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A great deal of work has been done using
inaﬁapna %0 study fundemenvsal goientific prodiemss For
example, lsotepes have Leen used 4o study the mechanisam
of renctions, cheumical exchsnge, siracture of ouusanndn.v
thermodynanio equilivriug, storeochemical factore, etc.
“he use of leotopes in these flields has by no weans deen
sxhaussed, but the bulk of the work is such %that it i
difficuls %0 ses all that has been donee In solentifie
research, there is little %0 bve guilned from the needless
repetition of experiwensss Vor thie reason, it was

decided that & comphrehensive survey of the litersture

would be of much benefits Fot only would such a survey tie

together related data, but 1% would aleo set as & convenient

stepping stone for fulure work.
‘ The present survey deals with the use of
Geuterium and includes the following svpie:s
le Historical Introduction.
8¢ The Separation of Deuterium froam Nydrogen.
$¢ The Analyeis of Deuterium and Deuterium Oxide.
e ipyiinutiunl of Deuterium as a Yrager in
IinSermediary Hetavolisam.
b« The Physiologicel Eifects of peuterium gxide.

Several additional Soples will be added later.
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in 1929 Aston determined the moulecular welght
of hydrogen with his mass spectrographe Basing bhis caleulations
on the assumption Shat oxygen had an atomic welght of 16.0000,
he obtaived a molecular weight very close to the chemlcally
determined molecular weighte 7This was Saken as proof that

{1, 2}
hydrogen had no isotopes.

Aston Chemically isccepied
Eags B 200778 1.00777
iage U 1%736%65 1500000
(1, 5, &)

But in 1929 Giaugue and Johnston dlscovered the heretounknown
fact that oxygen had three isotopes of masses 16, 1Y and 186
and Shet Sthese were all present in the naturally occouring
oxygens The sbvundance ratio determined Wy leeke and chiiil
wap found %o be:

01"017‘01$ = 3150:1:sH

This meant that the ?voragc atomic welght of naturalliy
(i, 2
ogouring oxygen wass

S160x1C+ 31887 + Sxlg! & ~1600385

G

Adgeording to this, the atomic weight of hydrogen ealculated
by Aston on the basis of 01‘ 2 16,0000, would be in error

16,0000 1 :
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recaloulated on the basis of 0% = 16.0000, the ratio

obtained is:

Nsws B _ _1.00799
usss 01 16.00000

which differs from Aston's by 0.0002l. After chesking the
limits of error in iston's work, Birge snd !cnii{ eoncluded
that the difference between Aston's determination and She
cheomical determination could be accounted for Wy the presence
of an isosope of mass 2 and sbundance 1:4500.

Later workers detormined the oxygen isotopes
by the moleculay spectrum methods, and other werk iam the
field led %0 the dissovery of new ifsotopes, for example
#1*. 115. 30'. uatll isotopes were knowsm for all the slements
up %6 and including sulfure All $his data completed the
pleture of the proton-neutron plot of the lighter elements,
and %the regularities thus indicated strengthened the hypothesis
that hydrogen had an isotope of mase 23 and possibly one
of maes 3. However, because of the low abundance ratie,
lgt8§ in naturally vecuring hydrogem, She presence of the
isctopes, as yet only hypothesised, had still net bveen
detected.

Then in 13932 Urey, Brickwedde and lurphgi
using the Delbye theory, ealeoulated the relative vapour
pressures of i3, H'E2, ana ¥18® in the solid state; and
found that appreciable differences could be expected in the
threes As & result, fractional alntillstxon of liguid
hydrogen mnear the triple point should be an effective

method of concentrating the heavier isotopes. Using poharvs
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theory, it was next possiitle to calculate the expected
popivion of the lines of the atowmie spectira for Shese
hyposhesized isotopess Furthermore, bvecause lines in the
atomic spectra are very iutense, & phosograph of this spectira
ghould give a very sensitive, unanbiguous method of
detecting the isotopese These workers photographed the
iines of $ank hydrogem, and of the residual from a triple
point evaporation of 4000 gee of liguid hydrogems In both
sases fsotopes of masses 2 and § were detected, the lines
being much more intense in the latter case. jecause of the
importance that wos considered attached %o these isotopes,
they were given special names, deuterium (Dy) for u%; and
Tritium (?5) for u%,

Elcut;:} examined ordinary electreolytiec hydrogen
and the enriched semples of Urey, Brickwedde and purphy with
& mass spectrograph, and was able to confirm Sheir conclusions.
Later ianvestigators soon detected deuterium Ly other methods,
for example, in the infra-red spectra of HCl snd p¢l, and
by using & high dispersion prism tptctrogrnéiz The
enrichment by fractional distillation of liguid hydrogen
at the triple point was also confirmed by ﬁthl£i3

In the spring of 1932 #auhhéﬁi discovered that
pure deuterium could Le prepured by Sthe electrolysis of
agueous solutionse &y thies method Lewis and m:onnaii%
prepared pure deuterium oxide, and their demonstration of
the simplicity of the preparation led ¢ the ¢oncentration

of deuterium oxide in large quantivien.
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, {1, )
The atonie welght wae determined by paianbridge,
{6}
and later redetermined by Astone.

fabls 1
Adbomlic Whe Befe Abs whe Ats wite 4%s wte Hean it wh.
Jeferenve 59 2 b 2 ®
l6 = 35,0000 B 1.007775 2.01363 - -
0"" ® 16,0000 6 1.00812 2.01471 - -

b +090004 £0.00007
U = 16,0000 5  1.007504 2.01309 3.0151  1.00770

By the most recent determination %he abundance of deuterium

in naturally oscuring hydrogen is la&ééé (lgsgzé}. lnilii:

has made & careful survey of differences in albundacce for
waters from different sources. He found that differences in
water Gsusities of more thaa 1 ppm are very common, but that
there are not many regulsrities ouservable. lineral waters
show pome enrichment probably becsuse the evaporation of sali
lakes leaves the residual water somewhat enricheds waters of
vegetable origin aleo show some enrichment. In Shis cuse,

$he enrichment could be cauged by the different vapour

pressures of the two watere influencing the rates of

evaporation from the leaves, the rates of diffusion through

the stomata, or the eguilivriem constants for exchaunge reactions
between the water and the orgenie cubstances of the plant.

Yhere is also an inereased density oh:arvghli in waters from
comuercial sources due to such processes as fractionation,
distillation, electrolyesis, absorption, or chemical fractivnation.
(For example, the water of erysteliisation of alum containg wmore

douteriun than the mother liguore)



- B o

it ie interesting %o note that hydrogen gas

in equiiivrium with water should comtain frow 1/3 %o 1/4
i8)

&8s amuch deuterium as the watare



al Hxperimental

(2}
Haghburn and Urey are glven the credis for

discovering $he elestrolyiic preparation of deuterium.

They deterained that the residual water from elecirolyois

had & higher spesific gravity than She original; and by
spectroscopic analyesis were able %o show that ihis phenomenon
vas related to deuterium enrichment. ?The enrichment is

moasured in terms of the fractionation factor o3

f = § finsl/ 5 originsl

(1, 8)
This method was used by Lewis and Macdonald So prepare

practically pure deunterium oxide, and their research led to
8 widespread utilisatlion of the methods It 12 this method
that has made possidble the extensive use of deunterium asz a
Sracer ian chemical and bvioclogiesl ra&oarééz

Although several adaptations of the electrolytie
method are available, the most widely used is a2 batch process
invelving elecirolysis of o dilute alkaline solution. when
$he alkall congceniration Vecomes too great for further
eperasion, part of the alksli is neutraliszed and the process
continueds OUn the Basis of the Bayleigh distillation
formula, the following relationship bvetween initial and

final velumes and mole fractions of deuterium holds:



*&g% f & W F
d=ni &$uw % e

Ll i } i**i.»? L)

{' = eonstant frectionation factor
Ege B = dpitial and final mole fraciions of deuterium
Wgy W = initiel end finel volumes of the soluilon

i A' is the effeetive fractionation factor which differs
from the true frsctionation faetor, 4 , Lesause of the
evaporation of water.

Urey end Teal have saloulsated, on the basis
of this equation, that im a cell of {' = 6, 1% would be
necessary %o electirelyse 256 litres of eiavi'nﬁe to & residue
of 1 cce %o obtain $9.9% Dyo. This illuetrates the great
loss of nzatg?euming, as the initial water contained 17.5
gce of D0

When the process starte, the escaping ges
containe less deuterium then natursl wasers but as $x@ Process
proceeda and the deuterium ¢ontent of the water increases,
even %he esoaping geas becomes considersbly enriched in
deuteriume To preveant the loge of oo muoh deuterium, the
escaping guses are burned aad rt*:iitgt ¥his can be
conveniently dome by titniaa the essaping hydrogen and
oxygen at small nossles alter the geuses have passed through
& short sand Srape The sand trap steps explosion waves
resulting in the event of plant sghut down. The Jjets are
mounted in banke o that any Jeot extingulshed by the water
of combustion may be relightod by its neighbours. This
prevents any unlooked for losa of deuterium. gStarting

with water enriched in deuterium oxide, this method leads

step-wise %o 99.9% Dgo,
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Obher electrolytic methods tried invelve
continuous flow and esscade techniques. Thewe methods are
less couvenient, and more unutitux tecause of the difficulty
encountered ia burning sud reworking the escaping deuterium=
rich gtniii

b} Theoretical Caleunlations
The electrolytiec separstion depende primarily

on the following exchange rescsion Letween water and hydrogen

gase

This oxchange reaction favours an inereased congentration
of deuterium in the liguid phese, as shown by the

{1, 8)
equilibriue constant.

{Epo)(nz)
{Hgojluan)

The equilivriom constant may be delermined not only experimentally
it also from basic statistical mechanicsl ceusi&orﬁfiniﬁ!

By meansy of these caloulations, experimental data are

correlsted with the thermodynamieal properties of the

syeten as deteruined from molecular apeeéiiz The following
gection deals with the development of this method using

equation (1) as an examples In the slectrolytic process

this reaction resohes equilibvrium vecmuse of the catalysic

effect of the electrodes.

Consider any general reactiong
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8 A+t DB - > e ¢+ 40D (2)

?ht nqu{lzbwiun constan$ for the general reasiion is given
12, 18

by s
R In By & » A%E:
- . A(F? - E3) - éﬁi (5)
LR T
However:s

F° & Ef + BT In ¥ = BY im g
and substituting ian (3):

(&)

But:
Q= %Q’Ql b Qﬁﬁﬂvmﬁ‘
@ = %otal summation of stase
Gp = Sranslational sumsation of state Gy » :
Qg = jinternal sumsation of state Q; - ;éﬁggigggil

{4) may also be written:

AT (8}

where Sthe sudbseripis p, r, indicate producis and reactaais

{13)
rospectivelye From Hersbaerg:s

% * viAERS) (6)
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- wsvghe/ kP
W - é; e o d (7)
. » BLE. &
Sn chelB "
¥ « volume wy - lowest vibvrational
E - mass energy level
k = Beltsmann congtant ¥; - vibrational quantum
? = temperature, *Ai namber
h « Planck constant 0= gsymactiry number
¢ = gonstan$
B =~ rotationsl guantum number, which depende on J, the

moment of inertis

An examination of these equations leads %o the conclusions;
¥,

FOPTRER I . 1

n 877D

5 (M. )%

n (7] = lne

i 1 = o Wivihe/k®

in (8) = Ia;éz - 2;?:

5L, 5%
Refering %o equation (1), and substituting

in (5}, the egquation f#r the equilibriue constent becomesg

(% Iunpel O"wof

in X ® Ia . in W - 3 q

" Wago T Tagethyy ™ ﬁ i
FR Y - ovibe RT

In the example dealt with here, the third term is sero as sthe
symumeiry numbers cancel, and the fourth term is negligitle
because the first vibrational state is far adove the zero
point enoré#f The final equation for the equilibvrium

conatant becomess




(10}

where the $otal number of molecules invoived ie N,
Avogadro's numbers
Atomic weight deteorminations supply the data

for destermining the first term.

BB 5.0805%
D 4.02618
Hg0 18401501
HDU 19.020p59
Dab 20.02618
T 61l velues based on © ® 16.00000, LEe chemical

woleculsr weight standard. (1)

Speetroscopic data ig used to csleulate She momente of inertia
and sere point energies. In the case of the walter noclocules,
the moment of inertis given in $he %able is the resuliant

of three dimensionsl moments of inertia.

I = 'é’"&»ﬁcﬁw

Zable 3

Lo d Befe E‘“ gef e
W om? L Eoe nn!« _Jige
44672107 {2) . 61886 {2)
§.21x10™% (2} $B66.4 (2}
9.31x20742 {2 45945 (2)
2.475107%°  (14) 13097 (2)
4.09x10°60 {14} 11398 (2)
6.48x10"50

(14) 9527 (2)
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When the values given in $ables 2 and 3 are

substituted in {10):

in K

B

K, -

a % in 0.7045 + in 1.2452 + 1.5229

Bguilivriun constanis have been caloulated for

all possible exchange reaciions between these gases and wabters.

The values are listed below:

Sadis &
Reaction Bguilivriun constant from;
Pherwodynanics Pugecities
20° g. 100° g, 25° g, 100° g.
Refs Hoe (6, 15) (2] {16} (17) (17}
Hp Dp s 2 HD B:E7 Sed¥ De&B Sedd
Hp* Dgo pesseum=s gp+ EDO le22 1309 1.58
HD+ Bgo wmmsmemes’ H, v EDO Ee87 led8 L2487 2.87
Dy ¥ PO Fesmsesst  gP D0 Ze&7 300 2.98 2.24
Py v Hpo Fummmmms! gp+ HDO 8.73 Te79 6445
Dy, * Hgd Fos=mm==d Hp v Do 7e13 Y08  4.20
Dgo * gza@xm:xm;x? & EDO 3.2Y J37 410 2.60 2.87

The nost recent caloulations were made from &

{ie)

study of the two reactions:

o0t B, mommmmam

Fel ™

LU g
P TEmmm——

Pet Hpo
Dg0

Pe ©

The equilivrium conssant for Sthe reaction:



et
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ﬂaﬁi + BP cocenees  HBO gg

vas determined as & funetion of the abeclute tempersiure
{15}
sgeording %o the eguatiom:

log Ky, = {(750/2.38%7) = 0.1338

¢) Separation and the Cathode Zeactionse.

Because She separstion Sekes place a% the
sathode, the anods reaciions may be cmivtede The caibode
reactions may be divided inte four chief stages.

iR Tronsport of ions from the cleotrolyte to the
{1, 2, 14)
" alegtrode:
2THO oy 0B 4 Mgl
{1, 2, 14}
11 Diacharze of lons &% the electrode.
Bs0 . X ey HgO o HeN
Hotes i=M indicates atomie hydrogen adsorbed
on the electrode metal.
III Formation and libveration of gas molecules at the
{1, 2, 14)
electrode.
& HolM oy Hgs B M

1V The exchange resobion:

HgO . ®D < EDO . Hp

Alﬁ?aaah}ﬂha- is the most important exchange
£, 8
reaction; ghe following also ovocure

Hg0 o Dpl wmwy & HDO

I %ransport of lons to the Elesctrode

Phis process is mot the cause of the seperation,
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4
as in an alksline elégirolysile only the Ea lons aigrate $o

the osthodes In acid solation & peparation due o differsnt

mobilities of 8% and »° eould ve accomplished if natural
diffusion did noi keapy She hydrogen and deuterium in normsl

concentrations on the cathode boundaryj & phanomsnon nevey

ohaerveds

I and 11l JIonie Discharge sud Liverstion of gas Nolecules
The discharge and adsorpiion of the atemic
hyérogen is agsumed to cvecur in one step Lecause this
mechanien requires less energy then a twoe~glep resction
involving the formetion of free hydrogen atoms in selutions

fhe actusl yroTzft is very ecuplicated and hasg
bean explained in seversl vuya; Two resctions are generally

assumed %o take placet

B Bl e A W {1}

2 Mi > By, * 2 X (2)

g% is generaily believed that the rate of one of these

reactions is slower thaan that of the cther, and that Whe

plow reaciion dotermines the overall rateos

a) 4 study of the hydrogen overvoltages indicates that
lhn{rtlutt&n between current and overvoltage is independent

of fhn kydregen fon activity, which is in asgreement with

equation {l)e 4% low current densities it is possidle teo
explain the current - overvoltage relatiocnship on the bagis

of tal‘b7ins the slow resction. Hemmett gives the following
4
equation:
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I = kg (1 - e" 2POE/E2)

At high current densities, (1) is assumed %o be the slow

reactione Jowden gives, for high overvoltages:

I ® = k¢ {e~ 0«8 FoE/n2)
0.0D R« 0.01 I = ourrent
AB = overvoltage kpy K* = constanis

F - anumber of Farsdaye passing
Qebh = theoretical derivation no$ cleare

These two egquations can be combiuned %o reduce %0 one or the

other depending on the currente

Since the separation of hydrogen and deuterium
vecurs in the high overvoltage region, 1% le sssumed, on the
basis of thies ressoning, that the fractionation is associated
with the discharge, (1), rather than with (2).

