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I .  INTRODUCTION 

Oxygen is perhaps the most important element among the known ninety- 
eight species, as it is the most abundant in the earth’s crust, it forms compounds 
with all the other elements except the inert gases, it supports life, and finally, 
the mass of its atoms serves as the standard on which the atomic weights of all 
other elements are based. 

In 1929 oxygen was discovered by Giauque and Johnston (34) to consist of 
three isotopes of atomic weights 16, 17, and 18. This discovery, whose far-reach- 
ing consequences are described below, was made by them when analyzing at- 
mospheric absorption bands due to the 1.6-v. electronic transition in the oxygen 
molecule. 

1 This review is an amplified translation of a lecture entitled “La Quimioa de 10s Is6- 
topos de Oxigeno,” which was delivered by the author a t  the Fifth South American Congress 
of Chemistry, Lima, PerG, May 8, 1951. He is greatly indebted t o  Dr. Angel Maldonado, 
President of the Congress, for the invitation to  be one of the participants in the Congress. 
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The demonstration of the existence of isotopes, the invention of methods of 
measuring their masses and abundances, and the discovery of means by which 
isotopes can be separated constitute one of the major fields of scientific discovery 
of the first half of the twentieth century. This review article will be limited to  
a discussion of the isotopes of oxygen, which previously were reviewed by Reite 
(89) in 1939. 

11. THE ISOTOPES OF OXYGEN 

The element oxygen consists of a mixture of three stable isotopes of atomic 
weights 16, 17, and 18, whose abundances are approximately 99.8, 0.04, and 
0.2 per cent, respectively. In addition, three unstable and radioactive isotopes 
are known of weights 14, 15, and 19. In table 1 are collected data for the abun- 
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TABLE 1* 
The isotopes of oxygen 

ISOTOPE 
PEPCENTAGE I NOCLEAB PSACTIONS 

IN 1 PPSPABATION 
FOB THEIB 

0 1 4 . .  . . . . . . .  
0 1 6 . .  . . . . . . .  
0 1 6 . .  . . . . . . .  
0". . . . . . . . .  
0 l 8 .  . . . . . . . .  
0 1 9 . .  . . . . . . .  

pn ccnl 

o ~ 1 4 ( p , 4 0 1 4  

0 ~ 1 4 ( 4 4 0 1 6  

99.7587 
0.0374 
0.2039 
o ~ 1 9  (n , p ) 0 1 9  

0 1 8  (n, y ) O 1 9  

ATOMC WEIGHT 

Physical 
scale 

14.0130 
15.0078 
16.0000 
17.00450 
18.0049 
19.0087 

Chemical 
scale 

15.99555 
16.99977 
17.99980 

* The percentages of the isotopes in air are those determined mass spectrometrically 
by Nier (82). The nuclear reactions and half-lives were taken mostly from the review by 
Seaborg and Perlman (97); the value for the half-life of 0 1 4  came from the paper of Sherr, 
Muether, and White (IOO), and that  of 0 1 6  from PBrez-MBndez and Brown (85). The masses 
of the stable isotopes are the usually accepted values (31), while the masses of the un- 
stable isotopes were calculated from the Einstein relation as described in the text. 

dance and masses of the stable isotopes, and the masses, methods of prepara- 
tion, half-lives, and products of radioactive disintegration of the unstable iso- 
topes. It is interesting to note that the atomic weights of the unstable isotopes 
are accurately known, as they were obtained from the energy relations in the 
nuclear reactions by means of the Einstein relation 

AE = c2.Am (1) 

The calculation of the mass of the OI4 isotope may be illustrated as follows: 

0 1 4  --+ P+Sr+ N14 + 0- 
Energies (m.e.v.> = 1.8 + 2.3 

4.1 Masses: 0 1 4  mass = 0.00055 + 14.00751 + 0.00055 + - 93 1 
= 14.0130 
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Because of their rather short half-lives, the radioactive isotopes of oxygen 
have little importance in the study of reaction mechanisms or in other chemical 
applications and will therefore not be discussed further here. 

111. METHODS OF MEASURING THE ABUNDANCE OF THE OXYGEN ISOTOPES 

A .  Water-density methods 
In his comprehensive and authoritative book entitled Physical Properties and 

Analysis of Heavy Water Kirshenbaum (55) presents a complete discussion of 

\ 
\ 

FIG. 1. Plot of the density of water from 1" t o  8°C. Circles represent the temperatures 
et which Pyrex floats 2 and 3 had the same density as pure water. The slope of the straight 
lines is equal t o  the volume coefficient of expansion of the glass float. 

water-density and mass spectrometric methods for the measurement of the 
abundance of the oxygen and hydrogen isotopes; hence this review will include 
only the description of recent, refinements not contained in Kirshenbaum's 
treatise. 

When Pyrex floats are used to measure relative water densities by the method 
of the totally submerged float, the volume thermal coefficient of expansion of 
the float must be known. This is particularly true when working near the tem- 
perature of the maximum density of water, as a t  some definite temperature 
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near 4°C. the float and the water will have identical coefficients of expansion. 
As the changes in density for a small change in temperature are much less near 
4" than at room temperature, it is obvious that near the temperature of the 
maximum density of water, relative densities can be measured more accurately 
for the same accuracy of temperature measurement than at  room temperature. 
Figure 1 is a plot of the density of water from 1' to  8°C. The points on the curve 
represent the temperatures a t  which each of two Pyrex floats have identically 
the same density as that of the water, to f O . l  y (y represents differences in 
density in parts per million) ; thus a t  two temperatures, one above and one below 
the temperature of maximum density, these floats have the same density as 
water. The measurements of figure 1 (24) were made using air-saturated water; 
the calculations were corrected to the density of water containing no air, using 
data of Marek (67) given by Kirshenbaum (56). As 

where p is the density, V the volume, and CY the volume thermal coefficient of 
expansion, and as p is approximately equal to unity near 4"C., it is easily demon- 
strated that the slope of the tie-lines of figure 1 is equal to  a. Data obtained by 
Dole and Brown (24) on two different unaged floats yielded identical results 
(11.6f X 1W6) for a. This result is considerably higher than the value, 
9.6 X given in the handbooks for borosilicate glass (60) and demonstrates 
the necessity of measuring the coefficient of expansion of the floats. The differ- 
ence may be due to the presence of air within the float, which tends to expand 
on rise of temperature, thus increasing the internal pressure and causing an 
increased expansion of the float. Such an effect could be tested by preparing 
evacuated floats. The error of using 9.6 x 10-6 instead of the measured value, 
11.6 x 10-6 ,  amounts to  2 p.p.m. for every degree rise in temperature between 
5" and 6°C. This represents an error of about 16 per cent in the determination 
of y. 

B. Mass spectrometric methods 
New developments in mass spectrometry have been recently reviewed by 

Stewart (101). It is customary to  measure the relative abundance of the isotopes 
of oxygen in the form of either carbon dioxide or oxygen gas. Mass spectrometers 
which permit the simultaneous collection of ions of two different masses, as 
invented by Nier (81), are universally used.2 

McKinney, McCrea, Epstein, Allen, and Urey (64) have described an adap- 
tation of the Nier-type instrument for the specific purpose of measuring very 
accurately small differences in isotope ratios. They make use of a magnetically 
operated valve system which enables either the standard gas or the unknown 
sample to enter the ion source. As the valve arrangement is on the high-vacuum 
side of their capillary leaks, the switch-over from one sample to the other within 

2 Excellent commercial models, constructed by the Consolidated Engineering Corpors- 
tion of Pasadena, California, are available. 
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the mass spectrometer occurs in about 20 see. By also using a continuous re- 
corder they are able to  compare quickly and accurately the response of the 
instrument to  the two samples before the various electrical circuits have had 
time to  drift appreciably and before any changes in pressure or electron emis- 
sion could influence the magnitude of the currents of the two ions being collected. 
Figure 2 illustrates an adaptation by Dole, Zaukelies, and Rudd (29) of the 
double-inlet system to the Consolidated-Kier mass spectrometer. This system 
was so arranged that either the original capillary-leak input manifold of the 

To M S. 

