at/internuclear
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'distances and so corrects for the 20% homopolar
binding in these compounds or secondly, and more

!probably, it may be thatvthe value of the polarisa-

|tbility of H™ (10.08) calculated by Pauling is too

|
large. The fact that the calculated moments of LiH

'and NaH (see below) would appear to be negative seems

to justify the second possibility,
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Dipole Moments: An interesting sidelight on the

‘nature of molecules is obtained by calculating their

‘dipole moments. When the calculated value of Dy

‘agrees with that observed it may be considered that
|the value of reg is also correct; the effective dipole

imoment of the salt molecule is then given by:-

| :
|4 P=Fr = (pe*p) |
where PP = e T, and to the first approximation the |

‘induced moments in the ions are r+ -c( q/r , and

|F ={_ e/r?, so that '
g ere ( [ - ‘*1%‘——) |

; The values of r g0 obtained from the calculated

'values of re are given in Table 2 column 10 for all

the salts for which the observed and calculated

values of D, are in reasonable agreement.

For the halides of Na K, Rb, Cs and NH, the
‘leffective moment is of the order of 10 X 10~ % cgs.

units in agreement with the experiments of Wrede on

|
|
ithese compounds ( Z.f. Physik, 44, p.261, 1927).
|

Lithium salt%?AgF and AgCl have values of about
’half as great, the induced moments being 25% greater
than in the previous group, while in the caée of
cuprous salts, AuCl and the alkali hydrides the
linduced dipoles are almost as great as the principle
dipole.(Indeed in the case of LiH and NeH the ‘
calculation fails since here fé%%gf: > /)_whence!
'P would be negative which is impossible).

It will be evident from the above calculations

that, in the case of inorganic salts, the dipole
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I |
?moment does not give a quantitative measure of the .

' |
extent of ioniec bhinding in a compound. From a broad|

!survey of the results it could be concluded that '
|
compounds having a moment equal thor greater than‘§ '

while those having a lower value might possibly,

cgs. units were well defined ionic salts, ‘

although not necessarily, involve electiron-pair

binding.
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Appendix I

| Concerning the Use of Sherman's Values of the

| Lattice Energies (L)
|

In determining the so-called experimental values
|of Dy from the equation Dy = L - S it was necessary
Ito employ calculated values of L, experimental values
iof L for only 4 salts being so far determined. It
iis now necesgary to show by an indirect appeal to ex-
iperimental data how it is possible to determine that
;the values used will agree with the experimental to |
‘within 3% as has been stated.

i By means of the following Born cycle the Lattice

Eenergy can be expressed as a sum of various thermal

équantities namely,

| Tim.Q b Sk Dot oL im B o sl % ver s o) |
% ﬁﬂK]crys:————é——+ (u? + (vaap. |
;- |-+

By = 0 4 (X)ea

where § = Heat of formation of [ﬁi]from(mj+ 3%, in |
i : vapour phase |

! S = Sublimation Energy of crystal Uﬂﬂ

| D = Energy of Dissociation of $X, into (iﬂatoms
| I = Ionisation potential of metal atom (M)

‘ E = Electron affinity of halogen atom (X)
|
|

Since all these quantities except the electron
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!affinity, E, are known with precision for all_the
éalkali halides one may substitute calculated values
.of L in equation « and so determine values of E for
the halogen concerned. If this type of calculation
!is made with the 20 alkali halides 5 values of E for
Ieéch halogen are obtained, which, if they are constan%
yield a definite proof of the adequacy of the calcul-
ation in reproducing the experimental change in L |
:with change of cation. (Presumably also the calcul-
ation will be as adequate in reproducing the correct
changes in L for various anions with a given cation) ‘

In the case of Sherman's calculations the largest ;

Ivariations of E from the mean value are for F, Cl,
?r,and I, 0.9, 27, 2+5 and 2+6 (K.cals.) reépectively.
EThese differences represent maximum errors in L of frém
5% to 2%.

! This test is not however completely adequate since

Zit concerns relative differences in L and would conce%l
% constant error in the absolute values themselves. i
&n order to test this point at least one accurate
experimental value of L is required.

; - Mayer (Z. Physik, 61, p. 798, 1930) first i

succeeded in measuring lattice energies experimentally

and obtained the values given in table I for KI and

CsI. These values may contain the rather large

iexperimental error of ~~8-0 K.cals. Recently howeve#

1
Mayer and Helmholz (J. Chem. Physics, 2, p. 245, 1934)
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fhave greatly improved the expérimental technique and |
obtained values for RbBr, and NaCl (given below) which

|
|
|
!are accurate to + 3 K.cals.

Table I

Mayer Sherman

KI 153-8 149+0
CsI 141-5 136+
RbBr | 1513 152+5 '

NaCl | 1813 180+4

It is evident from this table that, in the case of
the reliable values for RbBr and NaCl, Sherman's valués
!agree to within 0-8%. |
Taking into account the maximum error of 2% i

indicated by considergtion of the consistency of the

electron affinity values it would seem that the esti-

mate of an inclusive error of 3:0% was adequate.
|
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Appendix - I1

Concerning the Use of the Coefficient 9/4 instead of

3/2 in the Iondon Resonance Expression.

|
% In order to apply quantum mechanical theory to
|
|

the problem of molecular forces, London in his fund-

‘amental paper (z. £. physik. Ch., B, 11, 1930) con=

ésiders the interaction of dipoles and obtains the

expression

8:3/4%,&?2!12........ (l)

I
= : I
| ; i
for the energy of two similar dipoles R Angs. apazrt i

and having a polarisability &« and ground frequency,!i

(energy hﬂ,). For two dissimilar dipoles 1 and 2,

Ry Angs. apart, the expression becomes,

| e R ki i e G R Y
: hy +hy, sz :
| -
|

Considering the idealised picture of a molecule
%used in the calculation it will be realised that the i
Eexpression is solely an approximation formula. The
gfollowing evidence indicates that it gives values of
! which are 20-50% too low. f
(1) The potential energy of two helium molecules
:has been calculated with a2 high degree of precision by
Slater and Kirkwood (Phys. Rev., 37, p. 682, 1931).

Their value of the attractive potential is 209% greater

|
‘than that obtained using formula 1.
i
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(2)  Born and Mayer (Z. Phys., 75, p. 1, 1932),

discussing the use of equation 1 for their calculatio?s,
|
state that, "it would not surprise us if it were later

proved from éxperimental facts that the c-Values

-~ 2 e e ey
[c s e )
| 50% too small."”

alag] , thus determined, were about

(3) Bernal and Fowler (J. Chem. Phys., 1, p. 515,!