(1}
b} Powler, basing his values on a general sbtudy 6f

the reaction, has calounlated the fractionation factor
obtainable, assuming in turn either (1} ai {2) %5 e Vhe
slow reaction. He assumed Shat the probabilities of
deposition of hydrogen and deuterium on the elestrodes
are proportiomal to the mole fractions of hydrogen and
deuterium in the solution, independent of the molecular
predecessore (Hg®, HDO, or Do)

The processes involved in the discharge are;

ﬁlg - N - OE" ., ME }

, : W, i

DA v B e OF o BB ;
A

oo ., ¥ y 00T . ME )

)

EDO . W™ 3 OR" . MD )
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The formation of molecules shen proceeds as fellows:

g “ ottt A 4! agw g n ;
2 ¥p s DRAY SO B ; b}
D HE _ ' Hpt 2 M )

These resctions must be reversible as & reversible electrode

is conspidered. Using the followiang symbole;

xl. :g = gurrent carried by the diseharge of n*. nrlr/tiuul

Byyo Hype Hyp, = mole fractiom of Hpyo, HDO Dg0 respectively,

ni, ‘z - gonecentration of adsorbded x. D respeectively.

{atoms/area of electrode)

zl. X = concentration of OH™, 0D™ respectively.

Hyye Bige B,, . mole fructions of Hgy HDy D, respectively in
the gase

and sonsidering that thi following equations hold at

eguikibriam:
ROt 2,0 +——— 2 KDO R, ® B.28
Ryt Wgperemmeed 289 - Kg ® .27
and:
By Wt Wgpe * 3
Bt Byt RN 3

theny if the rates of reaction follow the mass action laws,

for reaction A 3

11 = (2 311'11“‘"" klz llg) it 'Mllule«*'ﬁ}{ 1&”’1‘}’
Iz = (2 kppligg—+ kpi¥i12) = T“zalz‘é“¢14zlﬂzﬁxl

The Swos are introdugced %o account for phenomena such &s the

probabil ity of K being discharged from Hpo being twice the

et g S
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provabilisy of B beling discharged from ED0e For the reactions
B

3, * (29,8, % + Vygnyng) = (2 h1ymg 4 A1zmyz)
1, = (2 fﬂga_ga t Vygmpng) = (8 hgangs + Xlﬁ‘”ﬁiﬂ}
x,%, Vo are veloclly coustants and funciions of Semperature.

The terus in the first and second psrentheses
refer respectively to the forward and reverse reactions.
If the Serms on the rightv are all large ag compared %o 11,
Lo agxii&&rinujwwulﬁ held and the separation factor would
be uyyrexin‘thgig‘ However, &s the separation depends on
| relative velogities rather than ngaiiihrium conditions, eonme

reaction must be slow with reppect to the others
Juse 1 Phe discharge reasciion is She slow one.

Here the terme with A may be set egqual to zero
ands

2 o
ig

which reduces %0 the vbeerved fraciionation factor:

L,k $.2 63y + B1p
iz Bgp®e2 Npp + Ny

2
in order for this last statement te be true,
oaoh of the constants mast be in the form oe ﬁjk’. where

¢ is & constant and Bry 0 is the mean of Ey,, and Rgy.e
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This condition is reasvnable ag She difference inm activation

energies lies in the change in the sero point energy, snd

the zero point energy for the mized molecule HDC 4is the mean
of the values of the two homogeneous molecules, Hp0 and

D,0e However, the agsumption that kj, * kp) means that the
8§ and p atoma 9 HPO can pass the potential hill egually

easily if the same ensergy is supplied. Since, moreover,

K, S 3.26 snd not 4, those eguations are at best approximstions:
but they do show that the observed facts agree with the

apsunption baken heree

- Gase Il The velocity of formation of the molecules is the

slow reasctiovne

Ian $his ouse the »*s of equations D are

negligivles my and np sre sssumed S0 be proportional ta;

B, * k) (2Hyy+ Hypl/2 = Kk
By * kg (BHgpt Mpl/2 * Ky

Thent

Lo, 2Nt Vizeld - plka/iy
Tg 2 Vgald = pPE/K 0% W aplY =g dhg/my

2
If V30 ® 4 VyVgze the above reduces %o:

I Ky (¥yq )85 -
N t,wuzﬁ "

which jg alse in asccord with experimenial UYatas

Un the basis of She above caloulations, powler
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E&i indicated thas either the digcharge resciion or the
veloeity of formation of molecules may be the slow reactiion.
it is pogsible %o correlate vither ocsse with experimental

““C

¢} 4 potentisl barrier has also beon pastulated to
aceount for the separations

le BEBray-Grasz and r»;ii; suggest & barrier %v the passage
of electrons from the solution $v the elecirode.

2o enr::; holds $Shere is & barrier %o the passage of
elegirons into the solution.

Bell has considered the Gurney theory in

eonnection with the diecharge of two water molecules
dix:urtuc in sero point energy. kllg kzz' and ‘12 {kgq)

are caloulated and used in the equations

Lo ki ki,

ip 2 kgalige » Bgyligy
i:‘lf‘ Bgp + Hgp ® 1, By = 0.28

Phe results gives the expected fracticmaiicn faeter. since

the k's are proportional %o

8 - ip eV
— ‘
i-)".“

+ Q :

Y2 @& constant greater shan 1.

E = gnergy of neutralisation of an fon in 4ts lowest energy state.
= F{V,2), and iy independent of masse

Ey = She work fusction of the metal.

¥ - the applied potentiale
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it may be considered Shat:
E ® gonstent ¥ B:

where BY depends om the meleoule involved. Then;

‘h/ v lh/‘t*‘?

h 2R
' 8 m’rﬁ"f Wz/ﬂ!

ig 2 Hggpe

¥hen K, s 4
":t - (53 + Bgp)/ 2
In o = 4 (B - B2)/ 2Y &y

This formula is consistent with experimental results
dealing with the temperature covefficient of the fractionation
factor, and the fractionation factor itsell.

Thie equation is only approzimate but might
perhaps be made more consistent with experimental resulis.
fhe theoretical significence of ¥ is not kaown and she
equation takes no sccount of any effect of the electrodes
on the fractionstion factore This equation does not
allow for the possibility that the probabilisties of
and D passing She potential bvarrier from melecules of
g, HDO and D0 of equal energy, &re not egual.

d) 4 gecond type of potential tarrier has been
postulated by Farkas and rnrkifz ¥hen the electron leaves
the metal for the hydrogen ion, 4% must jusmp over an
energy bvarrier, which is prodably different for ¥ Vand
» e Therefore, there is & diffeorent provadility for
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the dissharge of eaches This mechanism can accouni for the
fact that the efficiency of geparation is nearly independent
nf the electirode motal, and also gives a fractionation

fagtor of the correct magnitude.

I¥ The Exchange Reaction

aga + HD BD0 + gz
lipolilial e 3 at 20° g
(2g0 ) (HD)

This exchange probably takes place to a
large oxtent in the electirelyiic process as the metal
eleatrodes will certainly catalyse the reactiome Noreover,
the released hydrogen, being "in stata nsnneuiil. has a
high reactivity toward ;xahaixu. 1% is therefore possidle
that complete equilivrium is established. However, it
is impossidle %o sssume that the fracticnation depends

only on this exchanges Were this the csase, the value
J would bo & liniting value for the fractionation factor

as equilibrinm were approached in either direction, and
fractionation fectors much larger than this have been
obtained in sctual practice. It is probable that the
fractionation factor depends %o some exPent upon all the

theories discussed abovee.
d) Other Pactors Influencing $the Fractionmation FPastor

The fractionation factor varies during the

sourse of the electrolysis and fyom run %o rune. The
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eurrent density has & glight effect, higher denaitiecs
favouring inereaved fractionation. ZRleotrelytisc concentration
hag little effeots Alkaline solutions give bvetter
separation than scid solutions. Different authors have
found d4ifferent coubinations of elecirelyte and
electirode to be effectivee Topley and n;::;g find

Pt = EUH vest, dut 3&%% found ¥i -, P% =, or Cu ~ §aoH
to be avout equally effectives Reported frectionation
fastors range from B4 %6 7.6, with 5 or € the most
eouzon. Lower efficiency is caused by high temperature
operation (50 « 60° ¢.) which results in some carry-over
of water as apray or vapoure The effect of temperature

is shown in the eqguation:

Ind = g/ r2+ ¢
@ = difference in the activation energy for the discharge
of B™ and DT o

e} Summery

The electrolytic process, as lantﬁntnc’za
the above discussion, is very complexe T0 & great
extent the fractiocnation depends on exchange belween
water and geseows hydrogen with conseguent enrichmeant
of the agueous phases

B0 + HD ; : EDO *~ My

However, the limiting value of the equilibrium cenltuat’

i the eguilivrium constant corresponds S0 the frectionatlion
factor for the exschange reaciion alones
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for the exchange reaction is eonly 5, sud the overall
frastionation faetor is usunlly 5 - 6« The greatey
separation is brought abeut by some process at the
gathodes Several of these reacstions have Leen
postulated, snd it is conceivable that all, or many

of these theories are somevhat inveived in the

elestrolytic separatione

a)] Fractional Distillation of Liguid Hydrogen

This was the firet method used %o concentirsie
deuteriuum. Urey, Brickwedde and &m;§§; tried concenitraiting
deuterium by this method in an effori to detect the
presence of the isctope spectroscopieally. Using the
Detye theory, they ealoulated the vapour pressure ef three
species of hydrogen, B ud, wlu®, and aly®, of whieh
enly #35) yog kmown. The caloulstions indisated that
8t the Sriple point, the vapour pressures of the Shree
should be appreciably different. Therefore 1t would
geem that 8 Sriple point evaporation should considerably
enrieh the residue in the heavier specios. Paur litres
of ligquid hydrogen were evaporased near %he triple point
to a fow millitress 4n exemination of the spectrum of
this residue gave proof of the presence of deuterium by
hitherteo undiscovared speetral linee in the ealoulated
positlions Iy & very loengthy ezpesure 1% was possible

%0 obtain & deuterium spectrum from ordinmary tauk
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hydrogen, and from Sthe leangih ef the exposure, the sbundance
vas estimated to be 1:4500. These authors ahtnxntcfuu
enrichment of about 3:8&%- Mere recently Keesom, Dijk and
latatgii. using a fractionating column, obtained an
enrichment of 1:60 by this method. Faylor, Gould and
Bleakney clsinm there is a slight separation of Hp and Dy
obtained by fractional desorption from charcoal at liguid

(2)
air Soemperature.

v} Distillation of Water

Because of a slight difference in the vapour
pressure mi g0, HDO and Dy0, separation is possidle by the
fractional diastillation of watere The workers in this
field are Vashburn and Smith, Lewls and Coraish, aand
Hall and Janitl

Phe fractionation Tactor obiained .

the vapour pressure of pure Hpd and Dsv

th:/rataa of their mole frections in eho liguid

Pio/P11Pon Where Pyos Pyye and p ars “hke vepour pressurss
od%und} %0 ana Dyl reshesiverys®

L
LR O |

&% the bolling point L = 1,00 snd the fractionation i
ﬁpﬁtﬁtli&tﬂi’ 1,025 (£ = 4, k= 1 jLewis and sorns‘ﬁ’, i
fragiionation coluan of 100 theoretical plates would give
a fregtionatiocn factor of about 10s It was formerly
thought that columns of this type might be used with
sufficient efficiency to compete with the electrolytie
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method, but this is no loanger the cases. However, the
(20)
method 4is etil)l jfsportant, either by itself, or as an

initial stage for $he electreoliytic process.
¢} Diffusion Methods

i Turough a porous plug
This method is based on the different molecularp

velocities of the isotopese Theee velvsities are
daversely proportional to the rovt of the mass of the

duotopee

Yiar ¥ppe and Wpp = mesn velvecities of Hg, ED and D2

“hen a mixture of geses is pumied from & vessel through
& fine nosszle we get a separation expressed by the zayleigh

*H‘ {}gﬂ';}* ’ {%’4“ s s = ﬁ- l.41

Pos P = idnitial and final pressure in the vessel.
giﬂa. {dlys (Byle (B = 1aitial and final concentrations of
hydrogen and deuterium.
This holds only if the diwensions of the moszzle are smsll
gompared %0 the mean free path of the molecules.
The separation factor, s, is very low, but by

& several stage diffusion Shrough porous ciay tubes
sealed in gless and suitably connecied %0 several diffusion

punpe, Herts managed %0 eifect & multiple separation
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lesding to 1003 g:i {fhe Islmer lines of hydrogen could
0ot be found in a :yaﬁtra#n#yx# anslysis of the produet.)
Because the starting muterial contained & very low
eongentration of setuel D moleoules, &n slectriec
diseharge was applied at & suiteble point in the system
to establieh the egquilibveium:

et By me———a KD

This method of preparantion yields a very
pure produst but its usefulness is limited in that 1% is
auly applicable %o pmall guantities.

(1, 2}
il Diftusion Through Palladiume

Piffusion shrough palladiuom can also be
uged to eoncentrate deuterimwm. ¥The separation, in Sthis
gasey is not due %o the differenty moleeulsr veloveities
aslone; and temperature has an importasnt elffect. The
hydrogen diffuses through %he palladium in She stomiec form.
As this process has an secbivation suergy of roughly
w 16,600 eale, the rate of diffuesion defined as:

iffus
1&/&2 trig&aul

ie expreseed by the relationship:

= 16,600/ BT

8 5 0
%

The sctivation energy appears %o be higher for HD snd Dy
becanuse of their lower zero point ensrgles. Assuming

an atonic mechanism for the diffusion process, the rate
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of diffusion, 8, is given by

°
Bg 2 an

g = .‘ 8“3 ¥ n°32,/ "

The values of the zerc poiat energles &re kuown, and sre

6183.4 calories for hydrogen and 4394.5 salories for

denterium. Substituting:

. » o230/ ne
The form of the equaiion imdicates that the separation
factor is roughly proportional so 1/7.

“hie 1s & very isefficient method of concentrating
denterivme 4% low Sonporatures, the velume of the ges
pagsed 1s very smally at high teuperstures the separation
is tir: poore Howaever, and 8 -10 fold concentration
of deuterium has been obialned by Harwris, Jost and ?n:éfl
at 300° 0. and atmospheris pressure/100.