‘1 

FIG. 2.  Complete inlet system. S’s represent sample bulbs; C’s represent stopcocks; 
P2 is the Toepler pump for controlling the gas pressure in the input system; R is the 25-ml. 
reservoir for measuring out a sample of gas t o  be expanded into one of the large brass 
tanks, TI or Tz. 

Consolidated instrument could be used or the double-pinhole-leak solenoid- 
valve system. 

Halsted and Nier (44) have made a study of isotope discrimination in mass 
spectrometers due to viscous (capillary) leak systems as compared t o  molecular 
(pinhole) leaks. Figure 3 is a plot of a similar set of data obtained by Dole and 
Rudd (27), using the apparatus illustrated in figure 2. From these results one 
can conclude that capillary-leak systems are satisfactory if the gas pressure in 
the manifold is higher than about 10 mm. In any case the apparatus must be 
calibrated with knowii gas samples. With molecular leak systems the difficulty 
due to  a decrease in voltage ratios with decrease in manifold pressure is avoided; 
yet there are several disadvantages to  pinhole leaks. The amount of gas required 
to fill the 5-1. storage tanks shown in figure 2 a t  a pressure of about 0.1 mm. 
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5 

(25 ml. a t  20 mm. pressure) is an order of magnitude greater than that required 
for the capillary-leak system. Inasmuch as the flow through the pinholes is 

L -  Mass 32 in 
u r  Tonk 2 (or) 

0 

‘403v- 
I I 

I 

10 I5 20 
Manifold Presswa, m. 

i 

molecular, the lighter components will stream out of the reservoir a t  a rate 
greater than that of the heavier molecules in inverse proportion to  the square 
root of the masses. Figure 4 illustrates this effect for pure oxygen (middle curve) 
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FIG. 5. Variation of measured voltage ratio due to  masses 34 and 32 in the mass spec- 
trometer as a function of time. 

N0.l Ion 

Recorder 
I '  J 

New VRA Circuit 

FIG. 6 .  Schematic diagram of switching system which enables either a vibrating reed 
electrometer or a D . C .  amplifier t o  be used in measuring isotope ratios. 
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FIG. 7 .  General Electric recording potentiometer trace of galvanometer fluctuations 
in the measurement of isotope ratios. The distance between the horizontal arcs represents 
1 min. TI and TS with associated arrows represent the time during which air from tank I 
(standard) or tank 2 (sample) was being admitted t o  the mass spectrometer. Zero indicates 
the zero of the galvanometer with the  ion beam turned off. The numbers represent the 
readings on the isotope ratio dial. 
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and for air. The rate of flow of gas will depend on the area of the opening of the 
pinhole leak, and this will be different for the leaks on the two tanks, as it is 
virtually impossible to  construct two leaks identical in hole area. In figure 5 
measurements of the voltage ratio of mass 34 to that of 32 are plotted as a 
function of time in the case of pure oxygen (taken as the standard) in tank 1 
and air in tank 2. In  practice this difficulty is overcome by extrapolating the 
data back to  zero time; a t  the end of half an hour from the moment of admitting 
the gases to  the tanks, the correction is one part in 4000 in the isotope ratio in 
this particular case. 

A number of workers, including Urey and his school (64) and the author (29), 
have installed vibrating reed electrometers3 as the amplifier to  amplify the volt- 
ages produced by the currents due to the ions of the heavier mass of the isotope 
pair. Figure 6 illustrates our adaptation of this improvement to the Consolidated- 
Nier mass spectrometer. A magnetically operated switch, supported on solid 
polyethylene blocks for electrical insulation, serves to switch the input on the 

TABLE 3 
Percentage of 0 1 8  in a commercial source of oxygen as  measured b y  the Consolidated-A-ier 

mass  spectrometer 

DATE 0 1 8  I 
January 4, 1951. .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
January 13, 1951 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

February 1 1951 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Average of many measurements. . . . . . . . . . . . .  
True value.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

January 29, 1951. .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

per cent 

0.2031 
0.2035 
0.2042 
0.2043 
0.2031 
0.20435 

No. 2 collector (the current due to the ion of heavier mass) either to  the elec- 
tronic amplifier supplied with the Consolidated mass spectrometer or to  the 
vibrating reed amplifier. 

In  figure 7 a typical record is given from which an estimate of the sensitivity 
of this relative method of determining isotope ratios can be gleaned. 

Data obtained by McKinney, McCrea, Epstein, Allen, and Urey (64) on the 
isotopic composition of oxygen in carbon dioxide are shown in table 2, along with 
data obtained by Dole and Rudd (27) on a mixture containing 65 per cent oxygen 
and 35 per cent nitrogen and on air. 

It should be noted that the less the percentage of oxygen, for example, in the 
gas to  be studied, the less accurate are the measurements of the ratio of the 
oxygen isotopes; hence isotope measurements should be made on the pure gas 
whenever possible. 

If the Consolidated-Nier mass spectrometer is used to measure absolute 
abundances of 0 1 8  in pure oxygen, for example, data similar to those quoted in 
table 3 will be obtained (27). 

3 Built by the Applied Physics Corporation of Pasadena] California. 
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The true value of table 3 is based on Sier's absolute abundance determination 
of the percentage of 0 I 8  in the oxygen of air (82)-namely, 0.2039-coupled with 
many accurate determinations of the difference between the per cent of 0 I 8  in 
the oxygen of air and in the oxygen of table 3. 

IV. METHODS O F  SEPARATING THE ISOTOPES O F  OXYGEN 

It will be recalled that the heavy hydrogen isotope, deuterium, can be obtained 
by the electrolysis of water, the deuterium concentrating in the residue of un- 
decomposed water. This method of concentrating the isotope of oxygen is not 
satisfactory, because of a very small fractionation factor, 1.008 (22, 52, 98), 
compared to  values of 6 or higher obtained in the fractionation of the hydrogen 
isotopes. Such a small fractionation factor is possibly due to  the fact that the 
oxygen isotopic exchange equilibrium 

2H2018(1) + O:'(g) e O;'(g) + 2H2016(1) (3) 
acts in the direction of concentrating the heavy isotope of oxygen in the gas 
phase, just the opposite of the tendency of electrolysis to  concentrate it in the 
liquid phase. Successful methods of fractionating the isotopes of oxygen include 
the fractional distillation of water, the use of the thermal diffusion column of 
Clusius and Dickel (16), and the chemical exchange method of Urey and co- 
workers (107, 109). 

A .  Distillation of water 
Thode, Smith, and Walkling (103) succeeded in obtaining 150 ml. of water 

enriched 6.5 times normal in 0l8 and 2.7 times normal in 0 1 7  by the distillation 
of water in three fractionating columns 8 m. high, the distillation being continued 
for 120 days. 

B. Thermal d i fu s ion  method 
Clusius, Dickel, and Becker (17) prepared almost pure 0 I 8  by treating oxygen 

gas in six diffusion columns each about 14 m. high. They used a hot platinum 
wire to  maintain isotopic equilibrium between the molecular species, 0l6Ol6, 
0 1 6 0 1 8 ,  and 018018. After a two-stage operation the product of the process 
amounted to  250 ml. of 99.0 per cent 018018  with only 1 per cent of 017018. 

Other workers reporting successful enrichment of 01* and 0'' by the thermal 
diffusion method include Whalley, Winter, and Briscoe (1 18), Welles (1 15), 
and Lauder (61). 