11933) in calculating the resonance energy between two

‘water molecules also consider equation 1 too small and
|

increase the coefficient from 3/2 to 9/4 (i.e. by 50%).
|

With the above evidence in mind it was considereh
i |
iprobable that an alteration of London's coefficient from

13/2 to 9/4 would give a more exact value for the

' resonance potential. An uncertainty of + 25ﬁ,in‘§
would of course be serious when this energy was an

'important factor in the binding. Fortunately in the

case of the present calculations it varied only from é

0:5% of A (r) for Li salts to 1-7% of A (r) for Cs

| |
‘salts and consequently the uncertainty does not impair
! |
materially the results finally obtained. '
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SUMMARY.

| (1) The energies of ionic dissociation (Dy) of the
| halides and hydrides of the alkali metals, and the
; halides of copper, silver, thallium and gold have

| been obtained from experimental data.

(2) A theoretical expression for the energies of
these compounds has been derived: it differs from
that of Born and Heisenberg by the introduction of
(1) the London resonance term, and (2) an exponen-
¢etial form of the repulsive potential similar to
thaf used by Born and Mayer for crystalse.

(3) A relation is obtained from the experimental
material by which the only unknown constant in the
repulsive potential is eliminated. The interionic

digtences of the salts are then calculated and also

their energies of dissociation. Good agreement is

obtained between the experimental and calculated
values of Dy in the case of the alkali halides and
several transition metal salts.

(4) sSingle repulsive exponents for each ion are

then evaluated and the energies of dissociation

recalculateds The agreement is again satisSfactory

in the case of the alksli halides and in the case

of the alkali hydrides. The energies of the halide

salts of Cu, Ag, Au, and Tl cannot however be
accounted for on this basis. The bromides and
iodides are certainly largely affected by other
factors such as homopolar binding forces, the

fluorides and chlorides to a smaller extent and

|
|



possibly not at alle
(5) The dipole moments of all the salts for which
the caleulated and experimental values of D,, agree

are calculated.
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INTRODUCTION

¥hen, in 1929, Giguque and Johnson (J. A. Chem.
Soc. 51, p. 1436 and p. 3528) discovered that an
isotope of oxygen of mass 18 occurred to about 1 parf
jin 1200 in ordinary oxygen, & serious discrepancy
| sosie btwesns thes chsnicali sabibrativhe weights of
:hydrogen and oxygen and the physical ratio determined
~ | by the mass spectroscope, these values having |
?previously-been in complete agreement ( Aston, Proc.;
iRoy. Soc. A, 115, p. 487, 1927). A possible
:explanation was that an isotope of hydrogen exiatéd
E:i.n just sufficient abundance to bring the two results

'into harmony. In 1932 Urey, Brickwedde and Murphy
(Pnys. Rev. 39, p. 1643 40, p. 1, 1932) definitely

proved the existence of such an isotope from the
éstudy of the line spectrum of hydrogen, which had
ibeen photographed at very high dispersion. The
mass of this isotope, which is now commonly called
éeuterium, or heavy hydrogen; was later determined to
be 2.01309 (Bainbridge, Phys. Rev., 41, p. 3963 42,
1, 19325 4%, D57, 1933) and ite sbundance in
‘ordinary hydrogen estimated at approximately 1 part
iin 5000 (Bleakney and Gould, Phys. Rev. 44, p. 265, |
11933). |

Since these two isotopes had a larger relative

idifference in mass than the isotopes of any other

‘element, it was conceivable that they should be, of
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2ll the elements, the easiest to separate.

Washburn and Urey (Proc. Nat. Acad. Sci. 18, p.
496, 1932) discovered that a fractionation of the
;isotopes sccurred during the electrolysis of water.

Lewis and Maedonald)who first prepared pure heavy

‘water by this method (J. Chem. Physics, I, p.341, 1933)
'found in the course of their exper1ments that the
%ratio of the rates of liberation of protium (or light
!hydrogeﬁ), H, and deuterium, D, was a constantdA,
Egiven by the equation:- - |
| d log H =Kd log D, (1)
i where X was independent of
;the isotopic ratioc in the liquid and had an experi- |
!:mental value of about 5. |

Another method by which a complete separation of |

the isotopeswas accomplished is due to Hertz (Z.f.

iPhysik, 91, p. 810, 1934) who made use of a coﬁtinuoug-

any-stage diffusion process, Since this latter

method cannot conveniently be operated on a large i
!scale the former method is, at present, the one used |

hn the commercial production of heavy water. |
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Experimentals

...Wﬁéh work was commenced on this thesis the cheapest
.available source of heavy water of appreciasble
' concentration was the Ohio Chemical Mfg. Co. which
' supplied 0.4?% heavy water at £5 per gallon. Since
Eabout 400 cec. of about 2/ concentration were requlred
for the diffusion experiments to be described, three
gallons of 0.47% concentration were bought and then
' concentrated to‘the desired extent{by electrolysis.
| The electrolysis was carried out in two stagess
'in the first stage were four cells and in the second |
ione cell, all of 200-300 cecs. capacity. In the
:first stage nickel anodes and nickel cathodes were
used, while in the second a platindum anode was
Isubstituted. Fig. I shows the design of cell used.
E The electrolyte, NaOE, was always at least 4% ‘i
iby weight concentration. Since it was desirablé
that a current of about 10 amps. should be employed,z
the internal resistance of the cells was kept below |
.1 5 ohms. A higher r9818tance always resulted in
overheatlng,'the electrolyte boiling and frothing
excessively. In order to save the liquid, in the
case of a cell cracklng, they were surrounded by jars
Icontaining paraffin or benzene from which the water
iwas easily separated. These jars were in turn cooled
by a stream of running water. The electrodes which
‘were 10 sq. cm. in area were made as broad as possible,

80 that they did not become uncovered as the volume
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of the solution was reduced. A wide bell was placed
_over the cathode so that the gases were collected |
separately. In t?e second stage when it was necessary
to prevent completely any mixture of the oxygen with

' the hydrogen‘evolved a Sohxlet filter was placed on

the cathode bell.

Air condensers 3 ft. long were found adequate toi
 condense most of the water vapour, the remaining
ivépouf being frozen out in traps surrounded by acetoae
-C0, mixtures. The bulbs shown on the condensers
' were necessary to break froth bubbles which were oft%n
;carried up by the gases.