4) Chemiecal Kﬁihiiﬁ

Any reseliion iavelving hydrogen and deuterium
and having & different prate of resction for each isotope
may be used %o separate the twoe This relers also %o
oxohange reactions having eguilivriun constants dffferent
from those caleulated from the statistical dietribution

of the isotopose 4An exsellant ezsmpie ivg

BoU + HD e BN BB

statistical K ® &, a€tual K = B.67

This might conceivably be utiliszed by an apparatus sisilar

3

o B R 1 Sl



w 52 w

e a traﬁtiaautias columy and besed on counbercurrent
{z0
principlese

¢} Hore Becent lethods

I 4An eleotrolytic method hae been studied in which
the reaction takes place in & series of anifiz The level
ie kept consSant by the flow of axuﬁtraxétt from one cell
$o the next, with fresh solution belng added only te the
firet cell in the series. The enrichment obtainatle by
this wmethod depends on the number of cellss The process
tends %o be expensive as the amount of current required

inereasges rapidly with the number of cellse

I3 A slight geparation has besn reported $o0 occoup
in the flames rising from the comdustion of mixtures
of the goses, Hp, Dy an&‘gzi |

111 Thermal diffusion columng have been adapied %o
$he separation of Hydrogen and deuteriume. Seaborg, vahl
and Kennedy obtaiued » separauiion factor of 30 with an
apparsius of shis nakéﬁii The method gives promise of
bolng repild and efficient for obtaining low envichments

{24)«
of Dgle

iV %he ultracentrifuge has been suggested for
isotopie nnauwutiﬁﬁl &ht& methed is mot very practical
for deuteriume The separstion obtained depends on the
mags differenve rather Shan on the percent mass difference,

and as the latter is very great for the hydrogen isctopes,
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thies method represents & lose in efficiencye

¥V Prectional sdsorpiion and desorpiion of stoan
ar'?itragg? gas can be usilized for the fsotople

By
separation. The method leads to low concentrations

of the beavy leotopes

Y1 Hydrogen and deuterium exhidvit d4ifferent rates
of decomposition and reconbinations In & glow discharpge
tube this phenomenon hag been utilized $o0 concentrate

{27)
douteriom st She cathodes

The wmost widely used method of preparving
deuterium is the elecirolytic methode Although the theory:
is vory complicated, the melhod of preparntion is simple
end convenienty and in regions where clectrical power
is inexpoensive, producses 99.9% deuterium st a low coste
It is this method that is givea the oredit for making deuserium
available for such wide-spread use as i% finds ﬁanﬁay.

The faect that this methed, which ig ene of the first used,
has not been displaced by later methods i¢ in itself proof
of i%s excellence.

During the war period large smounte of
deuterium oxide were reguired for the atomic energy
prcaizgi The deuvterium oxide used in this project was
prepered by fractionsl distillation or by chemical
exchanges Although the raw product for fractional
distillation L¢ cheup and readily obiainable, the method
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is expensive becanse the slight differesnce in wapour
pregsures of the molecular species necessitates a great
deal of boilinge In the chemical exchange method, &
catalyst is employed %o brimg about equilibriuam between
wader and hydrogen gase The resction takes pleace in &
tower foaturing counter-curreni flow of water from 3op
%o bdottem, and hydrogen gas from dottom %o tope 1In
eontrast to the distillation proceses, this methoed proved to
ve very inexzpensive.

Deuterium gas and deuterium oxide are both

_available comsercially at the present time, and the

comparatively low ¢ost of these subsiances apaa%zaior
the efficiency of the above methede of preparation.



Deplorive oxide

Before the hydrogen isotope could be utilized
as & selentific tool; 4% was necessary %o devise methods
of ﬁ&ﬁiyuing goy and water samples for thelir deuterium
ua&t&nt¢ & great number of analytloal methods have
‘ﬁﬁlﬂ~§lfﬁiéﬁuﬁ; 2 number of whioh are deseribed belowe
antl!

a) Analysile of the Hydrogen Specirum

This 48 & good method of detecting douterium
but & poor wetbod of analysing i%e There are many errors
and diffienltior involved in the determination of relative
intensities of 1ight, end i% Io also very difficuld %o |
avoid the parsial reversal of the lines of the most

abtundant isologpe.
v} Hass Spectrographic Determination

Theee wmetbods are similar to those used
by Thomson, Dempster, Adesen, or Balrbridge. plaainey
used & mase ppectrometer and deteramined the abundance by
gollecting the iom charges and debermining the charge %o
masgs ratios of the lon Leauss Hasses 1 =~ 6 are collected,

ag sre tabvulated Iin PTatle 6.
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Zebie B
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The intensitics of these beams are plotied as functions
of the pressuree 4in analytieal and graphical selution
of the ourves is made and they are compared with She

curves dotormined for matural hydrogen.
¢) Pyonometers

Because of the relatively high percentage
mass Gifference of the molecunles H,0 and D0, the
densities of the two waters are condideradly different.
Very pure 1.0 has been prepared, and its deasity has been

carefully measurede (Table 6)e¢
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fable &
~Density of Hp0 snd Do0

Density Denaity !ynpgutnu pate of ref.
Hat D0 . Determinasion Hoe

1«0000 «3079 2
%.gaeeao i.igvaa tg iggt itg
1.00000 1.10726 20 1942 170
1.00000 1.10766 26 1942 170

The relationship between nni:’trnctxaa and density has
been given by Lewis and Lulen.

~ 2
‘25"‘ g " 0.9701 + 0.1087Hp + 0.0012Np

Kz = wmole fractioa D

Using this equation and the density ss determined with a
pyeonometer, the D content of water samples may be calculated.
{1)
4) Bouyancy Balance
Dufour's bouyaney belance may alse be used
to determine density differencese. 4 glass float Jjust
remains suspended in a reference sample at a convenient
temperatures At another temperature it will remain aflost
in the unknown. The apparatus is calidrated in terme of
the relationship between change of density and change of
temperaiures
e) 6Gilfillan and rPolanyi - Float xatzii
A second float method devised by cilgillam
and Polanyi wses the pressure aunder whiech the diver Just

pinks %o determine the densitye The difference in
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gompressability of & closed glase fleat and the water

might also be utilised.
(1)
£} Refractive Index

The concentration of devterium may bve
determined by refractive index measurements, the
refractive index of water samples being a linear

funetion of the D0 conceniration.
g) Bombvardment Quekntqii:

Rutherford determined the deuterium
concentration from the number of 13 em. range alpha
particles resulting from the high voltage bombardment
of lithium with fone from an unknown Hz = Dz mixture.
These alpha particles result only from the colliisions
involving the deuteron. This is & very rapid method.

h} HEill-~Baldes Vapour Tension Apparatus

The different vapour tensions of Hpo and
Dpl can be used to analyse for the deuterium coutiizz
Because of the difference in vapour pressure, & drop
of Hgl on one end of a Shermocouple appeoars sold with
respect %o a drop of D,0 on the other end. The
concentration of D,0 1s indicated by the magnitude of

deflection of & galvanometer connected to the thermo=

eouple circuit,.
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a) Palling Drop MHeshod

This method makes uwse of the fact thas the

rate of fall of & droy Shrough an ismmiscible medium depends
partly on the density of $he dropes The density differemce
of 100,000 ppm between pure Hpd and Dg0 makes the method
particularly sensitive for Dg0 analysise Iarbour and

Hamilton developed the method, and vogt and Humilton
adapted it to Dgd = Hgl snalyels in 19306 oOther workers

have fmproved the technigue until errors are only of
the order of 0.l 33&. This permite a deternination of
0.0001% deuterium.

The rate of fall of & drop through a medium

at a given temperature 1s given by stokes' law:

6qjav = §a° (a~dole (1)
v = valoglity of fell & = pradius of drop
4 = density of drop g = wacceleration of grawity
dg = density of medium i = vissosity of medium

The sensitivity of the method is defined as She difference

in the velecity of two drops of given density differonce.

Ypvm = 503 {dg - d3) (2)

"
Ap She parameters must be coniroviled in order
t0 get reproducivle results, the effeet of each of these is

econgidered in turn.

I 5ise of Drop
4 small drop is desirable as the original
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samples are usunally guite smalle Since the sensitiviiy
fjs a Tunction of tz. & large drop would give theoretically
better resultse However, as the radius of the drops
spproaches approximately 1/3 the tube radius, the
sensitivity of the method is deoreased because ol the ...
agtion of the tubde walle which effectively increases the
viscosity.

The required precision of a few ppm is
obtained by use of & mechanical micropipet« If ske
drops are not uniform, the percentage errvor introduced

into the veloeity determinations s 2/3 the sise of

the percentage volumetrie errore There have been
several types of pipets a.iziiufif In general, they
gonsist of a capillary pipet operated by & carefully
mnanufectured scorew and piston arrangement which, by
changing the level of some mersury in the ecapillary,

gan suek up or eject & standard drop of mamplee

II Medium
This, of necessiiy, is & liguid, anon=
miscible with water, and with & density slightly less
than that of the water at Just Lvelow room Semperature.
Although mixtures of bromobensene and xylene have been
used successfully, o=flourctoluens is better because
the density of the former changes on evaporations. ¢he
density of ow-flourotoluene is such that 0~37 Dy may

be measured at 26.8° C. Other concentrations of Dp0
may be determined by changing the temperature.
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M-flourctoluene is suitadle for determining 0 - 3% Dy0
at 19.3° c.

111 Gradient Tuve

Although the size of the tube is not
faportant, its dBameter should be more than 3 times
that of the drop to aveid significant wall effectse
because the time measured depends on the length of the
path through whieh the drop falls, the tube should be as
long as is convenient for the else of the water bathe
¥o allow the drop to reach teuperature equilibrium and
%o avoid end effects, ihe drop should fall 20 eme before
timing is started, and timing should be stopped 10 cme
before the end of the tube.

i¥ Teaperature
Sinee temperature influences the density
of both the drop and the medium, snd the viscosity of the

medivm, tem:irrture control is very importants. The
temperature of the bath is that which will give 8 suitable

rate of fall over the renge of densities to be messured.

Ia the atiainment of reproducible results, uniformity

of temperature is not ss ifmportant apg ocovnsiancy of
temperatures It is adventageous %o keep the room
tempersture about 19 higher then that of the bathe 7This
means that the droep is initdally less dense than the
medium and Sherefore will fall very slowly until
temperature equilibrium is reacheds Under Shese conditions

the drop is more likely %0 reach temperature Qquxizbriun:
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iu the 20 ome before timing is started than if it were

initially wore dense than the mediume

¥ %Pine
It has been found expoerimentally that the

relationship between the density and the velocity of fall

of the drop i not linecaw, but is gliven Uy
d-dy, ® k'ivep w2} (3}

The precision of the results is limited by the precision
of the stop-watohe This is especially true when the
differences in densisy of drop and medium are large.

~ When the density differences are small, %the fluctuations
in the other perameters bvecome more iuportante 1% has
boen found that precise measurements can be pade with s

stop~wateh resding 0.0l sece for drop velocities of
01 om/sece

Vi Congentration of Sawmples
Samples containing 0= 3% Dy0 cen Le measured
convenientlye. Uore concentrated samples should be dilubted

$0 approzimately thit'anwaaﬁ%rutxau.

Vil Bxperimental
The sawple must be very carefully prepared
and purifiede (See Chapter 4) Freshly distilled water
is used as & standard, and stendard and sample are always
dropped togethers Before use, the pipet is rinsed with

some of the sample The drop 18 formed under the surface
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end released &% the surface whon the pipet is ralsed.

The time of fall botween twoe designated marks on the tube
is measured, and the D,0 concénirsation is read from a
galibration curvee A pycnometer 1ls used to determine the
density of & series of prinaspy standardse The celibration

curve is determined using these and a series of secondary

gtandarde prepasred from these by dilution.

YIil GErrors
Depending on the density, errors of the
order of 1= & ppm can be expected. Usually this error

is ineignificant as the error inherent in the preparation
and purification of the samples is of the order of 20 ppm.

(33)
b} Gradient Tube

dhen a liquid of greater density is layered
over another of lesser densiiy, and wiscible with the

first, a uniform gradient of density develeops in She region
of the Junoture of the twe. Density determinations can

be made from the squilibrium position of samall drops of

iasmisoivle liguides in the linear densisy gradiente

1 The CGradient Tubve
For the determination of the D0 conceniration
of water samples, two bromolenseve-kerosese mixtures are
useds The denser is carefully poured on top of the less

dense, and the liguid in the tube near the Jjuncture of She

two is thoroughly stirred by up and down strokes of 8 stirrer.
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After sitting 24 -~ 46 hours %he density gradient reaches

linearitys 1These gradients may be used for ¢ months %o

one year if they are kepd at & uniform temperature and are
well stoppered %o prevent evaporation and cust contamination.
Brror will be introduced if the Lromobenzene~-
kerosene mixtures contain water or water soluble substances.
Therefore they must be carefully purified and dried
before use. Traces of water will exchange with the Dgo
samples Introduged, but after a short period of use the
gradient will be saturated with egquilibrium concentration

Dpt &% each level and so no further error will be introduced.

11 Stendard Solutions
Thege are prepared by diluting 99.9% or
purer, Dpg0 with carefully distilled normal water. Abous
10 stondards with & density range of 0,998 = 1,01 ere

Prepared.

111 Experimental

4 very accurste plpet is wsed %o deliver
the dropse It 48 rinscd with each sample bvefore uses Drops
of standard samples lying in & renge close to the unknown
are introduced a% the same tiwe &«p the unknown, and the
relative positions of all the drope sare determined with
a cathetometere The unknown density is caleulated by
interpolation.

When the readings have been taken the drope

are removed by filter paper rolled on & glase rode 1% i8
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about 6 hours vefore the gradient can bve used againe

¢} Thermal Conductivisy

The heat that a hot wire can lose %0 a cold
anrtnaoﬁdcpeads on the specific heat of the gas surrounding
the w1£§: Since g9 HD &nd Dy exhibis great specific heat
differences at ligquid air temperature, this principle has ’
been adapted to the analysis of hydrogen and Roa%aziuilénf:°34’
Farkas and Farkas did She original work on the nathggi
The technique reguires very small gas samples (about 0.002 =g.
ab HeTePo), and haz been widely used.

' The apparatos consistes essentially of & dlare
platinum wire stretched in a glase tubse Whon measurements
are bveing mede the tuve is lmuersed in 1&2;12‘1223 The
platinum wire is heated by & datiéry and 1%s resistance
fs measured by a whoatstone bridge. In the analysis of
& sample, the current is determined whieh will keep the
wire at a standard tempsrstures. The D percent is determined
from a calibration curve in which 4D is plosted ageinst
eurrent for several standard samples. Actually the D
content ean be saleulatedoon the basis of the uxuslivghapman=

Enskog aguation:

)uzaf.;g
meg
b =  Semperature gradient Gy = @specific heat at consmé
/i= apparatus constant volume
ore  molegular diaseter m ~ wmolecular welght
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The ealculations are fairly long and because
of experimental inexsotiitudes { such as the presence of
unknown amounts of heating in pirte of the wiring other than
the platinum wire; and convection currents in the tuve) not

toc precise For $his reason & calibration curve is employed.

ggiromneiol

e Use of & lnse

The best method of isoctopie snelysis available
&t the present time is the wass spoviromesric untéggg A
mass spestrometer is an instrument designed to separsie
particles of &ifferent charge/mass r&iiggz gince the ratioe
of ocharge/mese is difforemt for esch isotope of an element,
& maes spectromelor can be wsed for thedr ceparation The
separeting sctiicn depends on the effect of o domblnation
of an electric end s magnotic field on positive ions
produced from the isoctople subetance by eleciron bLombardment.
After %the separation, the veriocus isotopes are collescted, and
the corresponding lom curveais are measureds The relative
slses of the ion currenis are an indleation of the
relative isotopic abundances of the sample.
Pilgure 1 shows & mass speciromeier speacially
desigred by 4. Os Hler for the snalysis of dautargzzi
The specirometer tube has been differentisted into three
parts, namely: A = the source end.
2 = the analyser tube.
¢ = the collector end.