C. Chemical exchange method 
Boyd and White (12) have recently made a chemical engineering study of 

(4) 
They used a 70-ft. column packed with aluminum and stainless-steel helices, 
and fed carbon dioxide in a t  the bottom and ammonia a t  the top. The addition 

the concentration of 0l8 by chemical exchange employing the reaction: 

CO?(g) + 2H2018(1) iS COi8(g) + 2H2016(1) 
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of the ammonia accelerated the rate of exchange because of the increased solu- 
bility of the carbon dioxide in the ammonium hydroxide solution. At the top of 
the column the carbon dioxide was reduced to  methane and water and the water 
returned to the column as reflux. Excess water in the column was bled off a t  
the bottom of the column and discarded, as this water was depleted in O1*. The 
experimentally determined fractionation factors amounted to  1.014 at  122°C. 
and 1.028 a t  5O"C., while the highest enrichment of 0lS at  the top of the column 
was 3.4 times normal after 100 hr. of operation. 

V. CHEMICAL APPLICATIONS O F  THE ISOTOPES O F  OXYGEN 

A.  Analysis of organic compounds for oxygen by the isotope-dilution method 
One of the most difficult problems of organic quantitative analysis is the de- 

termination of oxygen in acids, ketones, and other oxygen-containing com- 
pounds. Usually the percentage of oxygen is calculated indirectly after the per- 
centages of all the other elements have been determined directly. By means of 
the isotopes of oxygen it is possible to determine oxygen directly according to 
the isotope-dilution method recently described by von Grosse, Hindin, and 
Kirshenbaum (38). In brief, the method consists of the following operations: 
The substance to be analyzed is weighed and introduced into a platinum boat, 
the boat is inserted into a platinum combustion tube, and the compound is 
oxidized a t  a temperature of 800°C. in the presence of a measured excess of 
oxygen enriched in O1*. The heavy isotope of oxygen distributes itself practically 
a t  random between the carbon dioxide, water, and excess oxygen present a t  the 
end of the combustion according to the following reaction (taking formic acid 
as an example): 

HCOOH + OY (in excess) ---f HzOn + CO," + excess 0," ( 5 )  

In  equation 5 m represents the difference in percentage of 018 between the oxy- 
gen added and the oxygen in the formic acid, while n represents the difference 
in percentage of 0l8 between the oxygen of the products and the oxygen of the 
sample. The percentage of oxygen is calculated from the equat,ioii 

b ( m  - n) 
a.n Per cent of oxygen = 100 

where a is the weight of the sample taken for analysis and b is the weight of the 
heavy oxygen gas used, calculated from the measurement of its volume and using 
16.oooO as the atomic weight of oxygen in this calculation. Equation 6 is exact. 

After the combustion the products of the reaction are pumped through a dry- 
ice trap to remove water vapor quickly before any exchange between carbon 
dioxide and water can occur, and then through a liquid-air trap to freeze out 
the carbon dioxide and to separate it from excess oxygen. Measurements of the 
ratio of the oxygen isotopes are then carried out on the carbon dioxide. Table 4 
contains a representative set of data obtained in the analysis of a sample of 
formic acid. 
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B. Exchange of oxygen isotopes in inorganic salt solutions 
For many years isotopes have been used for the study of exchange processes 

of atoms of the same element between different compounds. Table 5 presents 
observations on the possibility of exchange of oxygen isotopes between the salt 
in question and the water in which the salt is dissolved. Hall and Alexander (39) 
give the details of the necessary technique, which in their case involved the 
determination of the density of water enriched in 0 I 8  before and after having 
dissolved in it a known weight of salt. 

According to Mills (70), the interchange of oxygen between the compounds 
listed in table 5 and water occurs through reversible anhydride formation such 
as : 

HzS03 $ HzO + SO2 

H2Cr04 $ HzO + CrOa, etc. 

Oxygen isotopes have been used in the study of the composition of ions and 
of hydrated ions by measuring the exchange or the rate of exchange of the 01* 

TABLE 4 
Set  of data i l lustrat ing the direct analys i s  of f o r m i c  acid f o r  i t s  oxygen content b y  the 

isotope-dilution method 

a = 38.2 mg. HCOOH 
b = 14.0 ml. of oxygen enriched in 0'8 a t  0°C. and 760 mm., or 
b = 20.0 mg., calculated taking 16.0000 as the atomic weight of oxygen 
m = 1 .OO per cent 
n = 0.425 per cent 

difference = 1.3 per cent Oxygen obtained = 70.8 per cent 
Oxygen calculated for HCOOH = 69.5 per cent 

in the solvent water with the 0 I 6  of the hydrated water. Thus, Crandall (19) 
demonstrated that the uranyl ion is EO:+ and not V ( O H ) f +  by his observation 
that in the compound UOL%-sHzO only 5 oxygen atoms of the xHzO exchange 
with the oxygen atoms of the solvent. (This conclusion is based on the assump- 
tion that all four OH- ions in U(0H)F  would be equivalent.) Hunt and Taube 
(49) found that the hydrated chromic ion, Cr(HzO)t++, holds back initially six 
molecules of water from exchanging with the solvent when dissolved in water. 
The bound water molecules then exchange slowly, with a half-life for complete 
exchange equal to 40 hr. In  contrast to Cr+++, the following ions exchanged 
their hydrated water molecules rapidly with the solvent: H+, AI+++, Ga+++, 
Fe+++ (at high acidities), and Th++++, while a t  low acidities there appeared to 
be a slight initial hold-back of water molecules by Fe+++ (possibly in the form 
of a hydrated colloid). Plane and Taube (86) extended these observations to 
include a study of the influence of anions on the rate of exchange. Apparently 
the half-time of exchange of Cr(H20)$++ is fixed by the concentration of per- 
chlorate ion or by the sum of the concentrations of nitrate and perchlorate ions 
when nitrate ion is present. The chloride ion has a marked effect in catalyzing 
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TABLE 5 
Studies  on  the exchange of oxygen isotopes in solutions of inorganic salts during 6 or more hr. 

in water at 96°C. 

100 PER CENT EXCHANGE 

CrOz (39, 70) 
NazCrzOl (15, 39, 70) 
NatCrO4 (39) 
NaOH (39) 
NazCr04 + NaOH (slow) (15, 39, 70) 

&MOO4 (39) 
K&fo04 + XaOH (rapid) (39) 
NazWO, (39) 
XazWO4 (rapid) (39) 
NaBO2 (39) 
K2C03 (slow) (39, 104) 
KHzAsOi (39, 104) 

KAsOZ (39) 
KHzAsO4 + NaOH (rapid) (39) 

KAsOZ + NaOH (rapid) (39) 
NaMnO, (39, 70) 
NaMnO, + NaOH (39) 
NaBrOs (slow) (39) 
NaBrOa + NaOH (rapid) (39) 
NaIOa (slow) (39) 
NaI03 + NaOH (rapid) (39) 
NatSeOs (39) 
NazSe01 + NaOH (39) 
NazSeO, + HCl (slow) (39) 

NaZSOa + NaOH: 25°C. (42); 170°C. (66) 
NrtlSzOa (39, 70) 
NazS04 + HCl (slow) (39, 104) 
NaC103 + NaOH (slight) (39, 121) 
NaC103 + HCI (extensive) (104, 121) 
NaC10, + acid (slow), 25°C. (42) 
H2S04 (concentrated) (42, 51, 121) 

(39, 70) 

KHSO4 (70, 104) 
HaBOa (121) 
NaZBdO, (121) 

NaZCO; (70); at 25°C. (slow) (104) 
Gases exchange: CO2 (71); SO2 (42) 
Gases do not exchange: Nz0 (121); possibly some 

KNOs + (121) 

slight exchange (33) 