! After about 30 hours' electrolysis the anode was |
icovered with an adhérent coating of a black nickel
!oxide, while the cathode was covered with an easily
!removed coating of nickel, The best method of i
iclea.ning these electrodes was found to be by abrasioﬁ.
}The use of acids was extremely pernicious since, when

| |
'next used, the anode rapidly became oxidised and |

' soon disintegrated.

i Since the hydrogen liberated in the first stage
!would have a concentration of only about 0.1% D,

Yno attempt was made to recover it. The hydfoéen
iliberated from the second stage was, however, passed
?over CuO heated in a furnace at 50000 and the water
produced frozen out in'a trap cooled at -8000.

g At the concluéion of each electrolysis the liquid

from each stage was filtered, its ¥mlume noted and

'then distilled in the pyrex apparatus shown in fig. 2.
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| The deuterium concentration of the liquids was
determined by means of the interferometer (to be
described later). 0.47% D30 was now added to the
electrolyte from stage i, and the distillate from
stage 1 added to the electrolyte from stage 2, the
' initial volumes measured and amother electrolysis
started.
From the concentration of the water at the

beginning and the end of an electrolysis and the

:reduction in volume of the liquid the separatioﬁ
' coefficient , X, is obtained by substitution in |

 formula (2) '

where Ho and Do are the
ioriginal and H and D the final concentrations of
ihydrogen and deuterium, and V,and \Ithe original and;
:final volumes. In all 15 electrolyses were made,
;in each case a liftle over 300 amp. hrs. being passed.
EThe average value of A for the first stage was found |
ito be 6.5 while for the second stage it was somewhat

|
lower and averaged about 5.
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‘Analysiss

e Innérder to determine the deuterium content of
'small samples of heavy water, use was made of a
Rayleigh Interferometer with which an analysis could
be made using only 0.5 cc. of liquid. Although

iLuten (Phys. Rev. 45, p. 161, 1934) has shown that

:the refractive index of a heavy water solution

| decreases linearly with increasing deuterium content,

' this does not necessarily mean, as has been shown by

' Urey, Crist and Murphy (J. Chem. Phys. 2 p. 112, 1934),
'that the number of drum divisions on the screw ;
.controlling the compensating plate should be dlrectly
' proportional to the deuterium concentration throughout
a wide range. It is however evident from the latter
;author's paper that for concentrations up to about %
i3 mol.% any error introduced by assuming a linear |
irelatian between scale reading and deuterium contenti
;is less than the possible error of an observation. j
éThe instrument employed in this work wgs one of very%
high precision. It was possible to match its |

fringes to less than one fortieth of a fringe, that

is, to set the drum scale to within .3 of a division.é
In practice it was fouﬁd possible to reproduce i
readings to 10.1 of a drum division when the total
shift was less than 100 divisions. So precise a .
reading was not possible at exceedingly high reading%

of say 1000, due to the dispersion of the refracting |

;solution being much greater than that of the
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In this region the error could

be as large as *1 drum division.

! Before analjsing a sample of water it was

inecessary that it should be rigorously purified.

iWhere large volumes of liquid were concerned two or

'more distillations were made in the apparatus shown

in fig. 2.

Distillations of small quantities of

|liquid (1 or 2cc) were at first carried out in a

pyrex apparatus ¢8mch as that shown in fig. 3. The
water was introduced by a small funnel at A and

frozen in the bulb B by an ether-cog_mixtufe. A

‘hyvac, pump.was connected to A and the-apparatus\

' evacuated for at least % hr.

The tube at A was

| X
' then clipped, the freezing mixture transferred to

(bulb C and bulb B very gently warmed.

'iwas thus at once outgassed and distilled.

The liguid

!diatillation was complete, air was gradually'let in

|
'at A, then the ice in C was melted, the nipple at

cell,

(1)

‘readings

6.0

slow in operation.

(2)

14.6

(3)

30.1

I cut and the liguid run out into the interferometer

This method had the disadvantage of being rather
One observation of interest
that may be mentioned is that it was quite simple

to fractionate heavy water using this apparatus. In
;cne experiment, for example, a sample of water giving
an interferometer shift of 16.10 drum divisions was

collected in three fractions which had the following

- When the
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, A communication by Hall and Jones in the J. Am. |
Chem. Soc. 56, p. 749, 1934, some time after this had
been noted here, confirms the observation.

| An improved design of distillation apparatus
Ewhich was used during the latter part of the work |
is shown in fig. 4. The apparatus was made of pyrei
‘glass. Three bulbs of type A with interchangeable é
|joints were made. With this apparatus 6 successivei
!distillations could be made in % hour, thus ensuring |

'a thorough outgassing and complete purification of !
|

' the liquid.

te o fusion of HDO in HeO. i
‘ ?oésibly the property of.héavy hydrogen most |
iimportant to chemists will be its use as an isotopic |
iindicator. The distinction between protium and

| deuterium lies almost solely in the constitution of
| the nuclei, which have different masses but the Bameg
atomic number and the same electronic charge. %

| Although a slight difference apparently (Pollard and |
ﬁargenat)ﬂature 135, p. 393, 1935) does exist betwee@

the resultant fiélds round the free proton and the
Ideuteron, the forece fields round a protium and round}
|a deuterium compound must be for all practical ;
purposes identical. :
In the kinetic measurements which have so far

been made and which involve the force fields around

molecules it has been found that there is no
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|
' difference in behaviour when a deuterium compound
is substituted for an ordinary hydrogen one. (Melville
}Hature 133, p. 947, 1934). However in measarements

: |
' where a hydrogen linkage is broken or formed a '
|

definite difference in behaviour is obtained. This
|difference is due to the fact that every chemical
'bond has a fundamental vibration frequeney ), , which |

‘|is associated with an energy = 3 ny, |
!. ) =4 : -t E
‘and Vo = am ,/j(/;\q Sec ;

‘where ]F(dynea/cmj is the restoring force per unit

displacement and is the same for deuterium and protiu&
\compounds ; 2
|
where M is the reduced mass of the oscillator A-B and|

Ma Ms |

———

is equél to Ma* Mp ? where Ma and MB are the atomic

| |
weights of A and Bj and |
| . r 2‘ |
where h is Planck's constant (6.55 x 10. 7erg-secs.)

i Hence it is evident that the mass of the atoms |

‘is involved in the zero=-point energg_which in turn

modifies the activation energy of a reaction am thusi
| |

‘a difference in reaction rate will occur for different
|

Thus one can determine whether a process involves |

Fsotopes.
|
\

?ree.atoms or ions, or whether molecules only are !

| |
involved, for in the first case, a difference in '

behaviour will result when deuterium is substituted
I
for protium, while in the second case, no difference

?ill result,

i Another obvious way in which heavy hydrogen will |
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|

?function as an indicator in,chemical reactions is, ‘

by using it to'label' certain hydrogen atoms in a |
lreacting mixture, sufsequeht analysis being made to l
:determine how the labelled hydrogen atoms have
reacted. |