D is & gwall permament Alnico magnet with 60° pole faces.
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A% the source and the sample %o be analysed,
in this case hydrogen gas, is introduceds The gas posses
into an fonisation chanber, B, whore She gaseous molecules
are ionized by electron dmpacte 4n olegirical field,
prodused by a potential drop between 3 and Pg, acceleraies
the ions Sowerd the amalyser %ubey the velovliy attained
by the fone depending om the poteniial of R

PYhe relationship of the povential of 7 to
the velogity of the iong ls the following:

Ve = %m* (1)
the aceelesrating potential
the charge on the particle
the mase of the particle
the velogity of the particle

F 183

“ Ho -

411l the positive particles have essentially the same energy
because of the controlled conditions of their production.
From the lonization chamber, the ions pass
through collimating slite in the plates Qx, Py inte the
analyser tubes Here the ion beam is subjected to the
influence of & magnetic field produted by a 60° sector
magnet, De The specirometer is so designed that the
ion beam enters the magnetic field perpendieunlarly to
the fields If the field strengih ls H, the magnetic forece
applied %o each ion will be é:fi Under the influence of
$his field, the ions will follow & curved path with radius

of curvature, v, such %that the centrifugal force, mva/b Just
balances the magnetic force.
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Hev = wuv?/r X {2)

pagnetic fleld sizength

charge on particle

velocity of particle

mags of particle

radius of curveture of particle

HEq0 W
(BRI O A

I% hag been aggzé that shere will be a foeusing of the
ion paths 4f & slightly divergent beam of ione of the same
momentunm (under the coundivion of equal energy as explained on
page 48, this implies particles of equsl nsss) entere a
magnotie field at right angles %o the field, and is bent
through such an angle as %o leave the field perpendiculariy.
fhis foousing takes place in sueh & way that the ion source,
the apex of the megunetic field fringe, snd the point of
foousing all lie in one planee

In most mags spesiromesere there is & single
evllector plate a% the point where the Leams are focused
on leaving the magnetic fielde Jone of different magsaes

are focused on this collector either by changing the
accelerasing potential, or by ehanging the strength of

the magnetio flields In the deunterium instrument, calculations

are made Yo determine the points of foeus of the two

isotope beans unaef the condition of field and sccelerating
1
voltage both fixed.

The relative values of the radii of curvature

of the ions are determined from equations (1) and (2).
Prom (1)s e/m = wija vy {8)

From (2): e/m = vy/Ar (%)
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From (8) and (4): v2/2 ¥ = vw/ur

vy = 2 v/ur {5)
substituting in (4): e/m = 2 v/u2x2

m = eH2pi/2 ¥ (6)

Since ey Hy V and m are constant, we can caloulute r for

any given iome Let LK *= gHZ /2 Ve Then (6) bvecomes:
m = Ep? (7)
Also, by differentiating equation (7):

AR ® R Erar (8]
Dividing (8) vy (7): ‘
ai/m w 2A¥/T (9)
Using equations (7) and (9) we can caleculate the redius
of curvature for bLoth the hydrogen and deuterium ion

beamns e
Using these caloulations, two collector

plates are pluced 80 that for the fizxed values of magnetic
field and accelerating potential, the hydrogen ion beam and
the denterium ion beanm will be brought %o a focus on the

w0 plateos simulvaneousliys These positive foms fall on

the colleater piates sad the resulting fon gurrents

are amplified and wmeasured by the derlection of galvancmeters
conneoted %0 the amplifier outputs. The isotople

atundances can be determined from the relative galvenouwater
deflections caused by the fon heans.

In the deuterium msass specgtirometer the
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ealoulations have been silupiified W the lucroporation of
& null meshod of aggi;aigi i‘he collector for %he smaller
jon beam is connecied o an ampiilicr and gealvanometey

a8 oubtlined abtove. The larger ivn Leam is connected to

a feodback amplifier, and the output of tbhis amplifier

is fod imte the iaput of the Lirst amplifier in suchk a
marner ag %o nullify the signsl from the smaller ion
beame (Fige 2)

o+
1w .  pomE vens TR
B} . G ?<::> galvanometer
F
™ § \ 7 .1
H X :
ke e
L9
+ 3 ; N
HH E} b ¢
B
Pig. 2

Simultaneous Collesction Principle

When a2 mizture of hydrogen and deuterium
ges is lonized, there sre several ifonic species formed, the
amounts of cach depending on biae relative coacentrations
of hydrogen sud deuberium present. For gases of low
deuteriux content, the most abuadant lons are a11~£lﬂ¢s 2)

-+
and HD (mass 3), and for gases of high deuterium content,
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82" and 0" (Mase 4) are cheifly formeds Im 99§ H, She
consentration of ﬁn*-ta negligivle and in 994 Dy She
goncentyration of Ea" e negligivles. Depending on the
samples Lo be analysed, deuterium inetruments are avaeilable
whieh mulluuﬁ‘;gvnatnnnauux: either masses B i::’a.

or masses 3 and 4+« An instrument heas also been proposed
which esn be wsed S0 colleet either pair, depending on
the sample %o be snalysed.f The theory is the same
regardloss of which instrument is beling considered.

This paper deals with the 2 = § fnstrunment, which is
used for the analysis of gue samples eontaining up to

6% dsutorium.
the Hi * fons are collected on the sollector,

Ae *The positive charge resuliing causes & potential drop
over the s:ia loak resistor, B, (0f the order of xnlﬂ ohms )
and this potential drop scte as & signal for the feedback
amplifier, G The output of ¢ is fed %o ground through
the potentiometer, D, causing the sppearance of & potentdal
aorose De 1% 48 So be noted that, although she inpud
%0 the feodback amplifier was poeitive with respect %o
ground, the ouiput is anegative with respest to grouand.
Similarly, the B0 " tone are sollected
on the collector, B, causing & posential drop across She
grid loak resistor, P, (4x10°%¢hms) when the switeh, s, s
¢losed %o He This potentisl drop is the signal for the
smplifier, G+ The patnn& of thie amplifier i fed %o &

’?Iivuts comsunication to this laboratory from 4., 0. 0. Nier.



galvanometer, the magnitude of the galvenpometer deflection

bedng a measure of the size of the KEﬂQbeumo When & i cloged
to K, however, part of the potential ﬁf D e fed inte P
This decronges the signal to the emplifier, &, bVecuuse

the potentiel on F ig positive with respect to ground
while that of D 18 negative with respeet to ground, xny
adjusting the contast, I, a potential cam be found just
oqual %o that caused by the HD ' beam, and here the signal
for the amplifier, B, and the galvanometer deflection will
be sers. Iy using hydrogen samples of kanown deulerium
sontent, bthe poleatioucter, D, can be e¢alibrhted so t hat
Loy every settiug of ¥, the ratic aﬁffhar ean be read
directly for a sero gulvanomeler deflection.

This null welhod has several inhereni advantages
which make it less sudbject 153:;r::3 Phe numbeyr of iong of bosh
isotopes at any given time is & funevion of the lomising
surrente Fluctuationa in the lonising curvent will cause
fluctuations in both ion beaws of she pame relabive megnistudey
80 that the ratio HD' /HE™ will mot etange alshough
the number of foms of esch apecies does shange. If cach
fon beam were measured separately, they could not be
measured simulabancouslys and if the ionising eurrent
varied between reondings, the resulting ratioc would be in error
by the magnitude of %he loanising ourvent fluctuations.

But by the wese of the null method, the fluotuations in
one iom veam are balageed out against the corresponding

fluctuations in the other fon Yeam, and %he nn+7uar ratio
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remaing conetant in spite of these fluctuationss This

method of snalyeis is also wueh wore rapid as only one

reading need be made for eamch ratio determination, and

celoulations are siuplified by reading the ratic directily.

yass Specirometay

With she instrument desorided above, 4% is
possible %0 snalyse direstly enly samples of hydrogen or
deunterium gase Jince most uses of deuterium depend on
$he atilisation of deuterium oxide, it iz importans %o
have available spectrometiric methods of water snslysis.

(40)
8) Bguiliveation

When & deuterium gas sample Lis shaken with
& mizture of Hgd end D0, hydrogen exchange takes place
between gae and waier until equilibrium is reacheds From
8 mess specirometric deteramination eof tha‘anf/nb* ratio
of the gas, the deuterium content of the water can be
¢u;¢a1:t§d i the values of the equilibrium constantes
involved are knowne

in the preparation of gas samples Ly
equilibration a catalyst (PtUg) and & peptising sgent
{malede suhydride) are used. fThe gas and water sre shaken
with the catalyst and peptising agent in & conetans
tempersture bath at 25% ¢« for at ltlit‘i hourse The
deuterium gas for use in eguilibvrations may be prepared

from 99.5% D0 By the action of wvery pure calecium metal
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in an ovasunted systems $his gus hes & deuberium content

of grester than 99 atom § deuteriums

The tuizwvtng:runatiouu are fnvolved in the

galenlations of the deouterium centent of %he water fron

the value of the K»'/aﬁ' retio given Wy & & - 4 deuterium

maps spectrometere (For simplicity, the Hy' /3y ratie

given by She spectrometer is known as R)

Hyt g ———= 2 WD K, *

PE(g) " B0 )= BRO(.) T BD{g) #

Kg =
£
P91 "% K ®

2
—tED) (1}

() (Bg)
Je26 at 2569 g.

(Ho)(Dgo) (2)
{Dglinno)

B+11 at 28° o4

B0lg = p  (3)

(D01, e

(Dghl, = p (4} |
?sfaT:' Dgo

Un the basie of these the following calculations can be made;

1 Atom % Dg in gas =Koy of atous of Dy .

Hoo of atoms Dz and Hp

z 100¢

) + |
& (1) stongD = ,nﬂﬁn 2(ED]

(a) Cess99% D or greater

{Hz) 18 negligivle sccording to the provabvilisy of

states.
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2 (Dg) + 2 {anl

4 4B} +» plial
y 11 (ng/‘ (D2)

% + 28 (%)

atom % D ®

Where R 48 the ratic determined by the denterium mass

apectrometar.
{b) Gas less than 994 D

In this case (Hz) is not negligible.

From (1) 2
Dpixd.26

2 B
atom £ D =
2 + 2 i
oyt {m % (5T
&+
i 2+ 28 + SHeR (6)

ToRE

11 Atom £ D im & ligquid

atom 5 D = noe 6f atons 9&. 2 10@’
uoe of stoms (Dg + Hyp)

¥ 2 (Dgb) » (590)
2 (Dgu) ~ 2 (HgG) * 2 (EDO)

{a)] Water 99% D or greater

(Hg0) 48 negligidle. ut]{.g% - R
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£ (pav} ~ {HDO
stom % D = ""ta 'x&l!taﬂ"“% - '%"T'!‘snoi

o LA (7)

Prom eguation (2 )

£ + 2R*

x, = LEDigx(dgolg

(D) gXIEDG)
Prom eqguation (3)
(BDOlg = Kg (EDO)y
From equation (4]
iﬁg‘)‘ = g (Dao)y
Subetituting: s
zg ' Dot )y {8}
K3 1
Therefore:
R = 2228 9
Kpky (2}

Since =2 = 1,067 ut 2
j 'Y

8% 0.
2{3,11)(2.087) + 2

2(3.11)11.067) + 2R

GeG4 » B

664 + 2R
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{v) WwWater less thaon 9984 D

i berm i included %0 secount for tuani disregarded
aboves This is obtained bW replasing 8 with R* dn (6] and
then substituting for A%, dn (9.

aven $p o B2l2:00)12.007) - 2

2{5411)(1.067) + BR +

el
S.26(8411)(1.,08%

o Saf4

6.64 + 2R + 04107 E®

Un the basis of these caleulations, the atom

percent deuterium of a gas sample, and of & wvater sanple
in equilibrium with the gas, can be delermined from the

HD/Dg vatio given by the deuterium ases spectrometer.
This means that water samples enriched in Dgo can be readily
analysed by equilivration with deuterium ges and subsequent

analyols of the gase
b) Het Wire Method

The equililwration method works very well for
water sanples of B oce or largers For smaller weter
samples, & teohnique known as the "hot wire" method een
be usedes It 18 bused on the decomposition of water W
a heated tungesten si::: deuterium belng libverated, and the
oxygen being chemically united with the tungetem. The
gageous douterium 18 freed from molisture W passage through
& dry-ice-codled trap before 1t is admitted S0 the muss

spectrometere In this case the concentration of the water



is considered %o be the same &s that of the gase
¢} Use of Line Metal

Instead of a hot wire, heated, very pure sine
may be used %o decompose the water i” & vacuunm xiZif Fhe
oxygen and sinc are ghemiocslly united, and the hydrogen
may be transferred through a drying trap directly tov the
sample line of the nmss specirometere. This methed has
an advantage over the hot sire method in that sShe zine
does not need to be replaced as ofien as the filament.

The method ils very rapid, and is capeivle of dealing with
very ‘smull wabter sampless 1% e possible Wy this techaique
$0 analyse the water of cosbustion obbtained from ¥ « 6 ng.
of organic tissue.

{43, 35)

(107) The nass spectromelric method is the most
valuables Although only samples of gus can be direotly
analysed, several %echniques are available for determining
the coucentration of deuterium in water samples through
& gas analysiss The method is very rapid and precise, aand
tuupxui in the neighbourhood of a few milliters of water
are readily snalysed. 4As hydrogen is the ondly interfering
contaminans, there fs no need for extensive purification
of water samples, and oconstant teamperature bailhs are not
required excaept for eguilivration.

In laberatories where & mesge spectrometer

is not available, the falling drop or the thermal cunduativity
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{107)
methods are widely used. JBoth require only small samples

and give good precision and acourseys Theso methods are
more tedious %o wse &5 the samples %0 be analysed must be
very carefully purified. 7The sctual analysis sleo is

more tise consuminge
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ghapter &

Applications of Deuterium ss o fraser in the study of

de  Introdmgtion

Fopr many years there has bYeen great cariocesity

in the ﬂiuﬁl'ﬁf scientiste regarding the fate of the food
we oate The mammalien body is such & gomplex organism,
and there are 8¢ many compounds involved im {ts nutrition
that £t hes beon necessary %0 devise speeial wethods of
investigation for the soiution of Shis problem.

The “”%%2zt@2’”h“£q“’ studfed was She
classical balange experimenty In Shese experiments, the
animal wag fed an excess of one sype of foed, and tni
excretions were examined %o deteralne the metavolic end
produsts of ﬁhi uutrient by weans of She component found
in excess in these waste preducise This method had definite

ilimitationse Hany bwody constitudnts afe not preduced in

excens of the body r:qutwunoata reogardless of the excess
(44
intake of precursors. Noreover, oOne substanse may Iinduce

the formation of an excess of another without bveing itself
{65, 44, 45)
involved in the process. 4in excellant example of this is
{44, 46, 47}
the effect of insulin in induciang the formation of glyoogon.

An effort wae sade t0 overecome the defents of

the belance method by ladbeling food constituents with

{wd, 48)
such Shings as chloride «f phenyl groups. Unforsunately,

the body orgens involved in metabelism can distinguish

readily vetween these sompounds and the normsl gompounds
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and therefore treet thep fn an unnstural manner. Thus it
is impossible %o depend.om results obtaimed im this menner
for a Srue representation of the metabolis processes.