NOEXCHANGE 

KNOt (39) 
NaN03 (39, 86, 92, 121) 
NaN03 + NaOH (39) 
KaN03 + HCl (39) 
Mg(C104)z (39) 
Mg(C10dz + HC1 (39) 
Ba(C104)r + NaOH (39) 
NaCIOa (39, 104) 

KC103 + NaOH (121) 
NaClO4 (121) 
NaClO4 + NaOH (121) 
NaClO4 + HCl (121) 
NazSeO4 (39) 
NazSe04 + NaOH (39) + NaOH (39) 
NazS203 + NaOH (39, 70) 
NazS04 (39, 104, 121) 
NazSOc + NaOH (39, 51, 121) 
Nas02 (3, 26) 
HzOz (3, 120) 

KHzP04 (121; see, however, 104) 
NazHPO4 + NaOH (121) 

HzSO, 6 M or below, 25°C. (42) 
NazC03 + NaOH, 25°C. (71) 

KClOs (121) 

NazHPO4 (121) 

KHSOa (121) 

the exchange, but the explanation of the anion effect is not certain a t  the pres- 
ent time. Hunt and Taube (49) observed that the chromic ion tends to bind 
Hz018 slightly in preference to  H2Ol6; this is in line with the conclusion given 
below that the heavier isotope always tends to accumulate in the heavier mole- 
cule. 
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Cr(H20)? exchanges its water rapidly, so that the chloride-ion effect may 
be due to  the promotion of the reaction Cr" + Cr++. Similarly the other 
anions may promote the reaction Cr(II1) --f Cr(1V) and Cr(V); Cr(1V) and 
Cr(V) would then exchange their hydrated water molecules rapidly with the 
solvent. Friedman, Taube, and Hunt (32) studied the exchange of water between 
the solvent and hydrated cobaltic and cobaltous ions and concluded that these 
exchanges occur rapidly in the case of the cobaltic ion, probably because of a 
rapid electronic reaction between Co++ and Co+++. 

Hunt, Rutenberg, and Taube (50) showed that in all probability the carbon- 
atopentaaminocobaltic ion in water has the structure Co(NH&(OCO2)+, be- 
cause on hydrolysis in an acid solution of OIs-enriched water the following re- 
action occurs: 

Co(NH3)bCO; + 2H+ + HzO" + CO(NH~)~(H~O)+++ + H2CO:' 

Kakata (79) investigated the exchange of 0" between sulfur dioxide and sulfur 
trioxide in liquid sulfur trioxide and found a rapid exchange a t  room tempera- 
ture. 

C .  Exchange of oxygen isotopes between oxygen gas and solid oxides 
Recently a number of interesting experiments studying the exchange of oxy- 

gen isotopes between oxygen gas and the surface of solid oxides such as alumi- 
num oxide and titanium dioxide have been carried out by Winter and coworkers 
(117, 119). These experiments demonstrate that, in general, exchange can be 
produced if the temperature is raised sufficiently high, that the velocity of ex- 
change is independent of the gas pressure, that the atoms in the surface readily 
exchange, and that the initial rapid exchange is followed by a slow exchange, 
whose rate is determined by the slow diffusion of oxygen from the interior of 
the solid to  the surface. Figure 8 illustrates the decrease in the abundance of 
0l8 in the gaseous phase during the time that oxygen enriched in 0 ' 8  was in 
contact with aluminum oxide a t  590°C. If the data are extrapolated to  zero 
time, the exchange due to  the slow diffusion can be eliminated and that due 
only to  the surface exchange can be calculated. From a knowledge of this amount 
and of the area occupied by the oxygen atoms in the exposed surface of the unit 
cell of aluminum oxide, the area of the powdered aluminum oxide can be esti- 
mated. Good agreement was obtained between the surface area determined in 
this way and that measured by the nitrogen-adsorption method in the case of 
aluminum oxide, but when titanium dioxide and thorium dioxide were used, 
the areas determined by the oxygen-exchange method were greater than those 
determined by nitrogen adsorption by an order of magnitude (117). 

Data obtained by a number of workers for the exchange of oxygen isotopes 
between solid oxides and the gaseous phase are given in table 6. 

It should be noted that the experimental evidence for exchange may be a 
function of the time of contact between gas and solid. For example, with a con- 
tact time of 1% min. Morita and Titani (78) could find little exchange between 
oxygen and copper oxide even a t  900°C., but Allen and Lauder (1) discovered 
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that 8 per cent of the oxygen atoms in their copper oxide had exchanged with 
oxygen gas during a 4-hr. contact of the oxide with the streaming oxygen at  
400°C. The extent of the exchange rose continually with temperature above 
400°C. 

D.  Use of oxygen isotopes in studying the mechanism of inorganic reactions 
Taube and his students (41, 42, 43) have recently been making extensive use 

of the isotopes of oxygen in studying the mechanism of inorganic oxidation re- 
actions. For example, Halperin and Taube (41) demonstrated in the reaction 

KC103 + 3H2S03 4 3HzS04 + KC1 

that the oxygen of potassium chlorate adds directly to the sulfurous acid instead 
of coming from the solvent water. This conclusion was made possible by virtue 

(7) 

Minutes 

FIG. 8. Decrease in percentage of 018 content of enriched oxygen gas when exposed t o  
aluminum oxide having a normal 0 1 8  content a t  592°C. 

of the fact that neither potassium chlorate, potassium sulfate, nor potassium 
bisulfate exchanged oxygen atoms with water under the conditions of their 
experiment. Instead of finding three atoms of oxygen per potassium chlorate 
molecule transferred to the reducing agent, the number varied from 1.9 to 2.9, 
possibly owing to  exchange of oxygen with solvent when in the hypochlorite 
stage of reduction. A later, more detailed study of the oxidation of sulfites by 
halogenates carried out by Halperin and Taube (42) revealed that in the reaction 

ClOr f 32H2S03 = C1- + 3ZHzSO4 

in the presence of 2 M hydrochloric acid, 2.51 atoms of oxygen transferred from 
one chlorate ion to  sulfite. (The symbol Z means all the sulfur in sulfurous acid, 
whether as HSO,, as SO, -, or as H2S03.) As the acidity decreased, less of the 
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TABLE 6 
Condit ions for the exchange of oxygen isotopes between solid oxides and the gaseous phase 

GAS 

~~ 

. . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
0 2  . . . . . . . . . . . . . . . . . . . . . . .  
Hz 0 . . . . . . . . . . . . . . . . . . . . .  
112 0 . . . . . . . . . . . . . . . . . . . . .  
H2 0 . . . . . . . . . . . . . . . . . . . . .  
COZ . . . . . . . . . . . . . . . . . . . . . .  
COZ . . . . . . . . . . . . . . . . . . . . .  

SOLID 

A1203 
Tho2 
TiO2 
CUO 
ZnO 
N i 0  
MgO 
Mnz03 
Mn02 
c o o  
co304 
Quartz 
A1203 

ThOz 
TiO, 
CUO 
;11n02 

TEMPERATURE REQCTEED TO 
INITIATE THE EXCHANGE 

“C . 
360-600 
360-600 
360-600 
360-600 

600 
360 
300 
200 
800 
550 
800 

20 
120 
120 
430 

70 

360-600 

!EFEREXCE 

Catalyt ic  exchange of 0l8 between gases indicated 

02 + HzO . . . . . . . . . . . . . . .  
0 2  + HzO . . . . . . . . . . . . . . .  
0 2  + HzO . . . . . . . . . . . . . . .  

0 2  + H20 . . . . . . . . . . . . . .  
0 2  + HzO . . . . . . . . . . . . . . .  
0 2  + HzO . . . . . . . . . . . . . . .  

coz + 0 2 .  . . . . . . . . . . . . . . .  
co + 0 2  . . . . . . . . . . . . . . . .  
c0 + COZ . . . . . . . . . . . . . . .  
CO + 0 2  + HzO . . . . . . . . .  
0 2  + HzO . . . . . . . . . . . . . . .  