The diffusion experimentsto be described are an
example of the application of the last-mentioned use of

deuterium as an indicator.
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'Experimental=
i_ .As ﬁéy.bé Jjudged from the variety of wvalues given
in the i.C.T., the rates of diffusion of simple
imolecules are very difficult quantities to measure |
'accurately. Besides this, different exﬁerimental ,
methods apparently often yield widely varying figurest
In the following experiments two methods were
(tried, I)that which may be described as the
‘cylindrical tube method and II, Notrthmp and Anson's
8intered glass plate method. “
| I. The apparatus in this case consisted of 4
1cj1indfical tubes; two 14.2 cm. long, one being .9cm.'
.in diameter and the other .6 cmj and two 9.4 cms long?
‘one being .85 cm. in diameter and the other .6 cm. :
These were filled with the liquid whose diffusi;!:n

rate was required and held rigidly upright in glass

stands, which were then placed in a bath through
which wash liquid flowed extremely slowly (see fig.5).
Some experiments were carried out initially with i
KMnO# in the tubes to determine the best conditions
for starting and finishing an experiment and also to !
determine the rate of flow of wash liquid permissible.
It was found that rates of flow up to 200 ce. per
hour'were allowable, and that when the liquid rose toi
the tops of the diffusion tubes, sharply defined
interfaces of separation were obtszined. Similarly,

if the liquid was run out at the same rate at the end |

of an experiment no noticeable mixing occurred at the
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mouths of the tubes. The apparatus was, however,

| extremely sensitive to vibration and was thus placed}
on as solid a base as possible. In order to preservé

a constant temperature these experiments were done |
& |
in the constant temperature room at(14 + .05) C. |

A stock of 250 cc. of approximately 14 mol.% D,0,

obtained from the electrolysis was distilled three

i |
| times and carefully analysed in the interferometer

i
before being placed in the diffusion tubes. Pure |
distilled water was used for the wash liquid. After

an experiment the liquid in the tubes was transferre:
|

to clean dry bottles and subsequently distilled and
analysed. I W

In these analyses the drum reading is proportion%l
to the mol. fraction of heavy water in the sample,
'while in formula (1) below volume concentrations e.reE

required. However, since the molecular volumes of

pure heavy water (viz. 18.126 cm ) and ordinary water

(viz. 18.060 cm,) differ by less than 0.4% no

éignificant error is introduced by assuming that the |
concentration expressed as a mol, fraction is directlb
proportional to the concentration in volume units.

It is thus permissible to substitute the appropriate |

- . izl
drum readings for Y, and V4h the frattion (- =y —)

of equation: (1)
Knowing the length of tube used, h (cms), the }

duration of an experiment, t(secs.), and the initial

and final concentrations V; and { of D,0 iﬁ'the tube,

the diffusion coefficient D is then given by:
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D= BB L1 L F e

The results for the diffusion of pure water are
| given in Table 1,

Experiments were glso carried out using .011N

' NaOH of 13% D concentration, 5 litres of wash:

- liquid of éxéctly the same :alkaline concentration -
| being used.

The values obtained are given in Table 2.
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Table I.
 Lemgth of | Time of Initial |Final e
tube (cm) | expt. (secs) Drum read-|Drum read- cm?%/sec.
ing ing i
14.3 82005 26.65 21.6
‘ 33.0
7.1 81495 11.0 27.6
14.2(a)| 46965 A
14.2(b)| 47460 16.95 15.3 22,3
9.4(c)| 47010 14,5 14.9
9.4(v)| 47325 14.5 14.9
- 14.2(a)| 86202 17.05 8.66
14.2(p) | 86280 18.35 16.45 12.9
9.4(c)| 86574 15.45 8,97
9.4(b)| 86520 14.5 12.4
 Table II.
Tengtn of |Time of  [Initial  |Final D x 10°
tube (em) |expt.(seecs) Drum read- |Drum read- em*/sec).
. |ing ing 5
14.2(a) | 91230 11.85 18.2
: 13.95
9.4(a) | 9.320 9.55 19.3
- 14.2(a) | 207870 15,35 113
14.2(b) | 207840 18.4 15.15 15,2
9.4(c) | 207720 7+25 23.8
éa) diam., of tube = .9 cm.
B " " o= ,6 cm§

( e ) 1]

1

«85¢cm.
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|
II. Northrup and Anson's Method (J. Gen. Physiol,l2|

_ W e 0 ; _ __i
This method which has been experimentally teétedi
by McBain and Liu (J. Am. Chem. Soc. 53, p. 59, 1931)
is one capable.bf giving diffusion coefficients i
| with an accuracy and reproducibility greatly in
-a&vance of any other method. The apparatus, which ‘
| is shown in figure 6, consists of a bell-sghaped
sintered glass filter (specified technically as G4),‘

which is clesed at‘the.top by a stopcock A, The

s |

bell carries a,fubber ring so that it fits tightly ‘

| intc a beaker as shown. In the experiments to be

described two such pieces of apparatus were obtained,
 the volumes of the cells being 24.0 cc. and 23.4 cc. |
and the beakers 100 cc.

The experimental procedure employed followed
closely that described by McBain (loc.cit).

The cell was first of ali wasﬁed several times
with chromic acid solution by drawing up through theI
 pores with a filter pump and then expressing under
pressure. The cell was then ﬁashed at least 10

times and steeped for some hours in distilled water.

In order to remove air from the pores air-free

distilled water was drawn into the cell by reducing

the pressure at A by 15 cm. Just before it was
filled the pressure was suddenly increased so0 that

all the air was finally dislodged from the pores.
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The water was then driven out of the cell with a '
Iiﬁreasﬁre of 1 metre of water, care being taken to

\fllter dust from the air stream by passing it through‘
la sintered glass filter. The liquid was expressed
until the last layer was about to enter the pores. -
!The cell was then rinsed and charged with the solutio#
‘through the diaphragm and filled completely without :

bubbles to the stopcock, which was then closed.
Liquid adhering to the diaphragm was removed by
fouching with a glass rod and the cell then placed ini

position (see fig. 6) in the bedker, the diaphragm |

being set accurately horizontally and immersed in

the surface of about 24 cc. of pure gas-free water.
The cell was now left for preliminary diffusion at

h given temperature, the time required for steady '
i |
|
|

diffusion columns to be set up in the glass pores

?epending on the solution used. 2=2% hours were giveﬁ

%n the experiments to be described here. !

i After removing the adherent liguid as before the i

cell was now transferred to a clean beaker contalnlng

"

volume of gas-free water equal to the volume of

Polution in the cell, and the diffusion experiment

|
proper begun.

; After sufficient diffusion had occurred to permit!
|

'f an accurate analysis of the solution in the beaker
| |
the cell was removed, wiped with filter paper, and '
the solution in the cell extruded through the diaphragm,

fhe first 5 ecc. or so being discarded and the
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remainder reserved for analysis.