In efder te gpuccessfully trace the resctions
that take place in nctaﬁolial. it is essensial t¢ have
some method of laveling food componentgynot detectable
by the organism, but resdily detectable by the oQ::;-:f)
This desirsble result is schieved by the use of isotoplicslily
laveled substancese Isoctopic compounds have similar

cshemieanl properties, but different ?gygicnl propertios
]

in the oase of those depending on masees There is direct
proof that She cell does not differcntiate botween
faotopic 1:0:&333 If living cells possessed the ability
thusly %o differentiste, isotopic avundances would varxy
from tissue %o tissue, and the lsotopic conceasrations

of the elements would change from source o sources

but normal ahun?unou holdes for all known isotopes regardiess
{48
of thedir origine

When a food substance, labveled by the
substitution of an abnormal isotope for the normsl, is fed
%0 & living anjmel, the utiliszation of She food compound
ean bte traged by the rate of appearance oi whe heavy
isvtope in She produots of %ﬂl&hﬁlifﬁ! The earliest
experianont of this Wype was perforsed bW vea aaciﬁ?f
who used the radicactive isoiope, Rad (lead)s The
metaboliom was followed by means of Gieger counters
placed near variocus #artt of the bvedye YVYon Hevesy later

used radionctsve phosphorus in sisilar experimonte



and waep able $¢ show that the isotope thus introduced
wont through sllithe ergans, bones and teethj therely

indicasing that these structural eleumenis are contiauwcusly
' {88}
and actively imvoived in salt metadolism.

The most somnon food eclemente sre O, liy He
and Oe Bocause thers are no radioactive iscéopes of
these elements of a satisfagtory half life, use is asde

(44)
of their stadle isotopes, 03%, 38, p, ana 028,

(36, 49)
Gf these, the most valuable appears %o be deuteriume

The advantages %o 1%: ﬁ?O are that 1% can readily Ve
dd
prepared ia & pure form, and is oantty ?ataet&ble in
Y
small samples in concentistions of 0.02% wiith a precision
{48)

of 0.001%« Aside from this, the use of all other isobopes
rogquires & mass speciromeser for %he isoteple an&lyigfl
Although %he mass specirometric mebthod is the best availadble
for deuterium, it is possible %0 analyse for Shis isotope,
with the same aegsuracy S8 found wass aynatram&irienlly.

using other techalques wore readily avallable; e+ge. the
{8s)
falling drop meshode

In the use of the isoiopile Yracer method,
the labeled compound must not change ite isobopic
distridbution by were exchange with mormal lsviopes present

{38, 44, 45)
in the snigal materials In the upe of deuterium, ithe

ghief source of normal hydrogen for exchange reasticns
is the water present in the body fluiuse 4 knowledge of
the reactions of organic compounds prediots wihich hydrogen

' : (&4)
gonfigurations are likely %¢ exchunge with a water solvent.
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it has been found experimentally that the hydrogens of
carvoxyl, hydroxyl, amino, and other polar groups are labile
44, 46, 50, 108)
and exchange in an agusous medium. PFor this reessu, it is
impossible to use compounds sontelning deuterium in these
positione &s the labeled compoundse The label would bve lost
by exchange &8s soon ag Lthe compounds were taken in by the
organiom, and 56 would n0t indicate the fate ¢of the food
u:tn& subsequent chemical resctionse Denterium may be

stably bound directly %uv the carbon atome along the chain
{44, 45, 81)
of the orgenic compounds

AlShough deuterium bound %o & carbon atom is not

oxchangeable, there are chemical resctions itaking place
(35, 44, 45)
in the animel body whioh could cause & loss of ihe label.

This apparent drawbsck can be turned to our aavantizzz
If @uterium oan be iost by chemical resciioms inm the animal
bodys it ie conceivabvle that compounds synthesized in the
presence of deusterium enriched body flulds would themselves
be deuterius enriocheds This leads %0 & second powerful
method of following metabvolie processese The injection of
deuterium oxide into Sthe bedy flulde of animals permits the
study of unut:eui resciions by a determination of the
aubsequent rate of deulerium uptake by the various parts
(88, 44)
of the budye

The isetupe tracer method has found wide use in
{43)
studying four types ¢f biochemical preblems:

1 The souversion of cune compound %o another

B¢ The mechanism of Liochemioasl reasctions
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3¢ The rate of resctionse

de The amounts of & consthtuent in & mizture.
In the solution of all these widely varied problems, the
isotope method ie very valuable snd has & particular advaniage

in ?%g} the experinments can be carried cut on the intaet

aninale

gountered in Deuterium Isotops

 Ex ment

a)} The Source of Deuterium Qas

This gas s svailsble commercially with a
{28) |
purity of 99,98, If i% 1s desiradble to prepasre the gadnin
the ladoratory from 99.9% deuterium oxide, two metheds are

aveilsble.
Rittenberg and Schoenhelser recomamend the

following aroaaﬁ&ggg A deuteriuam oxide sclution of
deutericsulfuric acid may be elecirelyeed tn’mbtuxa deuterium
gase The gas is thea dried by pessafe Shrough a trap
eooled with dry ice and stored at redused pressure ia a
bult elesed by & mercury trape A toeppler pumnp is used
fo transfer the deuterium buck and forsh between this
storage bBulb snd the reaction chamber.

Recently deunterium has been prepared by the
astion of yurr‘gtletaa metal on deuterium oxide in an

evacuated systemes This is & more convenient method, and

overcomes the haszards of eleciroiyeises
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b) Combustien ef leuteric Urgenic Compounds

The iuutar&uﬂ content of organiec maseriale i
determined %y an isotople analysis of whe water of cosbustion
of these substances, as it lis Ispossiltle %o determine the
deounteriun coatent of erganic ooupounds atiﬁging’

The combustion is carried out in & vitreoeil
(62, 63)
guarts combustion tube in & stream of purified oxygens

Eleetrolytio oxygen is purified in the combuation treim by
pasesing over a bed a:‘gzé. or thropgh sulfurie .if:f It
48 then dried by passage through & trap gooled by dry

ice before passing over the organic substance placed in

& guares boatse Whe produete of combustion sre pagsed over
& bed of heated Oud, and the water is ovliliected in ¢ trap

eooled with dry ice.
¢) Purification of the Water Sample

This step is very luwportant if the fsotopie

analysis is being done Ly some method dependiang on the
different physical characteristice of hydrogen and deuterium,

(B2, 638)
oy their oxides.; for example, the fulling drop method.

({Chepter 3)e If & mess speotromelric deberminatiocm is
being made parit: ef saaple 48 not neadly so important, as
the only contaminant that would alter the analysie is
normal walere

The trap cvatalning %he frozen water of

eombustion 4g counnscbed %0 & distiliation Srein and basrium

garbonate is added to remove any nitrie acid formed éa::aa
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gombustions IV is luportant Yo carry oul the purification
4n & room free #f vapours of ell kinds, e they dissolive

in the water and slter any physicsal y&sycrt§::! Under
vacuum She water is repestedly wvarmed, and distilled %o the
next Srap where 1% is agein frosen out; successive trape
eontaining, Orig, KOR and KiMnOg, (BoSh of these may be -
 replaced by ome trap conisining Ca0, which eliminates the
posslibility of replaceable hydrogen being imtr@du&fxi)a and
nothinge The water is finally collected im a tubve, (from
whioh 4% can be removed for anslysis) by surrounding the

tube with dry ice.

4} Preparation of Deuterio Compounds for reeding
Experiments
There are four general methods of preparsation

(28, 42, 44)
of Shese compoundet

I Hydrogenation, using deuserium, of unsaturated compound

i1 GBxshange of stable hydrogesn in & soiusion of D 804

I1I Catalytie exchange with Dg0 in the nrn;;nnﬂ of
platinum or palladium

IV Blologicel synthesis

I Hydrogenation of unsaturated compounds
‘ This method is used when it is possible %o
prepare the required compound by saturating an unsaturated
compounds Instead of using h:arafcn gas, deuserium gas is

{45, 44, 50
wsed, foraning a deuterioco compound.



o G5 -

i1 &uxchange in a Solution of DpsSuy
Deuteriosulfuric acieé labilizes the alphe=

hydrogen atons of saturated fatity acids permitting an exchange

(€3, 54, B6, B56) ,
reagtione This method is resiricted %o saturated fatiy

acids as they are not attacked by the congentrated
sulfurio seid used. 35 is aleo limited in that only two

atomas of deuterium sre introduced per molecule, and these
tve on the alpha-garbone The deuterius introduced Ly this

method is stably boundy treatment with belling ROZ sulfurie
acid or boiling V¥ aquecus potassium hydroxide does not

remove ite

I11 Qatalytie Hxchange in Dgd
idotive platinum possesses the ability to

labilise carbon bound hydrogen toward exchange in a
deuterium oxide .i?ﬁ%xf:f In the case of fabtty soids,

the reaction Sakes place more smoothly and completely im the
presence of alkall, probably due %o the feot shat ‘

thelr salte are more soiuble than the original fatty

agidse This methoed leads tov the iantroduction of
deuterium ot many, 4if not all, $he carbon atoms aslong the

chaine %The concenitiration of deutorium reached deponds on

the concentyration of Bgo used Thie is an soonomical method
as the unused ”8“ may be recovered. The deuterium

introduced in this manner is alse stable Soward Sreatuent

with hot alkali and scid.

IV Biolegical Synthesis
In some experimentis, the originel saterials pay
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be prepared from the products isclated from previous feeding
txpﬁt&usiszz Por exsmple, unsatureted douteriec fasty scide,
isolated from wice fod saturated deuterio fabtiy aclds, were
used %o feed mice in & later experimente 7This is an expensive
method because large quantities of Dg0 are required for a
little produst,

These geoneral wethods cannet e used for
all cempounds, and reference should be mads o the
litersture when 1% %aaftgﬁsaa %o prepare any specifie
denterio=~organic compounds.

Befepe these gompounds esn Ve used in feeding
ezperiments 4% is necessery Lo determine the stabilisty of
$he deuterium labele. If the deuterium should have been
fotroduced in such a position as %o be somplstely lavile,
it would bo rapidly lost W exchange with $he normal
hydrogen in She body fiuldse. A8 She fate of the carboen
atom %0 which the deubterium is attached is in general
the data sought, removel of the deuterium from the carben
before the ocompound enters any chemical reaction invalidates
the resultss The stabilisy of the ifntroduced deuteriuam
is determined by running an isotopie ﬂﬁﬁ?i#%’ of the sompound,
and then woiling it in dilete sulfuric aeid, hydrochlorie
ui?:: alecholie aixiliz or even vuifri As all these
treatments are wore dreustic than sny whieh the coempound
will undergo during the metaboliec process, the lose of
deuterium shown b & subsequent fsotopliec analysis indicates

the stability of our isotopic marker.
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There is one other considerstion coneerning
the stability determined in Shis manner. 1% is possible that
there are present in the animal orgenism, ceriain ensymes
whish aight goncaelivably have & labilizing effeect on the
garbvon~bound deuterium. These ensymes would permit & loss
of the isovtopic marker not detectable by Sest Suve, or
“in vitro™ experiments. The presence of such an ensyue
might %e detested W studying en organisa ingesting
no food but living for & length of tiue on food already
prouizgz r;itlli:ui hen's ezge were injected with &
douterium oxide saline sclations The egges were allowed
90 develop normslly and eut open Just bvefore She chicks
hateohedd Kad there bveen labilising ensymes present, the
organic conmptitusmie of the chicks should have sontained
deuterium, iantrodused by exchange, as no aynthesis ook
places 4n analyeis showed that the faity acide and
cholesserol of the chicks contsined ne deuteriums 4As the
chiok enbryos contain all the ensymes of the adult, it seems
falrly certain that no labvilising onsymes are present in
wamnalian hodizgz 4 further proof is offered by compounds
such as lysine, known not %0 Le synthesizable by the animal
body, whieh pags Shrough metabolic processes in an asanisal,
whose body fluids ur?‘gfﬁ enriched, without pleking up
any traces of &auter:u-.:;ltici %o evidenoce of this sors,

the fact that such enzywes have never been found, leads to

the assumption that they do not existe
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Phis technique is based on the fact that
the chemieal reactions of compounds with «bnormal isotepie
distribution are the same as Shose of the normal compoundse.
if & small samount of an isotepieally enriched coupaundVSn
mixed with some of the same compound baving normal
isotppie concentration, the final mixsure will have a
uniform isotople enrichment somewhere between the twe

cﬂnttntrilxan.. anéd the enriched somponent T&il Ez’lntlytrnblt
[ b
from the non~onrdched by ordinary chemical wethods.

To olarify this statement, consider the
following exewple, in which the isctope dilution method
is used for the purificetion of compounds in & separation
procedure. Starting with 100 g. of saturated fatty acid, A,
5 ge¢ will bae left in the filtrate after precipitation
with lead scetste and filtration. Let A be douterium

enriched In %he detérnination of the deuterium content
of an unsaturated fatty acid, By also present in the filtrate,

{Unsasurated fatty acids are not precipitated by lesd
acetatee ), Interferonce is oifered by the deuterium

sontent of the unprecipitated Ae jiowever, 4f 96 g« of

4%, (the sase saturated fatty acid as 4, but withous the
deuteriue enrichment) were added %o the filtrate, snd lead
acotate were again used as a precipitating agent, B ge of
paturated fatty acid would again be left in solutions ie She

only difference in 4 and A' is She aaktnriuu enrichment of

the former, these %two compounds would reset Soward the lead
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acetute in precisely the same manners The precipitate

would this time contain 95§ of the A4, and 95% of the A

in the solution. pefore precipitation. [n She second
filsrate there would only be 8% of 5 g« of the saturataed

deunteriso fatty acid originally present. This would lnwnk'
the interferenge of %the deuterium arisiag from this

source %o o unegligible sine.
It 48 lmportant 4o mote thet this technigue

i essentislly & dilution ones There is no isctopic exchange
taking places The resulte can be expressed in the form

of an eguations

vy o= (88 - x)

X = amount of A' added

8, = deuterium content of A"

¥y = swount of A originelly present

¢ = deuteriums conbtend of A4 eriginally préesente

The {svtope dilution method has wide applications
1f any three #F the variables sare known, the fourth may alse

be determnineds The technigue can ve used in the determination
ofs
{68, 67, 68)
a) The amount of a compound present in a mixture, or

(66, 69}
even in the snimal bodye. An exanmple of this is an

experiment used to determiune total bedy waters. Dp0 was

injevted into rabbite and samples of the serum were taken
after tlme had been alloved for mixing and equilivrution.
From the deoressed Dgl content of these samples, 1% was

posaible to csloulate the amouat of water with which the

original D0 had been diluteds. Phis gave the amount of
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{70}
body water im the rabiits.

B} To separate sn lectople compound completely from

{62, 64, 71, 72)
a normal oompound for purposes of anal:;&:.’ in example of
{ee
this was illustrated on the precceding page. oCaly by the

use of isotopes is the complete separetion of deuteric saturased
fatty acids and devterio~unsstursated fatiy acids pussibvle.
Yhe process may be repsated ap many times as is desired

#o oblain any reguired purity.

¢] Pe overcome diffionlties inmherent in certaia

(63, 67)
enalyeése This method is adaptable to the direet deternination

of the amount of oxygen in a sompound, » determination thaet

had formerly been possible only By the most roundabout
{és, &7}
ealoulations.

The ehief adventages to thés Sechnigue is
that only & small amcunt of %he materisl need be isolated,
ag the yield ie uniupnrtizgz This perwmite betber purifieation,
eften prohibited by the acscempunying loss of producte.
Its use requires igotopie eompounds, vut hae solved many

provleme releted to the use of these materiasle.

gntal dsts
a} Use of Deuterius ss an lsotopic Label

I Patty 4dcid Hetaboelism
By feeding deuterio fatly acide o several

mige, investigators determined Shat & large fraction of

the dietary fet wap deposited in body fat depots before
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{60} :
veing ntilizseds That part of the fat was durned directly,

was shown by thtngga% that the bedy fluids were onriched
in deouterium omzide. Since the faot in the depots was
found %o have the ssme conpiibtusnis regardless of the
$ype of deuterio~fatty acld fed, it appesred that She
dietary fat is rapidly converted %o the speeial fat of

{50)
the anjmale.