0 2  + HzO . . . . . . . . . . . . . . .  
0 2  + Hz0 . . . . . . . . . . . . . . .  
0 2  + HzO . . . . . . . . . . . . . . .  
0 2  + so2 . . . . . . . . . . . . . . . .  
0 2  + SO8 . . . . . . . . . . . . . . . .  
H20 + 0 2  . . . . . . . . . . . . . . .  . I  
co + 0 2  . . . . . . . . . . . . . . . .  ~ 

Platinum wire 
Platinized asbestos 
Asbestos 
Platinized asbestos 
Mn02 
CUO 
XaOH 
KOH 
CUO 
CUO 
Quartz 
hIn02 
Crz03 10% + AhOn 90% 
a-FezO3 
r-FezOt 
2Fez03 . Bi203 
Biz03 
Si02 
Sponge platinum 
Sponge platinum 
Fe20s 
Mn02 

500 
300 
800 
300 
300 
650 
360 
290 
580 
120 
900 
90 

350 
350 
350 
350 
450 
680 

No exchange 
400 
800 
200 

. 

oxygen in the sulfuric acid came from the chlorate ion. until a t  pH 5 the number 
of oxygen atoms transferred was 1.8 f 0.1. Theoretically one could expect 3 
at’oms transferred per molecule of chlorate . In 0.1 M hydrochloric acid the num- 
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ber of oxygen atoms transferred to  the sulfate per molecule of oxidizing agent 
was 2.29 for C103, 1.50 for (2102, 1.55 for Cloy, 0.36 for C120, and 2.20 for 
BrO: a t  25°C. Halperin and Taube interpret their data on the basis of a step- 
wise reduction of the Oxidizing agent 

c10; 3 ClOZ 3 c10- 3 c1- 
with the defection from complete transfer of the oxygen taking place in the 
hypochlorite stage. (The 0l8 content of the sulfate formed was found by precipi- 
tating the sulfate as barium sulfate, converting the oxygen in the barium sulfate 
to carbon dioxide with carbon, and analyzing the carbon dioxide in the mass 
spectrometer .) 

In  the fourth paper of their series Halperin and Taube (43) give data for the 
transfer of oxygen atoms from hydrogen peroxide, oxygen, manganese dioxide, 
and potassium permanganate to sulfite during oxidation of the latter and from 
hydrogen peroxide to thiosulfate. In  the case of the hydrogen peroxide-sulfite 
reaction a t  pH 5 and higher acidities, the two atoms of oxygen in the hydrogen 
peroxide are transferred to sulfite without exchange with the solvent, although 
the latter needs only one oxygen atom per molecule to be converted to sulfate. 
To explain this interesting fact, Halperin and Taube postulate the existence of 

the intermediate peroxysulfurous acid, HOS018018H, which reverts to sulfuric 
acid by an intramolecular rearrangement. When unlabelled oxygen gas oxidized 
labelled sulfite, 2.2 atoms of the oxygen per sulfite molecule were found in the 
barium sulfate. The slight excess over 2 is probably the result of isotopic frac- 
tionation during reaction. Manganese dioxide delivers the theoretically possible 
one oxygen atom to each sulfite molecule during oxidation of the latter, but 
potassium permanganate a t  pH 6 delivers practically no oxygen, the oxidation 
presumably being entirely electronic. 

0 

Winter and Briscoe (120) found in the reaction 

2NazSO3-7H20 + O2 3 2Na2S04 

carried out in water enriched in OI8 that the heavy-oxygen water was diluted 
with ordinary water only to the extent of the water of crystallization of the 
sodium sulfite, that in 72 hr. a t  room temperature there was no exchange of the 
oxygen atoms of sulfite with the oxygen of water, and that all the oxygen used 
in the oxidation of sulfite to sulfate came from the oxidizing agent and none 
from the water. 

Rutenberg, Halperin, and Taube (96) found that in the hydrolysis of the 
compounds (KSO&NOH and (KSO&iY. 2H20, formed as intermediates during 
the oxidation of sulfite by nitrite, no exchange of oxygen between sulfite bound 
in the complexes and the solvent occurred. This observation strengthens the 
postulate that the complexes are formed by internal nitrogen-sulfur bonds. The 
oxygen of the sulfate which resulted from the oxidation of sulfite was derived 
from the water. 

Kolthoff and Miller (59) used water enriched in 01* to determine the source 
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of the liberated oxygen in the thermal decomposition of the peroxysulfate ion 
in aqueous medium. In  the case of the uncatalyzed decomposition all the liber- 
ated oxygen came from the solvent water in accordance with the proposed 
mechanism : 

szog - --j 2SOh. 

SOT* + HzO 3 HSOh + OH* 

20H* + H20 + XOz 

In  strong acid solution, 0.5 M perchloric acid a t  50°C., none of the liberated 
oxygen came from water, leading Kolthoff and Miller to  suggest the following 
mechanism : 

S208- + H+ -+ HSzOF 4 so4 + HSOT 

so4 3 sos f 
Dole, Muchow, Rudd, and Comte (26) investigated the isotopic composition 

of oxygen liberated catalytically from solutions of sodium peroxide in water. 
They found in the case of 100 per cent decomposition according to the reaction 

2H20z --j 0 2  + 2H20 

that the percentage of the heavy isotope of oxygen was 1.035 times greater in 
the oxygen produced than in the water of equation 8 when manganese dioxide, 
platinum, and colloidal gold were used as catalysts, and 1.048 greater in the 
case of ferric oxide, that there was no exchange of the oxygen of hydrogen perox- 
ide between hydrogen peroxide and water even during decomposition, and that 
in the case of catalase as the catalyst no fractionation of the oxygen isotopes 
occurred. Some of these results confirm earlier observations of Winter and Briscoe 
(120). When the peroxide was completely oxidized by manganese dioxide or 
potassium permanganate according to the reaction 

2KMn04 + 3HzS04 + 5H202 -+ 502 + 2MnS04 + KzS04 + 8Hz0 (9) 

all the liberated oxygen came from the peroxide and none from the perman- 
ganate. Baertschi (3) has recently come to the same conclusion. 

I n  addition to  the use of isotopes to  determine the path of some of the oxygen 
atoms in the reactions given as examples above, it is possible to gain additional 
insight into the mechanism of the reactions by studying rate effects. In  figure 
9 the percentage of 0l8 in the oxygen liberated from a buffered solution of cata- 
lase and sodium peroxide is plotted as a function of the fraction of the peroxide 
decomposed (26). The OI8 per cent is a t  first greater than that in the original 
peroxide, 0.2041, but decreases to  a value below 0.2041 and then slowly rises 
to this value a t  100 per cent decomposition. The percentage of 0l8 extrapolated 
to  zero time, or to  zero amount of peroxide decomposed, seems to  approach the 
initial value of the OI8 percentage of the oxygen liberated when manganese 
dioxide is used as the catalyst. It is possible to  explain the greater O** abundance 

(8) 
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in the oxygen of reaction 8 as compared to the percentage of 0l8 in the water by 
assuming that the molecule HO16016H reacts more rapidly than H016018H in 
the initial stage of the decomposition. Dole, Rudd, Muchotv, and Comte (26) 
have developed the kinetic equations applicable to the initial reactions 

F e w  + H0l60lBH 016H + 016H- + Fe+++ (10) 

F e w  + H016018H 2% 016H + OlSH- + Fe+++ (11) 

F e w  + H01*016H 2L O’*H + 016H- + Fe+++ (12) 

assuming that all following reactions proceed rapidly without any isotope frac- 
tionation. Letting 

k1 - h e = - - -  
kz + ka 2kz 

it can be shown that 
c = p  

where /3 is given by the equation containing measurable quantities: 

Ym p = ____ 
2x0 - y m  

In  equation 15, 2 0  represents the atom fraction of 01* in the original sodium 
peroxide and gm represents the atom fraction of 0l8 in the liberated oxygen after 
complete catalytic decomposition. 