Since it was very important that the diaphragm
éof the-cell be accuretely horizontal during the ‘
‘diffusion, the level was carefully adjusted while
being observed by a Casella cathetometer, fhrough
| which it was quite easy to detect any deviation fromi
Ethp horizontal, ‘
g All the distilled liguids used in connection
with this work were freed from air by shaking thenm
vigorously in the vacuum produced by a good water

'pump. The standard solutions of KC1l were also

‘made up using outgassed water.

ECglcglgt;og: From Fick's equation the amount of a

' substance ds diffusing per interval of time dt is
| ' _.
ds = DA é’% dit;

where D is the diffusion coefficient of the substance,

I
[C its concentratlon and A the effective area of zll

lthe pores in the diaphragm.
Now within the disc which has a uniform width dx,

|there is a linear change in concentration between

. |
| the concentration in the cell above and the aolutionl

below; hence dc‘may be replaced by é%%

Here it should be noted that the solutions abovel

'and ﬁelow the diaphragm are perfectly homogeneous |

and that mixing is complete (McBain and Liu loc.cit.)
Since the volume of water V in the beaker is

(equal to that in the cell then,
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A5 D f)ez,

: where €5 is the initial
iconcentration, end ¢ = 8/V, the concentration to
?which the solution in thé beaker has attained, 'S!
:being the amount of substance having croésed the '

' diaphragm;

w

\  Henee
| ol

—‘f—t— Dé (e=2¢)

| b / ’éiz (7?;) |
| AL, __<'~= "(c,-2c

| e k= #V
/éj(cg -20)= 2Dkl + X |

Uj Sl /éj; G, ('[=O)
?0

2R
v

I ¢ __,éyﬂ,(c,,—,?c)

i Foop e e ’ |

'where € is the cell constant and 1 is the time of an

iexperiﬁent.
E The cell constant C is determined with reference
Ito a substance whose diffusivity is known. In this |
case 1,448 em’/day is taken as the coefficient of |
}aiffusion of N KC1 into water at 20 C. |
| Since, in thé actual experiment, the concentratioh
‘of the solution put into the cell is altered slightlyi
!by the liquid in the diaphragq)the true initial
concentration is given by ¢ + @', where ¢ is the
!final concentration in the cell and ©' the final
%concentration in the beaker.

|

; Then e - 2c=¢ +¢' = 2¢' =¢ - ¢!
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and finally the equation employed is:

& et
e ’/‘7"""&‘ e
Crl

(2)
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iDetermination of the CGell €Constants C: i

e, oy RO R T u :
| In order to perform the experiment at 20 C the
| cells (fig. 6) were lowered into tall eylindrical

' jars which were immersed in a thermostat at 2Qi.01)00;

The solutions of KCl were analysed by means of

|
isolutions of known concentration (see graph I.) !
|

| the interferometer which was first calibrated from

The KC1 used had been purified by recrystallisatipn,
:for conductivity work. Before being used it was ‘

‘heated to dull redness in a covered crucible for %

hour and then cooled in a desiccator.
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(a).Calibration of the Interferometer.

Normality EKC1

Reading

0.1

284.1

.0833
239.0

54,2

.02

.0133

|

.01

36.2(5) | 27.0(5)

The reading for one fringe lower than the most

'distinct at 0.1N (viz. 270.0) falls accurately on

ithe linear extrapolation of the line through the

| (b) Cell Constants.

first three points.(See graph I.)

_ .| No. of |Nor- .. .| Average
Expt, Time drum di-|mality C value
% (mins)| visions.|of KC1 of C
AR Cell T | - SER . one o
I |f——1281 2 — .0559
Beaker I 20.0 0074
: : .0541
leer1r 1 261.2 .0913
IT  f——— | 1396 .0523
Beaker I 20.9 0077
, Cell II - 241, 0842
S e 4 .092
Beaker II 308" <0117 '
: 0903
Cell II 24 .0861
L L 381 i’ 0885
} Bezker 31 32.95 0121
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Analysis:
In these experiments density measurements were
| used in place of the interferometer method, to
analyse samples of heavy water.
The densities of ordinary and heavy water at

|
- to Lewis and Macdonald (T« Am. Chem. Soc. 554 P«30574

o
! 25 C are .99706 and 1.10486 respectively according
|
1 1933). The difference in density at 25° is
thereforeIO.IO?B.
i If now M, and M, are the weights of a pycnometer
| filled with'heavy and with ordinary water respectively,
| and, if the actual weight of ordinary water in the
' pycnometer is M, then the difference in density z%xié,
!
L (M-M
Lfey (M) ( V= volume of pycnometer)

and since the densities of pure D,0 and H,0 differ

by .1078, the mol.% D,0 in a sample is, |

/00 él(o" oo x - 9990
- e -—M,_
1078 o8 x I e (3)

All the weighings were done with accurately

calibrated weights and were repeated until values
agreeing to 0.1 milligram were obtained.

The pycnometer was of a U-shaped design as shown

| in fig. 7(a) and had a capacity of about 14 cc.

:The levels were adjusted to marks on the capillary
inecks while the pycnometer was immersed in a thermostat
| controlled to within +.002 of 25° ¢, i

This design of jjcnometer is quite easy to set
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perfectly accurately: it is moreover easily dried
and polished before being suspended by the glass

stirrup (fig. 7(b)) in the balance.
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Results:
The heavy water initially used in these experiments
had a deuterium concentration of 1.80 mols.% as

shown by the following results.

!
Mass of pycnometer with ordinary water (M,) = 49.0450 grms.

|
Mass of pycnometer = 35,3486 "
.o Mass of ordinary water in pycnometer (M) = 13.6964 "
Mass of pycnometer with heavy water (i) =

49.0717 *
|

Hence from equation 3 the concentration is,
(00 x- 9770 ¢
SOTEXIS 696 4

(4 7-0717 - k9 0450 ) — [ 50 mol %:Dzd

In the diffusion formula (2) the concentrations

: CEE” : ; |
in the ratio "7 are to be expressed in volume units.

'As already shown however, for heavy water, mol. !
_fractions, or quantities proportional to these may beg
‘used. The mol. fraction of a sample in these densit&
imeasureménts is proportional to (H,- M&) so that the |

|appropriate values of this quantity may be substituted

for values of c.
|

The data necessary for calculating D are collected

in Table III. The experiments at 23° and 0.1 were
|

doné in tﬁefmostéts while that at 14.3o was done in a

‘constant temperature room. !
Diffusion experiments were also carried out in th%

Epresénce of stqﬁ\and of Na,50, at concentrations of

|1 Normal. The solutions of H,80 (and Naasoy) in
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'the heavy water for the cell and the ordinary water
ifor the beaker were made up volumetrically. Before |
'an analysis could be made the H,SO, (and Na,S0,) had
gto be removed from the liquid. 'In'the case of Na,80,
Efour simple distillations in the épparatus shown in |

fige. 4 sufficed, The bulk of the H,S50, was

neutralised with freshly burnt Ca0, excess CaCO, then

added and the liquids distilled 4 or 5 times.