Experiments in which deuterium ladeled
satarated fatty aoids were fed %o mice, and unpaturataar
deuterio-fatty acide were isolated from thelr bodies,
denonstrsted thet the possible degasuration of fatty
aneide 4in the animal orgenism actually ea«nﬁsz fhe reverse

experiment, illustrating the saturation of unsaturated
fatsy acide by the animal organism, was also suscessfully
perfornmedy and iV is Lntereating %0 nuvte that She deuterio=
unsatoreated acids ueed as food in this expericent were
%hose ifeclated from the bodies of the mice in the

{87)
preceeding experimonte

When the bLody fluids of mice were eariched
with deuterium, the synthetie reactions osccuring in the
body resulted in the incorporation of deuterium inmto She
body tiseves in & stabvly bvound forwm. %hctutur'.'tho
synthetic provesses utilize small organic moiecules

{60
present in the body tlataz The amount of deuterium in the
body fatty sclids was doetermined over & period of several

days fumedistely following the enrichment of the body
fluids with Dgle During Shis period the diet consisted

ghiefly of carbohydrates and very little fate The
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doeuvteriun ooatant# of the fatty aocids increused for 6 = 8

daye, then etayed comstant, indicating shat & deuteriunm
equilivriun between the body fluids and the faity ascids
had been reached. A% eguilibrius, the deuberium content of
the fatty acids was 1/7 that of the body fluidse

The decrease in the deuterium comtent of the
fatty aeids whes the mise wers no longer givem Do %o
drink, gave an %gg%e;tzaa ¢f the durstion of & fadty acid
in the animal bodye Hesults indicated thet the rate of
douterium uptaske by the body wae roughly equal %o the
rate of removal of deuteriume Togoether, the two
experiments illustrated a very rapid turnover of fatsy
neids in the living orgunisme. MYoreover, ap the diet
consisted of carbohydraton and was free of fat, it appeared
that fatsy acide car be synthesized by animels from

garhohydrate materiale.

Some authorities have expressed doudvt as

to the vil&&&ty of these counelusiors. Schoenhelmer and
Rittenberg were able o show, from the position of the
deuterium on the earbon chains of the fatiy acids involved,
that the ehief possivle slternste explanation, the repeated
hr&raccasttgsjnnﬁ dohydrogenation of acids ulwesﬁy Fresent,
io fmporsibvle. These men admitted that there was &

possivility of labilizing ensymes being present, whish could

¥ The soncentrations of deuterium wsed in all this work are
expressed in Serme of stom percentsy wnd im all cssew represont
an enrichment over the normsl dewterium concentirvation of

1 part deuterium per 5000 parvs hydrogene
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socount for the raaul%n on the basis of pure exchange.
This $OBRIDITLEY “han Yoed  dtwprwd elsewheres (Pe 70}

#ith these Swe poseibilities ruled out, the experiments

wvers apsumed %0 represent the aynthetic and destructive
(72}
reactions taking place in the animal bvedye

Experimentss in tkiah animals, fod certain
deutorio-fatty acids, were subsequently found t¢ have
other deuterio=fatiy aelds jresent in thelr body fats,
led %0 the conclusion Shat there was an Interconversion
among the fatty acide normally present in the sniumal
g::§‘,‘gvea vhen large quantitice of fatsy acide, having
e normal hydrogen content, are yrql&nt in the diet, the
conversion of other fatiy aaiéa,ticutorte»kahalea), to
these same fatiy scids eccurse This ia shown by %he
faot that these fabisy escids, containing avrasl hydrogen
whan rtﬁ.‘uva douterio enriched when isvlated from the
bodye JHecause the deuterium uaaiaat‘et the fats iesclasted
was considerably higher than that of sthe bedy fluids, the
fats could not have been synihesised from multerial

presoltt in the vody fluldse Products synthesiszed from
the body flulde would have had a lower deuterinm content

than these fluids asg only parv of the hydiostn syunthetically
{72
ingorporated would arise from this source. similarly,

the high deuterianm convent of the isolsted fatiy aeids

ruled au? n? intermediate breakdown of the dietary deuterice
73
fatty acides. The conclusion based on these factors was

that manmslicn fatty acids must ve interconvertsitle.
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The stove experiments concerned only the loag

chain fatty oscddsy In & normal diet there 48 anlso & certain
gontent of ghort nhtin fatty sodds, chiefly butyric and
eaproiCe By feeoding these scids, labeled with deuterium,

it has boen determined that both asre lmmediantely oxidised

in the vody metadblio process, and are aoct stored im any

{744
form. Fabs, synthesised in a D30 bedium wher normal bulyric

noid was fed, showed no dwa%gz%a& snrichpent, substantiating
the above expericental resultes

In another experisent mice, given Do %o dgg?k,
&
were kept on & dies frew of highly unsaturated fatty asida.

The highly unpasturated body fats were isvlated after a few

days, and analyeis indicated that they were not dounterium
enricheds This proved that these fatty acide are not

syanthesised in the bodys they are tniantzll fatty noids.

From the previous experimente it had been

ghown that the sversge h‘lfgﬁéf‘ of & fatty scid moleculs
in the organism was 5 = 9 days« In the last experiment

the half 1life of 1t§cr fat was found %o be about 1 day
indiecating a very rapid tarnoizzz

Another experiment indicated thait mice could
partly absord deuterio-n~hexadecane, aand converdi it %o
fasty uuizgz The result was surprising as the asnimal body
had been thought lnecapable of utilising sny of the paraffine
for foode The isotope technique also led to the conclusion
that certain B vitamins were essential to the rapid turnocver

{77, 78)
of fatty scids in the bedye. In the case of fatty liver in
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mice, the source of the liver fat was found %o be the body
(77, 109)
fat deponts., In $his sxperiment the depot faut had been
previcesly leveled by the feeding of denterio=fatty acids.
Deuterio~fatty acids were fed to congenitally
obese miee uniil they had & sufficiently high deuterium
concentration in their body fate 4 study of the rate of
deerense of the deuterium content of the body fathy scids
jundicated thaet the obesity of the mice was not due to
excess retention of a1atur;’{;t, but %o & restrietion in the
rate of fatiy acild oxidation.

The relationship of fasty aldehydes to the
fetty acid metavolism was studied vobh by enriching she
body water and by feeding deuterio~fatty auizgz Results
indicated that fatty aldehydes are not an intermediste in
the faily acid synthesie, but might be formed by the
redustion of the ecorresponding fatty acids.

furvey srticles on the fatdy acid metabolism
in the h;::& and in tissue have been published by the chief

{86, 61, 82)
workers in the fiedd.
i1 itornia Hetabolism

¥hen cholesterel was fed to animals, eoprosterol
wag excreied in the feces, snd iV seemed provakle that she
former was & presurser of %he lnt\gii Deuterio=goprostancne
énd deuterio-gholestenone, possible intermediates ian
cholesterol metavolism, were fod %o dogs and humsns, and
deuterio~goprosterol was subvsequently isolated Lrom the

fuaat._ The ilsotope method thus iliusetrated the conversions
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eholestenone — aholesterel—soprostorsl

cuprostanone — goprogterel

{51)
in the snimal orgsniswm. aaatcrta-eoprrnt-none wvag also
; {83
injested into doge with & bile-fistulae The resililng cholie

{88}
acid wvas found, on isosople analysiy, tov contain no deuserium.

Phis illustrated that coprostencne was not an intermediate
in the conversion of cholestverol %6 biles

Experiments based on the feeding of deuterio=

seetie acid and the enrichment of the vody fluide with 2,0
indicated Shat scetic soid was & possible precurser in the
formestion of nhuiuatcifgz S%udies somncerning a large
number of related compounds, labeled with deuterium, geve
fursher proof eof the utilization of scetie acid, or scume
wore setive dorivative,; sueh ap acetaldehyde, in the

{8b, 110}
eholesterol syathesis in the bvodye The "in witpo®
degradation of some of the isolated deuterio-cholseterdl
indicated %hat the avetic soid entered into the feormstion of
both the side chain and the stercid nnclizif it was
suggested that the formstion of cholestervi proseeded by
the condensaitlion of numercus suall molesules (0gz) with
intermediate elimination and wuptake of water groups. It
was noted that the formation of deuterio~cholestercl from
deuterio~asetic acid was noet accompanied by & percepitible
uptake of deunderium inso the fatty acids, which suggested
that the labtter were not involved in cholestervl synthiigif

Deuterio-cholestserol was prepared by exchabge

in & Dpl~DAec medium using a platinue catalyst, permitting
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{71)
further work in the fielde PThe snduinistration of this

deuterie product Indicated the direct conversion of
¢hoelesterol inte cholie acld tbiii?i Bulightening results
were obtained from a detevauinmation of the deutorium cosunteat
of the esholesterol of She blood and organge. The dietary
cholesterol was found to have been deposited, particularly
in she liver and lungse A laok of deuterium in the
ehoelegterel of the brain and epiasl flulde indicated &
isek of exchange betwsen the steroids of the sentrel nervous
system and the blood sterolids.

Dcntaria-ﬁhakaptarel gave proof of the

degradation of cholestercl in%to other stercids nocessary 6o

the body by demonstrating the specifie converedong

cholesterel —— > pregnandiol

(%L
in the human Lodye.

111 Aecetic scid setabolism

alshough proof wutbnaﬁ obtained thad acetie
aoid was She only preeursor in the synthesis of cholesterel,
it wae suspected that Shis wae the eases If s0y in f.eﬁing.
experinonis with devierio~acgeiio auid, there was & great
@ilution of the dietary scetic seid soxewhere aiong the

({85, &7)
metabolic Qhaine The deubveriuva concentration of the isolated

gholestercl was much lover than had been expestied on the
vagls of the dietary acetic acid being She oanly source of

soetic seide The actusl dilution wea determined by removing

$he sgetic acid formed im the hudy as the acetyl derivative
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of some compound (swch ag phenylamino-alpha-butyric acid)

foreaign to the animal body, snd capadle of passing Shrough

{86, 110}
metabolie processes vnutilized. Hxperiments in which

obner materials were fed conourrsitly with this aaine
indieated that only acetle acid, and nome »f its derivatives,
was capalle of acetylating this rureiég‘;niziz i an
sdaptation of the isotope dilution Sechnique, it was

possisle $o show that 16 - 20 mme acetic agid were
synthesized per 100 ge of rat saoh day, the ma jor portion
probably through beta oxidatione A direct medification

of this experiment, & substitution of other compounds

for avetis ascid, led to a discovery of acetic acid

presursors in aninal antubulizzl 0f those teslted, othyl

aleohol, atanine, and hutyrie acid were the only ones that
{89}
gave much acetie noid,
IV Amino Acid and FProtein Metavolism

Deuteriun has also been used as a tracor

for protein metavolism. Ussing determined that the

liver was & protein depot and that mest of the ingeested
protein was broken down by the oraaugzgz He used deunterio=
sasein, prepared by exchange with deuterium oxide in strong
acids or alkalis, as the experimental autrient. This
reaction introdused the deuterium on the alpha carbous.

Stably bound deunteriunm oan also be introdused inte (56)
proteln material by exchange with deunterio-~sulfuric soid.

Deuterium gontained in the body fluides can
{91)
also be built inteo the protein material of the bodye
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Of 14 natural amino aolde isolated from mice whose body
fiuids were euriched in Dp0, &ll but lysine were found
%0 have some deuteriunm inecrpornfoa into thelir siructure.
The experimental resulfts wers in secord with previous
gata iolnt;d to the known essential amino acizif The
deuterium incofporated ianto these aminc acids was stably
bound and not removable by hydvolysis in 204 bydroghlorie
uigii This proved that the deuterium wags introdused
into the protein materisl by a different mechanism to
that observed in "in vitro" experiments, as tho latter
led only t¢ the introduction of semi=labile dentéégzio
Uther experiments using denterio-ornithine

indicated that it was & precursor in the formetion of

{106} (98] {95)
arginine; proline, and glutamie asecid. Dl=phenylalarine
1Y :

wag similarly shown %o release tyrosine. Thismine
deficicney wae investigated by 1sotope tracer methods,
which indicated thas the resalting lananition vas caused
solely through lack of nppctgzgf
¥V Glyoogen Metabolisam
Deuterium hae been widely used to determine

the metabvelic yraoaisea invelviag sugare. BEarly experiments
showed that the administration of glucose and lastate to
previounsly fasted rats led to the preduotion of nsew
txyecézgz This glycogenésis could socur in two ways:

& = by the direet coupling of dietary glucovse

molocules.

P = by glycogenesis from fragments smaller than
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hexogse.

i somparison was mede of sthe effecte of feeding gluqaau
and lagtate %o previously gisrved rats whose bvody tluida‘
were Dgl earicheds Under these conditions the rate of
glycogen formation was very racid, up to 385 of the liver
sl:oogen.ann 18% of the earcass glyoogen being newly
pynthesized in 4 hours. The smount of glycogen formed
from molecules smaller than Lexvse was greater in the case
of the lactate than in the case of the glucecse as shown

by the relative concentrations of dewterium in the
productee In the case of lacotate, & somparison of the

D concentration of the glyeogen wish that «f the body
fluids indicaied that nearply all %ne glycogen was

derived frow saall molecules in the bedy fluidee (It

had been caloulated that the maximum deuterium congentration
from this source would lead %o approximaiely 60% $he
deuterium concentration of the vody fluids.)

In a8 sinmilar experisent in which galastose
was fed, ian fraotion of the glycogen replaced every day
was a8 great, but smaller amounte were synthesized. Less
glydogen waa present in the vody when ihe dietary sugsar
was galactose than when iV was glucocse or lactate.

The deuterium conceniration im the aynshesised glyeogen
was lower than in the case of lactate, indicating that a
lower perceuntage of sthe glyeogen was derived from, or ia
egquilivriue with the body fluldas duriang glyoogenesis. Shis

elininated lactate as an intermediate inm the uetadolion
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of gulactosss An lgctopic apalyeis of the urinary sugar
{gnlectose in this csse) detected ne deuterium, proving

there was po exchange between the sugar and the body

fluids during metabolismg & further proof of the
fuprobebility of labiliging ensymes in the vodye When
gluoose was uetaboliszed under similar conditicas (bedy

fluide D0 enriched) large amounts of deuterium were found

in the urinary glucoss. Glucose was gynthesised by the
anlwal during wmetavolismg snd indeed, She prate of appearsnce
of deunterium in the urinary glucose was an indieation of the

{86}
rote of glucose synthesls.

The effects of the sdministration of aaioaaltno
and ingulin were determined by feeding various sugars to
praviocvely starved rats, whose body flulds were Dyo
enriched, and %o which wdrenaline and insulin had besn
:emia&ataizgz Begults indiceted stimulation by
adrenaline on anserobie glyoolyeis forming lactic acid.
Phe lactiec meid was gonverted inteo glyeogen. This
experiment also conflirmed the fact that the extra liver
glyeogen arising on the sdministration of adrensline came
from the blocd lactates Insulin was foumd %o favour
glycogenesis W direets ubilizasviva of i:ﬁi.fif Paese
experigwents aloe indiosnted that sdrensline favours
lipogenesis, whereas insulin returds i%.

Uther experiemtus om glyoogenesis indigated

the ?gg?balie conversion of inositel to glucose in smull
amounis. The effieaey of various suygars &s clrcoxea'
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precursors is the fellowing:

glusese - 51§ directly converted to glycoegen

mannose and fructose -~ ogonverted %o glucose with
lavilication of hydrogen.

galactose and glyderaldebyde - guve the same
deuteoriuam concentration as gluevse, but the mechanism of
% usilisation is not knowne

dihydroxyucetone - action similar to that of lactie

aoid.

The rate of glyecogen Surnover was determined
by the rate of deuterium uptake inte the glyeogen of sn
animal with bedy fluide enrviched im deuterium umizzf
it was found %o be 1 day for liver glyoogen and 3 - §
days for carcass glyoogen.

Further experisentation indieated that in a
diabetic ravbit about 1/2 of she urinsry glucose was of
dietary orvigin, and the ether balf of synthetio oriziiz
Moreover, at some point in the synthesis, all of the
hydrogen woas either derived from or in egquilibrium with

the hydrogen in the body fliulds.