Bigeleisen (8) has shown how the theory of absolute reaction rates can be ap- 
plied to  the calculation of expected isotope fractionations as the result of rate 
processes; his equation is 

where 

1 1  1 
2 u e u - 1  

G(u) = - - - - ___ 

and the symbol * refers to the activated complex. In equation 16 mr is “the effec- 
tive mass of the complex along the coordinate of decomposition.” 

To apply equation 16 to the interpretation of the data the fundamental vibra- 
tion frequencies of the molecules participating in the reaction must be known as 
well as the frequencies of the activated complex. The latter are generally ae- 
sumed to be small and negligible; a t  least this assumption gives the maximum 
calculated value of E .  Dole and coworkers (26) calculated five of the six frequen- 
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cies of the H01s018H molecule, using equations of Morino and Mizushima (72)  
and force constants of Bailey and Gordon (5), and found 1.078 as a maximum 
value of E. The mechanism adopted by them (26) does not explain the initial 
increase of 0l8 in the evolved oxygen as compared to the original hydrogen 
peroxide; a t  least this is true unless an ad hoc hypothesis is made concerning the 
nature of the activated complex. The unusual results obtained with catalase as 
the catalyst, shown in figure 9, must be the result of a change in mechanism as 
the reaction proceeds. 

loor! 

CATALASE EXPERIMENTS 

0 RUN NO I 
+ RUN NO 2 

RUN NO 3 

202s 2035 ,2045 2 
X 0' IN EVOLVED OXYGEY 

FIG. 9 

CATALASE EXPERIMENTS 

0 RUN NO I 
+ RUN NO 2 

RUN NO 3 

202s 2035 ,2045 2 
X 0' IN EVOLVED OXYGEY 

FIG. 9 

5 

FIG. 10 
FIG. 9. Per cent of 0'8 in oxygen evolved from sodium peroxide 

FIG. 10. Rate of exchange of 01* between enriched carbon dioxide and normal water a t  0°C. 

Friedman and Bigeleisen (33) investigated the effects of oxygen (and nitro- 
gen) isotopes in the thermal decomposition of ammonium nitrate. They found 
satisfactory agreement between observed and calculated effects of oxygen iso- 
topes on the basis of the following assumptions: (a) that the decomposition 
proceeds according to the equations, 

NH&O16 + NH2NOi6 + Hz016 

NH4N0:601s --+ NHzN0i6 + H2018 

NH4NO:6018 + S H Z X O ' ~ O ~ *  + HzOL6 

KH&O:6 -+ Nz0I6 + HzOI6 

NHzS016018 -. S 2 0 l 6  + H201* 

XH??1'016018 -> Sz0ls + Ht0'6 

(17) 

(18) 

(19) 

(20) 

(21) 

( 2 2 )  



284 MALCOLM DOLE 

( b )  that the nitramide of each isotopic species or similar intermediate of 
reactions 17 to  19 is present in a steady-state concentration; (c) that the 
contribution of reactions 19 and 22 to the overall isotope effect can be neglected 
and that terms involving the concentration of "4NOfL6018 can be occasionally 
neglected in comparison to terms involving the concentration of NH4NO;'. 
Their equations deduced from the above kinetics are 

and 

where the k's represent the reaction rate constants of the above reactions and 
the parentheses indicate isotope abundances. In  equation 24, t = a represents 
the time for 1 per cent decomposition. Equation 24 states that there is no change 
in the 01* percentage of the liberated nitrous oxide during the course of the re- 
action, in agreement with observation. 

Mills and Urey (71) in 1939 carried out an interesting kinetic study of isotope 
exchange between carbon dioxide, bicarbonate ion, carbonate ion, and water. 
First of all, they pointed out that the time required to establish isotopic equilib- 
rium is many times greater than that to establish the chemical equilibrium it- 
self; for example, only 1 sec. is required to attain the half-equilibrium concen- 
tration of carbonic acid when carbon dioxide is dissolved in water, while 1000 
sec. are required for the half-time of oxygen exchange. This is due to  the fact that 
the hydration reaction must occur many times to establish isotopic equilibrium 
if the isotopic compositions of the oxygen in the original water and in the carbon 
dioxide are different. Mills and Urey rapidly dissolved 0I8-enriched carbon di- 
oxide in water and then a t  various time intervals withdrew 10-ml. portions of 
the solution, pumped off the carbon dioxide, dried it, and analyzed it for its 0l8 

content in a mass spectrometer. The total time necessary to take a sample for 
analysis was 10 sec. Results of a typical experiment are shown in figure 10, where 
the data demonstrate that, in common with all isotopic exchange reactions, the 
rate of exchange is of the first order with respect to the difference in the fraction 
of 0l8 in the carbon dioxide and in the water. 

For the pH range in which only the hydration reaction determines the rate 
of exchange (below pH 8) the rate equation reduces to 

where a and p are the atom fractions of 0l8 in the carbon dioxide and water, 
respectively. Equation 25 was derived on the simplifying assumption that all 
the different isotopic species of carbon dioxide react with water at the same rate. 
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?c!Iills and Urey found that a t  0°C. the rate constant for isotopic exchange was 
equal to  the rate constant for the hydration of carbon dioxide. At pH values 
higher than 8, the rate of isotope exchange becomes much slower; this fact is 
interpreted by Mills and Urey to  signify that the exchange of oxygen between 
bicarbonate and water proceeds through the series of reactions: 

C02 + H2O Ft H2C03 Ft H+ + HCO; 

At certain pH values the rate of exchange becomes much greater than would be 
calculated on the basis of the hydration reaction, leading to  the postulate that 
the significant reaction is 

OH- + COz + HCO; 

Wang (114) has made use of Ols as a tracer in studying the self-diffusion of 
mater molecules in liquid water. 

E.  Exchange of oxygen isotopes between organic compounds in water 
In  general i t  can be stated that alcohols, esters, and frequently acids cannot 

exchange their oxygen atoms with the oxygen of water, but such exchange is 
possible in the case of aldehydes and ketones. The velocity of interchange is 
increased by acid or basic catalysis, especially in the case of benzaldehyde. The 
oxygen of carboxyl groups undergoes exchange only in the presence of strong 
acids, while the oxygen of peptide bonds, amides, and urea does not. Amino 
acids can exchange their oxygen atoms with water only in acid solution. These 
observations and others are summarized in table 7. 

F .  Use of oxygen isotopes in studying the mechanism of organic reactions 
The heavy isotope of oxygen has had considerable use as a tracer in working 

out the mechanism of organic reactions. With it, for example, one can answer 
such questions as the following: Does the oxygen of the water molecule combine 
with the acid or the alcohol in the hydrolysis of esters? Table 8 contains a list 
of organic reactions studied by means of OlS. 

Cohn and Urey (18) investigated the kinetics of the exchange of 0l8 between 
acetone and water. They found that the exchange was catalyzed by hydrogen 
and hydroxyl ions and by the salicylic acid molecule, but not by salicylate ions. 
In accordance with the scheme of general acid catalysis the first step of the re- 
action is believed to be 

ki 
RzCO + H A T F  (R2COH)' + A- 

The second step may be either 

or 
OH 

'OH 
k' (R2 COH)+ + OH- -% R2 C' 
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TABLE 7 
Exchange of oxygen isotopes between organic compounds and water 

COXPOUND 

CHaOH . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CH30H + acid or base . . . . . . . . . . . .  
(CH&COH + acid . . . . . . . . . . . . . . . .  