The results for thesé experiments which were |
done-in a constant temperature room are given in Tablés
i

IV and V.
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Table III.
Time |No. of | D x 10
Temp. mins. |milligrms| x em™/sec. Average D
G 3 x 10 %
Celpt |-+ 234
_ F499 ¢ e aa= 2,49
Beaker I =S
5 +.002 - ; 2.52
Cell II 223 -
—r el i e 2.55
Beaker II 4.2
Cell I 240
1320 1.86
Beaker I 22
14.3+.02 1.80
Cell II 232
| T 1140 ; 1.75
' Beaker 11 28
Cell I 224
: 2517 1335
Beaker I 28
falt o1 T = = 1.39
; Cell II: 205
= —172537 1.44
Beaker II 46
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| Table IV.
| NH,SO0,
| % A L
Time No. of Dx 10 Averag
. Jempq mins. Milligrms| em?*/sec. D
s x 10
| —2ell I 1345 —20_ | 1.7
; Beaker I 18
13,5 *.05 _ — 1.70
=y, Cell II 202
| ~| 1180 1.69
' Beaker II 25
| Table V.
1 :
’ N.NaZSCL
e | = |
‘ Temp . [ime No. of D x 10 x | Average
i pins. Fﬁlligrams e sec. D
C . 10
|
| Cell II 186
i Beaker II 25
13085 i¢05 1066
= Gell II 177
— 11353 o= 1.69
Beaker II 25
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Discussion.

The difference in mass of heavy and light
water. accounts directly,or indiresctly, for the
significant differences which exist in their
physical properties. Difference in molar re-
tfractivity is due to difference in the fundamental
vibration frequencies of bonds involving hydrogens;
differences in specific heat, boiling and freezing

points and in the "structure" of the liquids ( in

Bernal and Fowler% sense,J. Chem. Physics, 1, pPe515
1933 ) are due to differences in energy-distribution
among the molecules; and both the fundamental freu;f
tquency and energy-distribution involve mass.
Differences in viscosity may depend chiefly on thé
difference of the liguid "structures"

It is however probable that the van der Waals
and dipole forces around the two isotopic forms of
¢ water. are identical.

In the experiments described with 1-2% heavy
water the liquid must have essentially a light
water structure. Were the 2% D-atoms merely
"labels", then the experiments would give the rate
of self-diffusion pf watef molecules. However
the extra mass of the D-molecules will presunably
lower the rate of diffusion of these relative to

ordinéfy water molecules and so the figures

obtained will differ from the rate of self-diffusinohn

|
of water to some extent,but by not more than 2%. i
' |
i
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| In the experiments by Method II this is within the
i experimental error.

| Considering the results in general, it is
;evident that the earlier experiments using Method I
idefinitely give a very erroneous value to D. The
gfailure ig possibly due to the fact that large

:&isturbances take place at the exits of the tubes.

| the solutions and wash liguid would render the
experiment extremely sensitive to slight temperature
variation and slight mechanical vibration.

The results obtained from Method 2 ( table 3 )
are concordant, reproducible and, moreover, are in
harmony with the values of the molecular diffuesion
of similar light molecules, such as formic aci& and
formaldehydee The accuracy of the results is very
sensitive to the value obtained for the final
concentration of heayy water in the beaker. For
example an error of 0.l ﬁilligrama in the weighing
gives rise to an error of about 6% in the value of
Ds An error of 5% is also inherént in the experi-
imental method itsélf. Thus although an error of
11% may occur in individual results the average

values obtained should be accurate to 6%. The

Einstein (Z.f. Blectrochem.,14, p.235, 1908)
hag derived a theoretieal expression for D in terms

| of the wviscosity, 7 , of the liquid medium and the

The very small difference in density, (0+2%), between

variation of D with temperature is given on graph 2, |
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radius, r, of the diffusing molecules viz.

e
N 677

This equation was derived for the case in which
the diffusing molecules are large compared to the
molecules of the solvent. If it holds for the
present experiments the quantity‘bgyeﬂshould be

constante.

Temp.oc 7?}‘:3.0300%05. DXlOJCOgOSc DV/T

0.1 17.86 1.39 091
14.3 11.65 1.80 +073
2540 8.949 2452 «076

e yataes of LU/ T at 1hy3s atd 250 G 16 the
above tabie are constant ( within the experimental
error), while the value at 0.1 diverges by 20%. It
is possible that the structural conditions exiating
280 Ce 3n liquid water would vitiate the conditions
under which the above equation applies.

A further test of the equation is to employ it
to calculate r, the radius of the water molecule.

Rearranging we have,

o= (67?'1\1') 7TD
i Cl

) =/8
i.e 1 = 7.273‘7 D10 cre

Z -3

| At 18°C. D = 2.0 X 10 > em*/sec and 7) = 10.60 X 10
Ceges. unitse Hence, r = 100 X 10 oms
This value is in fair agreement with that

calculeted by Bernal and Fowler (loce.cit.), nemely




| 65

~ _ :
r_=1.38 x 10 cm, and would indicate that the
Binstein equation applies with considerable accuracy

to the interdiffusion of small moleculess

An estimate of the rate at which molecular

interchenges take place in a liquid can be cbtained
from the following calculatione.

Consider a plane face of unit area composed of

Qg molecules placed in contact with a similar plane

lof HyO molecules as shown in Fig. 8.

fig 8

Since the atomic volumes of Hzo =nd D&O molecules

are very nearly equal (see page46 ) the number of
molecules in each unit plane will be the same, and

equal to,
2/

2347 15
(6;06 X lo /) = 1l.04 x 10 ,
18407

where 18.07 cc.is the atomic volume of the water

E T
molucules and 6.06 x 10 1is Avogadro's number.