Vi Trensmethylation
nautnti#fnnthiﬁntnﬁ was used to study
trangmethylation in riigfi The retc of methylation was
found to depond on the smount of methionine fed, but the

rate of choline and ereatine synthesis were indepeandent

of the amount of dietary methionine.
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b} The Simultansous Use of Two lsotopes

Deuteriom ie not & perfect label because it
ean be lost by virtue of chemiecal resctions in the body.
Morecver, in many experimenis, the fate of the other food
elements As of more interest than the fate of the foed
hydrogene For ezample, in fat or carbohydrate metavolisa,
we are interested in the fate of the sarben shain. is loag
a8 the D remains etitached $o the carbon chain it is & suitable
lavel, but it may be lost bWy chewical rnuctie#s not always
detectables PFor this remson there le elways some doubl
as %o the validity of the results when the fate of the
douterium label is used as an indication of the fate of
the garbon chain. 4 more dependadle label for the carvon
ehain would be a carbon isciope, and She stable ol® 1
often used. In the ease of protein compounds, ¥*® is
similarly used %0 unsmbiguouwely label the amino group,

It o possible to prepare compounds
conteining 2 isoiopie labels, and etn@onn?z‘gttpurod with
D and or D and cla have been wadely useds 4 compound,
doubly labeled im this msnner gives more than twice as much
information as an experiment dealing with the same compound

singly lsveled with eisher isotope.? 4An emino seid labeled
with %30 and earven bound D can give the following information,

1 %he §ié indicates the fate of the smine group, and
the B, the fate of She varbon chailne

# 2. Rittenverg vis Dre e Go Thode, Measter University,
Bamilton, untario.
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I¥ 1f the ¥3%,p rasio in the dietery smine seid is
the same as %hat in the same smine scid in the body, the
ituyba&d has pagssed wunchanged Shrough metadbolic processes.

If the %3%;D vatio has changed, the swine seid has been

dograded and xuuxathnu&uid during wetabollisne

Experiments using the same smino seid, singly labeled with

either isotope, would give the Lfnformation in I only.
Frotein metabolism has been widely studied

using compounds zdbelcd with 536 and D 4 large sumber of

these compounds are racemie mixtures of optical isomers.

In tShe animal body, Shere cocurs aaturally, osly one optical

isomer, $he leisomer. A numbver of She following ezperimente

show %he different Ureatunent afforded by the body
setabolie procecses the the I- sund d= isomers.

in the wse of doubly labeled compounds So
study protein metaboliem, the amino group is labeled with

ﬂ*“ and the carbon ohain by De In rets, l-lysine, labeled
with ¥48 and Dy was found %0 be direcily incoerporated
inte she protein of the bedy without any nitroegen ezxchange,

&s shown by ?gz*?anutnnqy of She 3‘“;# ratic bvefore snd
aftor matabolisme Lelysine wes also found %o be utilised

in the formation of other amine acide. But, when d~lyeine
wee fed, abvout 50% was recovered in the uxcritgfj The
romainder was found in the protein of the body, but none
of 4% in the form of l-lysine, the natural lsomers Thies
indicated that rats were incapable of imverting twl.yag::f)

A atudy of the metebolism of l-deuterio-proiine by rats
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: {108)
 indicated the conversion of proline %0 glutamie aeid, and

the interconversion of proline, hyaroxygfgég?n, ornithine,
and glutamic seld was shown a#t the seme $ime. Pw-leucine,
labveled with uls and D, wae shown w" be largely uwﬂu.
altheugh a oanll'purt iuu gonverted %o other proteins,
or inverted by the bedy %0 the saturally ocouring 1~1¢&£§§:3
A slightly different type of investigation
was nsed o illustrate the inversion of d-phenylaswincbutyrie
agld, and at the same time %o clarify ite acetyletion
prtliigf By feeding several iuts g¢ither pure 1= or pure
d=phenylaminobutyriec adid ladeled with 515 on she amino
group, and at the same time enviching the body fluids
with Do, 4% in- shown that the seetylation and inversion

sould proceed by means of an lmino acid.

Ggh gﬂlg Hp
qmnamgafau
CUOHR

l

GgHglHOHg
|

immine ¢ " Ny axii&tfia product

aoid I or a
pr ‘ r agetylated product.

GuoK
I

leacid HgN - ¢ - K
ﬁg!sﬂi&la
This reastion was indicated by the loss of xze enly by the
d= or unnatural isomer and not by the 1~ or natural isomer;
and bW the faot that the exereted acetyl derivative contained
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deunterium on the alpha carben in such quantities as counld
be expectoed from an inino conversion.

the use of ¢1% in conjunetion with deuterium
has thrown interesting light on the synthesis of fasty acids.
hoetic scid, the methyl group labeled with deuterium and
the carbunyl group laveled with 913. was wsed in feeding
experiuents. The fatiy aclide subsequently isolated from
the sniumal contained both ¢3¥ and D indicating that both
the sarboxyl and methyl groups were utilized in the fatty

{314, 138) |

acid synthesise IV was suggested that the fatity scids
were probably formed by successive condensatioms of ¢,
groups from acetie acid or one of its derivatives.
Palmitic and stearioc scids were the echief products. From
the relative conmentrations of the fatty scids and the
body flulde, it was obvious thai %the deuterium gontent of
the fatty scids could noet have been derived solely from

{113, 114)
the body fluide.

e} “In Vitre" Determination of Bisleogical Reactions

4An entirely different method of attack made
use of surviving tissue fnveubsted in satisfactory medism.
Bat liver slices grown in & Krebs buffer containing
douteriv-acotic aeld, leloucine, and le-phenylalanine
doveloped deuterium enriched &ustyio&&inp &iiizz This
experiment suggested thai scetyl-amine aclds are noramsl
products of metadbolisme The synthesis of cholesterel in

surviving rat liver wan demonstreted in s similar mannere.
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The use of either deuterio-acetic acld or deuterium oxide
88 & substrate led %o the incorporation of deuterium inte
$he .:nthcsis«duhalcat::::3 Phis indicated Shat liver,
uwndor aarei&a conditions, can itself produce sufficient
acetic scid for eholiltctul synthesise This effect was
net %o be found in studies of kidney, spleen testes, or

gastrointestinal tract.

The isotope technique has opened the door o

extensive study ﬂf*ﬂtﬁ fields of soientific researche.
Berlieht aclempts to follow the resctions invoived inm
intermediary metabvolism failed becsuse of the defects of
the balano» techaique and the inability %o lavel distary
touyaunl-Ain such & way %hat the label could be detected
by She chemist abhd not by the erata§:i3 in aﬁﬁstibn.
experiments effecting the physiclogical state of the
asninal had %0 be ruled ogt a8 they did not offer & Srue
ploture of the .aau.§§§§3 fhe use ¢f leotopes overcame
these dirffioulvies, thus satisfying the criteris 1:&0;0&
by She protleme

Deuterium iz one of the isviopes widely

used as & metsvoliec tracere IV i & constituent of most

food compounds and i not omly readily available, but also
, {28}
gomparatively inexpemnsive. Another advantage %o the use

of deuterium is that ansiytical procedures, eth;§ than
(e
those requiring mass spectrometers are available.
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Although the mase spectrometric method is the best, sush
equipnent s mot available fu wany laberatories; snd this
fact lends & unique adventage %o the use of the hydrogen
l;akaiu.

There are two different techuniques cwployed
in the use of deuterium us a tv&iiﬁi

I OCrpganie sompounds are prepared containing
deuterive stably bound in the molecule. When such deulerios
sompounds are fed %o snimals, thetv metabolic end produsts
ean be readily determined as they toe will be deuterium
enricheds In this msnner it is possible %0 trace
mebtsbolic chaine in She sniwsl body.

Il When & compound sontaluing hydrogen is synihesized
in & Dp0 medium, & certain anount of deuterium will be
ingorporated in the synshetlc produet. Iy enriching the
body fluids of snisals with deuterium % is possilble %o
follow the aynthetic processes in the bodys and in the
presence or sbsense of ceritain dietary componenis, %o
determine & host of precursors and thelr products.

4 #8111 more poweriul atiack is made by
the simultaneous use of %wo differeat lsotopes. The
uge of %wo ifsotopile labels ou one compound leads o a
great deal wore infurmation from oOne cu#ariai:g: por
example, using sn amine acld labeled ui%h_ﬁlﬁ en the amino
group and D on the carbon chain, it was possidble to determine
thet l-lypine was direetly utilized by She body, bdut that
d=lysine appesred chiefly in She body waste produsts, or
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in protein v&;ah‘van’t;utkaatuud from the degradation
102
products of d-lysine.

The large number of experiments that have
veen pepformed have given anuch enlightening data on the
subject of intermediary metobvoileme They have indicated
& very rapid tursover of all body Sissue, a result which
had never bLeen expectedes The Uody is composed of & large
number of compounds which are continuewsly in dynamie
eguilibriume They sre eonstantly belug synthesized from
dietary constituentie, and simulteneously bvelng degraded
and eliminated as wastes Doth reasctions proceed at the
same rete in the normal hesalthy animal, and $he
disbalence of one resection with respect to the others,
én all or parts of She body, is & sympton of an unnatursal
or disensed state.

These studies have further indicated the
elabvorate nechanisms of the conversion of dietary
gonstibuents into the compounds in $he bvodye The fatty

acide, Yolbh saturcted snd vupaturated, are {(with & few

74)
sssepbions such as hmtygle soid, and She highly unsaturated
{108) (60, Y2, 73).

scids) completely interconvertables Cholesterol, & very

complex organic compound, hes been found to have acesie
sold, & very sinple unit, as ive only ﬁroaux£::3 By
feeding isotopically labeled poseibvle intwwhaaliuqn. it hae
been possible teo determine the puth followed in She

synthesis of certain cospounds from thelr known precursors.

For example, the relative deuterium contents of glycogen
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gynthesised from lactate and galactose in a mouse whose

body fluide were Dp0 eanriched, indicated that the former
was not an intermedisate in the metavollism of She 1;&:3:.
fhis method hes given proof that eeriain
gompounds cannod be syathesised by the bedyy for ezample
negessary proSeing sueh aw Xyngzii and she highly

{108)
unsaturated fatty scoidse The sbuence of lavilising ?3a§loo

in the body wae shown by experiments wiith hatohing egges
The asmount of scetic acid formed by an animal every day
was illugtrated by an adepiation of the lsotope dilutiom

({87, 88)
technique.

411 these phenomensa and many others have
been disclosed and studied using isotopie tracers. The
complex nsture of She problem is shown by She large amount
of work that hes been done, and the uueh larger amount of
work still %o be done before the whole ploture is clear,
The dsotopic method 1s & very elegant one, and ai present
is bveing extensively used, although sowe hindrance to
#4411 wider use is offered by the expense of the isotopie
saterisl, She difficulties encountered in the preperation
of some of the complex compounds raqugﬁzé. and the fact
that micro or seni-nioroe Sechniques mwet be smployed.

The wmethed is remarksable for its scope, exsaotness, and
uniqueness) and ag future research overcomes Lthe albove

hindrances, will doubtless bYe utilized %o its full extente



Because 6f the 1004 mass differemse in the
two hydrogen ilsotopes,; Sheir physical yrﬂyﬁﬁtits were
expected %o di!f&glggilix‘;‘ Deuterium, in fact, was
desoribed ae & new elomeni, and its substitation feoy
hydrogen in various organisme wap expected %o have fare
rauun;a@-¢rxi:::3 The inoreased meliing poins, beiling

{317) {118}
point, viscosity, specific gravity, and csmotic pressurej
and the decrsssed vapour pressure shown by deuntorium oxide,
88 well we the decressed soliubllity of enlts in deuteriam
ouide, lead %o changes in living orgenisams when coneiderable
parts of the body waver (Hgl) are replsced Wy deulorium

{337}
oxides Effects noted vapy from cpganism Vo organiemg in

{117, 119, 120) {3117, 119)
gome ouses redarding, and in others favouring, cersain

renctionse In general, & concentrstion of Byt inerensed

(119) {118, 121)
above the mama&xy‘:gfg infusion of 204, retards growth,
20
bat "4t is never” (?) "toxic to may high degree and is
{iee, 123)

tolerated 4n high congentrations by lower opganisus®e
{Lewis)e Harvey states, "Dgl affords & gemerally unfavourable

environment for bilologioal setivity und ohanges the pate
TN {317}
of biochemical rescticns with respect %o eash ovihep¥¥

Lewils believes &ngiﬁl e found She$ noe organism will grow in
pure deuterium oxides
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a) Effect on Algae snd Frotazos

wha effasts of D0 on green algae have Leen

widely studiede These plants are capable of living in
{119, 124)

relatively high eoncentration (—>5604) B0 but with o
further increnss ia the Dg0 concentration, the growth
deoresses until at 85% D 0 1% cessas a#ap;ctoly and the

(106, 124)
plant bleachese Surprisingly, the plants survive for
several days in a concentrated sgﬁ autrient, and latoer
revive if replaced in normal wite:: In lower concentrations
of Dgl, the slgae grow ss well as in sn Hgo eangizgz

The deuterium of the medium is synthetiocally
incorporsted inte she bvody of the .§§:ﬁ:

Frotagoa react Stowsrd D,0 in aisimiler
mannere In low concentrations, DpC has no effeet on their
grqwth ‘1&‘;§§? % Dg0ly but Sn pure Do Shey are killed in
#bout 24 hours. These animals showed more resistsnce %o
the tozie effeats of Dzo Shan more highly organised

aninale

b} Bffeet on Yeast, Baoteris, Fuugi, micrescopie
Gellsof Tariokis Byyds
Yenst cultures were neriurelion Dpo - sugar

solutions containing 1 = 99% heavy watere Richards elainse the

observable growtl shange of yeast in heavy waler contalanilng

one part of dewterium per two thousand psrtes of hydrogen
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&l osaused Ly an tnerna’dﬁ volume rather then an incresse

in she nmumber of cells. The effeet of Dp0 on the respiration

is more striking, the sonsumption of oxygen belag
decreased up to 504 by ”a“ songentrations renging from

{117, 119}
20 - 97%s Tho rute of carbon dioxide evolution by yemst

{122, 127)
in normal water 1s 10 times shat in heavy water. Thie eflect

gseoms %o be caused by & "decrensed activity of the symase

complex ogseglianed by an 1rrovor:i:%’. partially destructive
sotion of Dy0 on the ensyme™ (Pasoule IV is interesting

$0 note that deuterium is net synthetically bdauils inte

yoaut, but may be found incorporated 4in the yeasi sells
{117)
$hrough exchange reactionss

In the cusa q@ sali~water luminons basterias,

the respiveation was decressed, (605 W 867 Do, snd 12§
by 864 Dg0)s this phenomenon ht%g{vﬁdonnyansgﬁ by &
marked decresse in the luminescence. Attempts were
made %o use D0 as anm antlseptic, but i%s bacterial
effeote were chiefly negative, while an ineressed growth

{117)
ef tubercle bacillius in B - 243 Do has boen observed.

In 0.54% Dy0, both bacterium coli and Veeterium pyocyansous

showed d«crcuw:& ability %0 withetund the lethal effeet of
{106
gilver nitrate.

Pungd grown in solutions of sugar and acetic

aeld st various concentrations of Dgy ghowed & decressad
(128)
veloalty of growthe Phe douterium was buils into the tissue

of the fungi, thflgg?ﬂeaﬁxmttun 8% equilibrius being 1/2

that of %the solutione Some molds and fungl, hovever, thrive
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in pare deutarium aiiigf Ia tubes of yeast sullures,; the
growvth of molds initisted by lacsulaitien with ssamon dusi,
iz inhivgted if not prevented h:t%:gi

Studies on the melanophoraes of datached Tish
ponles indioated thet D0 ocanses a reversible aentrssiion

{117, 129, 130, 131)
similar %o that caused Yy epinephrines This effeoet ¢ould be

countersoiod, Por D0 soncentrations up to 25%, vy ergotoxine.
D20 seemaed wo potensiave She elfect of eplagphriane, waich led
to the hypothesis that hga‘gggiruvauvuhla bo the astivisy of
the sympathetic asrvous sysleme Phis effect is considered
moge fully #n the sectlion dealing with She eflfecus on wmaumals.