C&ONa . . . . . . . . . . . . . . . . . . . . . . . . . .  
Glycerol . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Trianisylcarbinol + 0.1% HzSO, . . .  

CsHsOH . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Cellulose . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cellulose + NaOH . . . . . . . . . . . . . . . .  
Cellulose xanthate . . . . . . . . . . . . . . . . .  
Cellulose trialcoholate . . . . . . . . . . . . .  
CH3CHO . . . . . . . . . . . . . . . . . . . . . .  
C&CHO . . . . . . . . . . . . . . . . . . . . .  
CcHaCHO . . . . . . . . . . . . . . . . . . . . . . . . .  
CsHaCHO f 0.1% HnSOc . . . . . . . . . .  
CsH5CHO + 0.1% KOH . . . . . . . . . . .  
(CHs)zCO . . . . . . . . . . . . . . . . . . . . . . . . .  
(CH3)2CO . . . . . . . . . . . . . . . . . . . . . . . . .  
Butyric acid . . . . . . . . . . . . . . . . . . . . . . .  
Maleic acid . . . . . . . . . . . . . . . . . . . . . . . .  
Fumaric a c i d . ,  . . . . . . . . . . . . . . . . . . . .  
Fumaric a c i d . ,  . . . . . . . . . . . . . . . . . . . .  
Phthalic acid . . . . . . . . . . . . . . . . . . . . . .  
Terephthalic acid . . . . . . . . . . . . . . . . .  
Succinic acid. . . . . . . . . . . . . . . . . . . . . .  
Succinic acid . . . . . . . . . . . . . . . . . . . . . .  
Citric acid . . . . . . . . . . . . . . . . . . . . . . . .  
Citric acid . . . . . . . . . .  . . . . . . . .  
Citric acid -+- 8% HzSO, . . . . . . . . . . .  
Benzoic acid . . . . . . . . . . . . . . . . . . . . . .  
Benzoic acid . . . . . . . . . . . . . . . . . . . . . .  
Acetic acid + 0.1 N HC1 . . . . . . . . . .  
CHzClCOOH . . . . . . . . . . . . . . . . . . . .  
CC13COOH . . . . . . . . . . . . . . . . . . . . . . . .  
Cyanuric acid . . . . . . . . . . . . . . . . . . . . .  
Amyl acetate . . . . . . . . . . . . . . . . . . . . . .  
Sodium acetate . . . . . . . . . . . . . . . . . . . .  
Acetanilide . . . . . . . . . . . . . . . . . . . . . . . .  
Acetanilide + PCl, . . .  . . . . . .  
Urea . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Benzamide . . . . . . . . . . . . . . . . . . . . .  

TEMPEB- 
ATUBE 

"C . 
100 
25 
95 
25 

170 
100 
95 
95 
55 

100 
25 
18 
18 
18 
18 
25 
25 
25 
25 
25 
25 

100 
100 
100 
25 

100 
25 

100 
25 

130 
25 
75 
25 

130 
100 
25 
25 
25 

100 
25 

100 
20 
20 
25 

100 
Benzanilide 20 
Glycine (neutral) 1 100 

~~ ~- 

TILIE 

Lours 

7 
24 
2 

44 
20 
6 

43 
24 

100 
3 

18 days 

80 

24 
100 

1 
1 
1 

24 
24 
24 
45 
44 
45 
44 
20 
44 
5 

24 
24 
24 
5 
4 

40 days 
24 
42 
40 
41 
48 
15 days 
15 days 
54 
23 
15 days 
72 

EXCHAlGE 

per cent 

0 
0 
0 
0 
0 
0 
0 

100 
0 

1 atom exchanges 
2 atoms exchange 

Slow exchange 
0 

0 
0 

100 
100 
31 

100 
100 

0 
Partial exchange 

0 
100 

0 
2 atoms exchange 

0 
0 
0 

100 
0 

91 
41 

1 atom exchanges 
100 
100 

Partial exchange 
100 

0 
0 
0 
0 

0 
0 
0 

Slight exchange 

!EPERENCES 
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TABLE 7-Concluded , EXCHANGE , REFERENCES ' TEMPER- 1 T I ~ E  I ATURE COMPOUND 

Glycine (pH 2 ) .  . . . . . . . . . . . . . . . . . . .  100 
Leucine. . . . . . . . . . . . . . . . . . . . . .  . . . . . I  100 1 41 
Diketopiperazine. . . . . . . . . . . . . . . .  . /  100 I 45 
Albumin., . . . . . . . . . . . . . . . . . . . . . . .  , . I  25 . 40 
Tyrosine. . . . . . . . . . . . . . . . . . . . . . . . .  100 1 40 
Pepsin (pH 4) . . . . . . . . . . . . . . . . . . . . .  
Sitrobenzene + acid or base. . . . . .  25 i 24 

CsHc(C0)2C6H2(ONa)t.. . . . . . . . . . . . .  ~ 170 

-4lloxan hydrate ,  . . . . . . . . . . . . . . . . .  . '  25 16 
CloH,OKa . . . . . . . . . . . . . . . . . . . . . . . . .  ' 170 

per cenl 

100 
0 
0 
0 
0 

13 
0 

48 
0 
0 

The acetone hydrate formed in reaction 28 may revert to  acetone and water 
by reaction with the acid HA to give the positive ion R&(OH)(OHz)+, from 
which water could then be liberated and the ion RzCOH+ returned to acetone 
by the reverse of reaction 26. 

If the second step is reaction 27, the complex with water reverts to acetone 
by reacting with a base to  form the acetone hydrate as in reaction 28, and then 
follows all its reactions in reverse. As the differences in the rates of exchange 
were different from the rates of enolization (in contrast to hydrogen-deuterium 
exchange, which proceeds through the enolic form), it is evident that OLE ex- 
change does not involve the enolic form. 

The kinetics of the exchange of oxygen between benzoic acid and water has 
been studied both experimentally (93) and theoretically (94) by Roberts and 
Urey. If CY is the atom fraction of 0 ' 8  in carbon dioxide, they showed that if the 
three molecular species COi6, C016018, and CO:' are in statistical equilibrium, 
i.e., if 

then 

and 

(C0'6 0 ' 8 )  

w(co:8> + z/(co:B)12 2 4 1  - a) = 
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CH3COOC6Hn + HzO" -+ CsHllOH + CH3C00'8H 

C Z H ~ O ~ ~ H  + (CZH~ZSO, + NaOH -+ CzH601sCzHr + C2H5NaSO~ + 2Hn0 

(CzHs)zSOd + H201' -+ H018(C~H60)S0z + CzHrOH 

(CH3)3P04 + H2O1* (basic) -+ (CHa0)z(018H)P0 + CH,OH 

(CH3)aPOl + H?O1* (acid or neutral) -+ (CH30)2(0H)(PO) + CH30'8H 

(CzHs)zC=NOH.HCl + HzO18 -+ C Z H ~ C O ' ~ X H C ~ H ~  + HzO + HCl 

CsHsS03H + 3NaO18H -+ C6H6018Na + Na2S03 + 2Hz0 

CH&HCHzC=O + HzOls (basic or strongly acid) -+ 

CHaCHOHCH2CO0'8H 
LOi 

Lo--l 
CH3CHCHzC=O + HzO1' (PH 1-6) -+ CHaCH0'8HCHzCOOH 

(CHaCO)HzPO4 + H?018 (acid) -+ H3P03018 + CH3COOH 

(CH3CO)HzPOd + H Z O ~ ~  (basic) -+ H3P04  + CH3C001kH 

MALCOLM DOLE 

(20, 87) 

(62) 

(11) 

(11) 

(11) 

(14) 

(14) 

(83) 

(83) 

(7 )  

(7) 

NO. 

l . . . . .  