Now the gradlent,-g~ﬂccurr1ng in Fick's equatlo%,

| a/S“DA‘z%C |

|is in this case = 6-06% 10%3 l‘"/s

| ( /807 7/ 3
" 606x 10> /807
!WI'J.QI‘G de = —/3,-—5-5{_— and dx = éo&,x/ou

- 2 ¢ |
Hence since A = 1 and D = 2.0 x 10 cm%/sec. at 18 C,|
the number of molecules which interchange per second

is féi
At

6 Uéx{ 3\ 3
= BT

2-/6% 16%°

- XXYU




66

The average life of = molecule in the layer ig thus

0 =) |
'/'—/4(:—#025 = 5X/0 Sec l'

Lt is 1nterest1nr to consider the mezning of this
figure. The molecules in a ligquid mey be supposed

to be vibrating about mean positions. Occasionally

its territory. If the vibrational frequency is
kﬁown, it is possible to calculate roughly in what
fraction of the total number of vibrations, a
molecule "escepes". The vibrational frequencies in
liguid water, as determined from infra-red and Raman
spectra, are of the order of 3400 cm-r, iecs 1408 x
lOMLaecf‘ (Rank, Je Chems Physicsy; 2, pe 464, 1934).
The “escépe frequency", which is the inverse of the

0 ~{
average life of a molecule, is 2 x 10 sec and

therefore one "escape" takes place in-ié@ilg—( ﬁUOO)
vibrationse

We can ﬁow estimate the vibrational energy which
is required to effect an "escape'.

For, if Np is the number of molecules in the

lowest vibrational level, E,, and N is the number

having a vibrational energ¥_ E , then

RT
N = ¢

we obtain B -~ E g = 4900 calse.
Thus we arrive at a rough estimate of 5000 cals,
28 the activation énergy required for diffusion.

Another estimate of the same quantity may be

|one molecule acquires sufficient energy to escape fron

Substituting the value 5000 for No/N in this equation,

B
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obtained from the temperature coefficient of the

diffusion coefficient. If we write tentatively

- -déé(z.b__zsf
: TR

AE may be regarded as the activation energy for

diffusion. When log D is plotted against 1/T a

| straight line is not obtained (see graph 3). This
Ewould indicate that the activation of the diffusion
process is not 2 simple quantity, as might perhaps
be expected  with a2 complex liquid like water, where
| the nature of the linkage between molecules varies
with the temperatufe:. However the value of AE for

0-1500 is 2850 and for 15 = 2500., 5390 cals; and
these quéntities are certainly of the same order of
magnitude as that calculated above.

It may perhaps be significent that, from the

temperéture coeffiéient of the viscosity of water

over the same range (see graph 4), we obtain from

the equation '
- g a’,/frjp AL
AT

RT?2
the value AE! = 5000 calse

This agreement is indicative of the close
connection which exists between the nature of viscosi

and diffusion.

Thé exceptionally high values of D obtained
originally by Method I could not possibly have been
due to molecular motion, so it was thought that

some kind of gquantum diffusion of hydrogen took place

Ty
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possibly via hydrogén or hydroxyl ions. If suech an
effect occurred it should be greatly enhanced by the
addition of (0H)¥ ion and (0H)™ ion to the diffusing
liquid. The results listed in %able 2, which were
obtained in the presence of (OH) ion do not differ
gsignificantly however from those in table I.
The effect was also investigated by Method 2,

in this case, in the presence of H,80,. If the
presence of (OHg)* in ordinary water facilitated a
change of the following kind, in which atoms diffuse
by quantised jumps, then the effect of increasing
the concentration of (053)+ would be to increase the

rate of the reaction,

D H H D
oAt Lt o T T
H H B H

(1) (2) (1) (2)

enormously. No such increase in D was howeyver found
as may be seen from table 5.

A glight increase is however to be expected from
the diffusion of the deuterium ions. The natural

rate of diffusion of D+

-+

ions may be calculated from
the mobility of the D' ion in water, using the
fdllowing relation due to Nernst (Z.f.physikeChems,2
p+631, 1888).

=
D, = 02596 U x 10 cm ¥/sec.,

D-i-
where the mobility, U, is expressed in electrical

units. From the values of Lewis and Doody (J. Am.
Chems Soce;55, ps3504, 1933) the mobility of D+ ion

9 ;
in 2% heavy water at 14 C is approximately 290.




|
Hence Dy, = 7.53 x 10_5 cmz/sec, |

, Now, sincé the total concentraéion of hydrogen |
ion (ﬁ* + H+) is everywhere 1 normal in the diffusing
liquid, the diffusion gradient for the deuterium ions

| must always be 1/55.5 of that for the heavy water

| molecules.

, The appropriate diffusion equation is then,
| d's de Sy dr
2 =D Aa tDA(lsZ)
5 ¢ /
- A2 (B + Vors Dsy)
Also, since the analysis for the concentrations ¢ |
andtg' makes no discrimination as to whether these

were originally ions or molecules, the experimental |

value of D determined from equation (2) will be !

D + Qéﬁflzr ‘
Bo '

_ T T
An increase of(l/55.5JQFp(1.eu 0.14 x 10 cm%fsée.)
in the value of the diffusion'coefficient for pureh ‘

water would therefore be expected from the experiment?

equal to

Iin normal H,50, . |

| The average value obtained at 13.5 C (viz. 1.70) i

is however smaller than the value for the diffusion |

of pure water at the same temperature (viz. 1.77) by ‘

007 x 10_5cm:,{)"sec. The total discrepancy (o0.14 + 0-0?)::10_5
cmx,sec. is guite outside the possible experimental

%errér. It was evident from this that the presence !

of the qu ion must exert an electrostrictive effect ‘
on the water molecules. In order to determine the

magnitude of the effect diffusion experiments were i




' |
! 5 =
; done in the presence of normal Hﬁ%O#(table 6) . A ‘
| reduction in the value of D for pure water of

§6.12 x 16—5;m%73ec. (at 13.8500) was obtained. This |
decrease is not as large as that obtained in the
;Hlsoé experiments, but it is sufficient to bring the
:diacrepancy in the latter experiment within the

possible experimental error.
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SUNMMARY ,

| (1) ZExperiments on the concentration of deuterium

| by the electrolysis of water are described.

| (2) Two methods of determining the rate of

| diffusion of deuterium oxide in water were tried.
| Of these the ecylinder method of Grazham proved
{impracticable, while the other, Northrup and Anson's
| sintered glass plate method, gave satisfactory

|
iresults. The diffusion coefficient was determined

‘by the latter method at 0.1, 14.3 and 25 C.

' (3) The diffusion coefficient was also determined
i
i

iin the presence of normal E,S80, and normal Na2304
}(4) The results indicate that the diffusion of
]ﬁater is a purely molecular process, and that the
grate of diffusion of hydrogen ions is not great
}enough to cause an apparent increase,

'(5) The diffusion results are discussed in relation
ito Einstein's Diffusion equation.

(6) By means of a simple theoretical calculation
éthe activation energy required for the diffusion of

water molecules is estimated.
i
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‘ ; Note on

| j&g;jggzﬁgiijg_;ndex of Deuterium Gas.
fExpgrigeﬁfgi: .