Dg0 tends %o protect the sympetheiie hormones by interference

with the normal removal of their influence by oxidatlion,
decomponition, etce 4 further iilustration of shls oilfeci i

effered by the potensiasion of ﬁz
agatyleholine and slirennline on the melanophorese

6 Soward the astion of
{32}

AtSenpis Lo use DU %o olep tumor growih gave
negative !Ggalt.. &nd in sosc snren tumor growih was
a#aalwrii::« Plecher 4id gome research on the growth, in D0
6f heart fibroblast of chick embryoe and sarcinoma celles of
mices In the sase of the fibrobdluate, the initisl errest in
growth oaaur-d at BO-R6% Bgly and growth was stopped completely

in 100% Ps0 In carcinoms, the growth weg ccmpletely depressed

by 50% Dgo. mzperiuests on the sarcoms of hens were net very
: {121}
suscessful, but they did indicate that growth was retuced.

The decrease in growth of these tumors in D0 4id nos

seem 40 beo caused by a deoreased rete of mitosis, aes expected,
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but by & restriction in the formation of & growth sone of

{119, 121}
optimal thiockness. The mobility of the cells was decressede

fhe growth of these cells, carcinome ond lymphearcowms, in
mice, given 40K Dg0 to drink (mice 1/6 saturated in Dpo)

{133)
vas deocreaced %o O+P normale This decreasse in tumour growth

did not enhance the longevisy of the mice ne the incressed
concentzration of 1,0 in sheir bodies proved %o be
?13#. IM? 2° g
sosewhat toxic.
The growih of microscopic animels in Dgo
hee been extensively studleds The gastropod molluske

(161, 182}
and osirasccds are uninjured by 9965 Dgoe 4niusls of

the groups PTerdigrada, and Hetifers permit themselves

to be practically dried, btul cen bve revivified

sutsoguently by wolstening wisth wiﬁg: When Pyl up %o

67% for the Tardigrsds, and 16% for the Rotifers, was

used to molpten them, the asnimels rescted normally. ais

the concentration of Dg0 lneressed, the ﬁimy qt revivification
inereased, end the lifetime decreesed g:n&tggz lereover,
following revivification with Dygo, thflggimals gould

no% again be dried and further revivified. raramecis

survived 2 days in 925 ?gﬁ. although the rate of vacuole

{148
gontraction was reducedy They were unharmed by & D20
{117, 138)

goncesatration of B0%. The growth of obelia genioulata

i alego retarded by concsnirations of devileriuvm oxide up
{184, 138)
to 104e These resulis were explained on the basis of

33@ exarting & bleocking :fruat on snabolism, or by a
{184
decreased catubollie rates Thie led %o longevily in these
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{158)
animals, but the same is not Srue of more complex orgeanisma.

In conneotion with the effect of D0 on cells,

Brooks observed & transitory plesmolysis of plant oells

and hemolysis or erythroeytes im Dgbe Phis he explaised
{118}
on the basis of the higher osmetlec pressure of Dgo.
TYhe rate of entrance of ”10 into the red dlocd cells is
{117)
slower than that of Hgle

¢} Effect on Znsymes

The catalytic effeat of D' on the revactions
: {117)
of the enzymes, o =d-glucose, tst:&etul. panereasie
117}

amylese and symin, ( Barnes and Larson), is muoh slighter
then that of e Dgl retardation dees not hold for all

engyme roactionse Wecht and Jryan found Do0 ineressed

the reaction rate of oxideses from muscie and brain,
{117}
and qgunloratgﬂ the aetion of beean catalase, although pox

obtained negative results for Do 4??:$?Wratsoaw frog
1 = 99% when studying similar resctionse The ensyme

- {138, 139)
resction of malicofhydrogenase was speoded wp by Dg0,

while dehydrogensse from Flouws setivan devolored uethylens
blue more slowly in Dpo than tn{;:;Z 7he reactiovns of
phosphoric ester-phosphoresnse, fumsrice uns¢~taaﬁrxa»f
hydratase, and l-aspartate fusarico~sainase were taiuiiﬁgz

Many other enzymes have been studiedy the reactiions in some
gneos were accelerated, und in some ouses were retardede

The oonclusions drawn were that She exasct

effect of nﬂa depended on the silfinity of the ensyme for
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{317, 119, 140} :
the substrete. In sny case, it fog:fwa that Dgo bhad nod

any gt;aﬁ effect on enzyme aydxﬂlyaiu; % review of this
1141
fisld has been given W K. F. Yonhoaffer.

4] Permeability of inimal Hembranes

The passage of Dy0 Shrough snimal membrancs

?g{f%&gg’?%uﬁxwﬁ uging goldfish, {ve. Heveay and Hofer),
Y
and frogse DBesults indioated that the permeadility was

the same in bosh divections, and that She diffusion of Dgo

through these membrenes was desentially the same ss Shat
(117}

of Hgle Experimonts have aleo shown Shat D0 is readily

absorbed frow the memasalisn trasts Iy drinking Dpo and

ebserving the D0 conmtent of the urine over & poriocd of

time, von Hevesy and Hofer detornined that $the average
, {117}
stay of & water mologule in the humen bedy was 14 dayse

@) Effects on lore Complex Organisme

I Development of Proge® and Toade' Ngegs
Pure Dg0 proved ilmsedistely lethal %o froge?
eggey snd even 104 Dg0 had a noticeable effect on the cell

divisiones Inm 808 DU, cell divielon never proceeded beyond
the third or ran£%§ §s§§§f In 254 the egzuzs developed
withoeud ﬁuiizz: 3%?%%?” resulis were ovbained with the

eges of the green Sosds A socondary effeet, the extensively
decreased use of acid in the development of the oggs,

{106}
wee noviced.

The tadpoles vof the green {rog, when placed
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in 925 Dy0, died in an hour, but were undsmaged in 304§

120)
gle

I1X Flatworms and Aguariam Fish

Hinaby=twe percent Dy0 killed flatworms and
{117, 120, igy)
?;:gtnlgggll aguariua fish in & few hours, bdat 32§ had no
eifoote Flatworms that had apperently died in Dy0 were

removed after four hours, washed, and placed in Hade '
{iRg, 108, 180)
After some time about 1/2 revived and appeared normsl.

111 Deteched iniuel Urgsne

4 deorcused rate of pulsation of sn excised
{117}
frog hoeart was vbserved by Bernes and Yarren in Dgu, and

an inhibition of the rate and snplitude, and & decreased
{117, 183)
drpitability was noted by Versanm and Heffter. She study,

by Barnes and Verren,of the isolated suricles of &

turtlo hesrt indioated thal the aeffest of 70U Do om the
auriculsar best wes siniler o & temperature decresse of
8° Co, and foster standstill wes chserved iatgiéf The
effect wos thought due %o decreased energy, e & strikiag
recovery was obeerved on returalng Whe Lhesart to crdinapy

{117)
waters

£) Bffeet of Dpl ovn lamnals

iee were given lurge doses of Dgyo Wy
{117} :
subcutaneous injection or by moudhe In low soncentrations,
(117, 154)
& general pilowmeter offect and exophthalmes were observatles

Both were removable by ergotoxine, again lndlcmting :
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(117}
sympathomimesric influences A4s the Dp0 eoncentration

of the bedy incressed rron 10 - 20%, the total metavoliesm

insreased to 200 abvove normal, where i% stayed ss long
(117, 184, 168)
&8 the Dl was administered. JNven decressed metabolism
{117, 1886}
gaused by a Shyroidectomy did noet hinder this effect.
{3117}
The body temperature rose sisulvsneously. where

ergotoxine was used %0 block the sympashetic mervous system,

{317, 185, 166)
the valorigenic effect of Dpl was practically eliainated,

further proof of She sympathomimetric influence of Do
This effect is believed %0 Le oaused W & protective
agtion of ”aﬁigsitxigg,thq dlsappesrsnce of sympathetis
hormones from the bodye The csatabolie stimulation

caused in mise by Dyl was rether interesting in view

of the decreaped ostabolism of lower forws of animal life.
fhis obhanged aeffect was probably caused by the ohecks

and hul?ggzt agguired in the anisal's phylogenetie
developmente

¥hen concentrated Dy0 was given the effeots

were somewhat differente 4s the body fluide of the mice
(117, 168)

b..un:l§{z »gg u;:&rutod. the mice showed hyperexeitabilisye

and Jjumping reflexes resembling stryehinine polsoning but

without convuleions. Here the body Semperature and
(117, 1867, 168, 169)
metavolie rntc dropped %o as low as 204 normal metadolism.

Death occured &t abvout HUL saturation of the body fluide
{117, 128, 157)
with DgU and was accompanied by degeneration of liver and

{160}
spleens Iy reaieing the room temperature, the drop in

metabolism and beody Semperaiture was delayed, but deauth
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egeured perhaps even sarlier, indleating that the latter
was not primarily caused by kailgzinqr‘ A% 1/2 Dpgo
saturation, mice wore wmore sensitive to the sounvelsive
;aﬁta?zgg‘oiggtufgg?,&ué suocumbed %o 1/2 the usual
mininel lethal doses

Studies were made of %he effect of Dgo
on the water belance of micee OUa the first asnd second
days of Dl sdministration an incressed retention of
water,; corresponding %o & rise in bWody welght, was

{117, 186, 161)
observede The mise reguired excees walter ¢ keep

{117)
their body v«ight aamw&l ’an& for low oéaanasrﬁﬁ%gg;i
0
of Dy0 showed graut thirnt and signs of intexication.
{i566)

narzns this period Shere was u decresse in Lthe rativg

Hpl (inesensibly lest) s Gup

{317}
similar %o the decrvesed ratio found in fevers. yhen

Dgd was withdrawn {rom the dlet, this ratic was high for

the period of most rapid desaturation, then dropped o
- {186)
bolow normal &8 the mice begun %o gein weight, The

mice returned eompletely %o sormsl whenm %he Dgl was

{1z8)
withdpruvne

decause of the prohivitive expense of
Dy this experimental technique was not used for lapger
anisaley but small swmounte of Dgo were injeeted direecsly
inteo ﬁhu serebrogpinal flulds When Dy0 was injected
direetly into the cerebrospinal fluld of cate or rave,

{117, 188)
& marked degree of catatonis oscured. In osnts, the
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logal agtion of & few droy; bf Dol caused & depression
{168

of the eentral nervous system. Whcen small smounts were

given to cate over & period of tiwe, waler intonication,

indicated by rolling movemenis and mumcular twitcuings

{117, 1ég)

vocured. Some rats experienced other effects such ug,
{168)

receeded oyoballs, staxis, hyperexcitabvility, and Jjumping.

When the Lzl anrtn&?t was diseonstinued, she sniual
{168
recovered completelye.

gl Lffeet of Germination and Growth of Plants

The hydregen of plante can be largely
regplaced Wby denterium, but btecause of the lower solubilisy
ui salts in Dy0, and the lower melting point of this

wvater, this replacemcnt hes sn uwafavouratle effect on
{106)
the rosistance of the plants $0 low temperatures.

Leowls discovared that Sotameco seeds, whieh

gorninated 100) in HgU, showed & remsrkably lower

{122)
percent germination im Dyly albhough development was
{122, 163)
otherwvise nosmals In pure Dgl the seeds did not gerainate.

When these seeds were later Sransferred %o lgo, about 1/2
of them germinsted slowly, but developed sbmormally, and
died in a fow -i::ﬁf Lowis believed that 1% was Lfupossible
for seeds %0 germinate im 100% Do, snd that the abvmormal
devalopment recorded above was caused by & pnftxal
germination in pure Dyz0 (ectually 955 Dgc because of
oxchange with the hydroegen in the seed, air, eice)

interrupted by a lack of sufilcient Hy0 before thig
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(i22)
partial germination was observatles Vhen these seads

ware sudsequenily placed in Hgd this interrupted germinstion
saused an sbnormal sickly development of the seeds.

Yon Brun and Tronstaudshave found similarly that the
cirainatiou ?{ezxod poas was halted by Dp0 concenirations

greater than 404, snd Bonhoeffer reporived & dedreased

(319}
speed of spore germinations

Pratt and Curry studied the growth of wheat

seedlings In D0 snd determined that both root and

goleoptile growih were reduced but nod preveasted Wy
{164}
1008 Dgbe Pratt also studied the Erysiphi spores, and

found that they germinated An Dpld of all concenirsiions,
but thats avuvth was poor and permament injury resulted
{161, l82)
if they were left in D20 for more than 24 houre.
4Lirpeleo found that seeds of the laociua
soaricla develop better in 1 = 3 5 D0 thanm in pure

{167}
Hgo, but developmont was arresied for higher concentrations.

¢« U0

The effiects of Bza on living organism

{12z}
vere largely those expected by early workers in the field.

Kost organisme are very complex structures consisting of
many compounds and tieeues in dynamie eguilibvriume
Socavse of this complex structure, it is concefvable

that the equilibriom could be readily disturbed by small

amounts of Dol becsuse of the great difference in the

vyapour pressures, osmotie pressures, and solvent powers
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{117, 118)
of Dg0 and normal walaere

The toxle effects of Dgd vary from organism
, ; {11%)
$o0 organisme In gomeoral, 204 Dg0 4s o safe infusion,

but veyond this concentratiom 311 effects are apparent
{168)
and beeoms more marked as the Dgl concenirstion increases.

fhe effests of 9,0 are more noticesvle in the case of

higher organisms; lower organisms bveing, im general,

182, 129}
lees sffected by high concemntrations of »30f11§33'

molds and Fungl evem thrive in concentrated Dgie

Although the effeets of D,0 are not
consistent, even for one class of organismy (Dg0

may either reterd or asccelerate bunsyme hydrolysis
(117, 118, 140)
depending on the affinity of the ensywe for the substrate)

i%s general effeet, in low concentrations, is %o slow

down She life processes of the organiemy and ab high
concentrations, t0 s%0p these same processes altogethers

I% {8 interonting %o mote that in some capes life processes,
stopped by concentrased D.0, start sgain when the Dgo ie

{17, 122, 124)
replaced by normal wsater.

- In the csse of uuimalu. the chief eiffects
soenm %o be cembered in the sympaihetioc ﬁ-avonn ByslLeme
injections of Va0 iuteo the cerevrospinal fluids of mice,
rats and octte cuused casatonis, hyperexcitubviliey,

, (117, 128, 1068) |
twitohing, and Juwping reflexes. The effects are believed

%o be caused by the protective action of naa on the
sympathetic hormones, delaying their disappesrance from

{134, 157)
the bodye This 18 probably related %0 the general
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sonclusion derived from. these experimentic, that systeme

{117, l48)
gontalning Pyl heve a low ensrgy sontente.

Altﬁbnﬁh these experisents are veyy

interesting, they bave not indicated any particularly

useful physiclogiocal property of DgOe Several attempis

have been mads b0 utiliso the Voxie effects of Lgh as
i) {117)

sn entiseptic, and to stop Stumour growihjy but in the

former case, tubercle bacillus grew better in Dyo, and
in the latter omse, although She growth of tumounrs in
mice has been found to be decressed by Dy0s the growsh

of the mioce was slaulianecusly retapded, and the lifetime
wap shorieneds It was suggested that & person could

{1658)
live longer if he drank only DgU but Shis ls not the case.

hlthanch She body processes are retarded, one would not

live WoFe glowly. lilece indeed, live faster when drinking

(368)
Dot than Hple
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