One of the physical properties of heavy hydrogeﬁ
that has so far not been determined is the refractivé
index. The apparatus to be described here was de-
tsigned with two aims in view, the first being to
tecover, by electrolysis, heavy water from mixtures
| which contained H,S0, and such organie compounds :
as methyl and ethyl alcohol, acetone, phenol, ethyl i
acetate and acetic acid, the second purpose being ‘
to determine the refractive index of the heavy !
hydrogen gas which is liberated during the electroly%is.

The apparatus (see fig. 9) which was made.of
soft glass except for the combustion tube D and Ly
was designed to avoid as much as possible fubber
| connections. -From € to F the apparatus was made in

duplicate and the two pieces coupled together so

that the hydrogen liberated in one cell and the

heavy hydrogen in the other underwent identical
treatﬁents before entering the opposite sides of
the Interferometer gas tubes at G and G's The U- i
shaped cells (B) were narrowed at the bend to permit

as nuch electfolyte»being electrolysed as possible |

and were fitted with platinium electrodes of about
4 sq. ecm. area, the cathodes being attached to
stout platinium wires sealed in ground glass joints.

The tubes D, in which traces of oxygen were combined
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!with hydrogen, were filled with platinised asbestos
‘and electrically heated so thaﬁ a temperature of .
| 2502300°C was maintained inside. ' The traps.C were |
|cooled in liquid air in order to condense gases such |
‘as ethane which might be produced by secondary i
reactions at the cathode and also to collect any
liquid vapour carried by the gas stream. The traps

' E were cooled in ethen_cqzmixtures-to remove water {
formed in the tube D. In order that the gases might
be at room femperatufe when entering the gas tubes,

spirals immersed in water, were placeé at F.: The two

opposite limbs of a mercury manometer (H) by which

8treams leaving the gas tubes were led to the '

lany difference in their pressure was imﬁediately

|detected, the light hydrogen then passing into the !

‘atmosphere through the constriction J, which just |
itouched a mercury surface, while the heavy hydrogen |
|

passed to the CuO tube L, which was kept at 500°¢C |
!by an electric furnace. The heavy water so produced!
was frozen out in the U-tube M, cooled in an ethen_c$£
%ixture. i

A slow stream of dried nitrogen was introduced j
occasionally at K in order to carry over the water ‘

vapour completely. At the anode side of the heavy

|
water cell a small trap (4), cooled in an ether-CO, |

mixture was fitted to condense vapour carried over in |

the oxygen stream. Before starting experiments all |
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| the ground glass joints were greased lightly with
‘ Apiezon grease, sealed over with picein wax, and
the apparatus then tested for leaks.
The gas tubes mentioned above were those
_‘ belonging to the Rayleigh Interferometer which was
| set up beside the apparatus so that readings could
. be taken_during the whole course of the experiment. .
The cells, filled first of all with ordinary |
| water to which a little KOH had been added, were
| connected in series and electrolysed at a current of?
| 1 amp. for 6 hours. The heating coils at C were |
' not put on till after 3 or 4 hours so that the |
| apparatus was filled with hydrogen without risk of i
. explosion. During this run the zero-reading on
; the interferometer with ordinary hydrogen in both
; sides of the gas tubes was determined,viz. 978.1 ,

|
| took place through the rubber tubing connecting the |

i while in addition it was ascertained that no leakage
gas tubes to the apparatus and also, it was found
that a correct reading of the interferometer could
be made while the gases were streaming through the
tubes. %
The mixture of heavy water and organic impuritieé

was hew placed in the appropriate cell and since thei

 liquid contained H1804 no other electrolyte was

| added. As the hydrogen was displaced by the heavy

ihydrogen the interferometer reading changed steadily |

| until after 20 hours, (at a current of .5 amp), a
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reading of 954 was attained and did not vary during
the remainder of the electrolysis.

Another supply of heavy water)mixed with acetone,
was now added and electreolysis re-commenced. Using

a current of .7 amp. the course of the readings was

as followss-

Hours 2 7111 |'14% |20
Reading| 966 963 |960.5| 954.1|954.1

|

The liquid recovered in the U=-tube M was collectea
in two fractions (a) that which came off before the
reading became steady at 954.1, and (b) all thet was :
subsequently produced. -

The analysis of the small samples of water
obtained was made using the Interferometer, which wasI
calibrated for this experiment by determining the
readings in a 1 em. cell, of the following D,0

solutions of kﬁown concentration.

Shift due to 99.1 mol% D,0 = 1094 drum divisiéns
Shift due to 1 mol% D;o‘ = 14 v L
Hence the shift correspoﬁding to 100% D,0 is 110?.
(The 99.1% D,0 was from a stock obtainédlfrom Norway:%
the conceﬁtfation of the 1% D,0 was determined by |
density methods.) i |

The analysis of the fractions (a) and (b) was as

Shift due to fraction (2) (volume = bece) = |

L2

862.5 drum divisions

'Hence this sample is approximately 78% Dy 0.
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Shift due to fraction (b)(volume = 2¢¢) = 1110

drum divisions.

ce this le must be 100% D,0.

The difference of 3 drum divisions between the
reading for 100% D,0 and for fraction (b) is
attributable to‘eiperimental error since in this
region the fringes are very indistinct.

The difference between the refractive indices
of ordinary.gnd 100% hydrogen Uﬂfﬁi corresponding
to the interferometer shift (978.1 = 954.1 = 24,0)
drum divisions is given by the formula:-

KA 5%
ZX}L== 'ZT‘X/O %

| where N is the number of ff;nges corresponding to

a shift of 24.0 when a monochromatic light source of

wavelength A Angstréms is used, and [ is the length

of the gas tubes, viz. 75 cms. The correction)

which in general would be applied to this formula

to take account of dispersion is completely negligible

in this experiment where a shift of less than two

| fringes is involved,

The calibration of the drum reading was made

using the wavelength 5461 E, suitably filtered from

| a mercury arc source. The following readings were

obtained for consecutive fringes:-
Difference 14.2 13.9 14 .4 14.6

.. Average difference = 14,25
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240
Hence N = /25
el 2k0 S o
o s ge A

= (123% 2) x 1070

| Now, from the design of the instrument, .a shift in
the direction found indicated that the heavy hydrogen
had a smaller refractive index than ordinary hydrogein.

. The refractive index for H'2 at>\= 5461 given by the

IOCOT. 13
1.00013966 (273°, 760 mm. press.)

| Hence the refractive index of deuterium at A = 5461

is 1.0001384(3).
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SUMMARY ,

1. An apparatus suitable for separating heavy ‘
water from mixtures with organic compounds is
deacribed._ i

2. The refractive index of heavy hydrogen at the !
wavelength 5461 A is found to be appreciably .
smaller than that of ordinary hydrogen and to i
have the value 1.0001384. !
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