2 . . . . .  

3 . . . . .  

4 . . . . .  

5 . . . . .  

6 . . . . .  

7 . . . . .  

8 . . . . .  

g . . . . .  

1 0 . .  . . . 

1 1 . .  . . . 

12. . . . . 

1 3 . .  . . . 

14. . . . . 

1 5 . .  . . . 

16..  . . . 

TABLE 8 
Organic reactions which have been studied using 0 1 8  as tracer element 

CzHbOH + NaOI*H + CSZ -+ CZH60CSKa + Hz018 
I t  
s 
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Furthermore, if T is the meassured ratio of mass 44 in the mass spectrometer t o  
mass 46 (corrected for the mass of C13016017), then in terms of a 

(1 - a)% 
2 4 1  - a) 

r =  

or 

Equation 30 enabled the atom fraction of 0l8 in the carbon dioxide liberated 
from the benzoic acid to be calculated from the measured r .  Roberts and Urey 
found that the exchange reaction was of the first order with respect to the hydro- 
gen-ion concentration and to the difference in atom fraction of 0 I 8  in the re- 
actants, but independent of the concentration of benzoic acid and free of salt 
effects. Letting p be the atom fraction of 01* in the water, assuming that the 
0 I s  atoms were statistically distributed among the three species of benzoic acid 
(corresponding to the three species of carbon dioxide given above), and assum- 
ing that all three species of benzoic acid reacted without any specific difference 
due to the OI6 or 0 I 8  atoms, Roberts and Urey were able to demonstrate that the 
rate of change of the 0 I 8  fraction in the benzoic acid was given by the equation 

= k[Hs 01 [p - a] 
dt 

in agreement with observations. 
Bender (6) has studied the rate of exchange of 0l8 as compared to the rate 

of hydrolysis when O1s-labelled esters of benzoic acid were partially hydrolyzed 
with unlabelled water. Thefact that the 0 I 8  content of the residueof unhydrolyzed 
labelled ester decreased during the course of the hydrolysis indicated that an 
intermediate of symmetrical structure 

H 

0 ' 8  
I 

R-C-OR 
I 
I 
0 

H 

was formed during the hydrolysis. The ratio of the rate of hydrolysis and rate 
of exchange of 0l8 in either acid or base was fairly close to unity, a result which 
suggests that the mechanism of the acid and basic hydrolysis involved a similar 
intermediate. Roberts and Urey (94), however, expressed doubt that such a 
complex could form in the esterification reaction, as an equilibrium of the type 

OH 

(32) 
/ 
\ 

R'COOH + ROH rf R'-C-OH 

OR 
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would give rise to  a rapid uncatalyzed exchange. Roberts and Urey (94) used 
the data on oxygen exchange to eliminate a number of possible mechanisms 
which had previously been proposed for the esterification reaction. 

Morita (75) burned methanol in 018-enriched oxygen and found that the 
heavy oxygen and the normal oxygen originally present in the methanol were 
uniformly distributed in the products of combustion (carbon dioxide and water). 

G .  Studies of equilibrium isotopic exchange reactions involving oxygen 
In  many if not all reactions involving the exchange of OIg, such as 

2Hz0'8(1) + CO?(g) 2Hz0'6(1) + CO?(g) (33) 
the isotopes of oxygen are not distributed among all molecular species a t  ran- 
dom, which would result in unity for the equilibrium constant of reaction 33, 
but the heavier isotope tends to become concentrated in the heavier molecule. 
Calculations of the equilibrium constant of isotopic exchange reactions like 
reaction 33 were first extensively carried out by Urey and Greiff (109) in 1935. 
Because of the differences in isotopic masses, the fundamental frequencies of 
vibration of the molecule Hz0" will be smaller than the frequencies of 
vibration of HzO16. In simple diatomic molecules such as O2 the frequencies of 
the various isotopic species-namely, 0l6Ol6, 0l6Olg, and O1sO1g-stand to  one 
another in the inverse ratio of the square root of the reduced mass, p,  where 

It is assumed that the vibrations of the O2 molecule follow the equation for 
simple harmonic motion. In  more complicated molecules it is necessary to know 
the force constants for the different vibrations and to have equations relating 
the frequencies to the force constants and reduced masses. Or, in certain favor- 
able cases, the Teller-Redlich rule (46) for the calculation of frequencies of one 
molecule from its isotopic analog may be invoked. It is beyond the scope of this 
review to give the details of these calculations; the reader is referred to the ex- 
tensive work and tabulation of Urey (107). 

Bigeleisen and Mayer (10) have reduced the calculation of isotopic exchange 
equilibrium constants to rather simple expressions for cases where the rotational 
partition function of classical theory is applicable, i.e., for all molecules except 
Hz, HD, and Dz. In  agreement with an earlier conclusion of Waldmann (113), 
Bigeleisen and Mayer demonstrate that the separation of isotopes in chemical 
reactions at  equilibrium is a quantum effect; in other words, if classical vibra- 
tional partition functions were valid, there would be no separation. Bigeleisen 
and Mayer neglect interaction of rotation and vibration and anharmonicity of 
the vibrations (equivalent to assuming linear harmonic motion). Their equation 
is 
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4 

where G;(u,) and Au, have already been defined in equation 16, s and s' are 
the symmetry numbers of the two isotopic species such as CO16016 (s' = 2 )  and 
C0l6Ol8 (s = l), and f is the ratio of the partition function of the heavier to  the 
lighter molecule, multiplied by the products of the inverse mass ratios to the 
three-halves power with the exponent also multiplied by the number (n) of 
isotopic atoms undergoing exchange, i.e., (m/'m')3'2'n. For reaction 33 the equa- 
tion relating K and f would be 

CaCO?(s) + 3H,018(1) CaCO\'(s) + 3H2016(1) 1 1 .W 1 026 (63) 

Bigeleisen and Mayer have tabulated values of G(u) in terms of u. About the 
same time, Urey (107) published his tabulation of partition function ratios of 
many isotopic species, including those for oxygen, water, sulfur dioxide, sulfate 
ion, carbon dioxide, carbonate ion, and chlorine dioxide. Table 9 contains some 
equilibrium constants for various simple reactions calculatetl for 0°C. 

The fractionation factors, a, of reactions 1, 2,  and 3 of table 9 were calculated 
by taking the square root of the equilibrium constants, while that of reaction 
4 was calculated by taking the cube root of K .  This procedure involves the 
assumption of random distribution of isotopes among any one molecular type; 
in other words, that for the species CaCOi6, CaC0l8Oi6, CaCO:8016, and CaCO:' 
the following equation holds, 

(CaCOi' O'*)(C~CO~~O:*) 
(CaCO:6)(CaCO:s) 

where 9 is the symmetry number of CaCOi', 3, 
number of CaCO?, also 3. 

= 9  (36) 

multiplied by the symmetry 

Experimental confirmation of the results of the statistical-mechanical calcu- 
lations has been satisfactory; for example, McCrea (63) calculated a variation 
of -2.75 x lo-' per cent 0ls per degree Centigrade in calcium carbonate pre- 
cipitated a t  31.5"C. Figure 11 illustrates the experimentally observed changes in 
percentage of 0ls from the standard as a function of temperature in samples of 
calcium carbonate precipitated from water; the slope of the line is -2.94 x 
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per cent O1s/OC., a number that is considered in good agreement with the above. 
Some of the scientific and technical consequences of the not wholly random 

distribution of the oxygen isotopes have already been mentioned, such as the 
use of chemical exchange reactions for the large-scale fractionation of the iso- 
topes. The separation of isotopes as the result of rate processes in numerous 
chemical reactions is an analogous effect. Slight separations of the isotopes 
would be expected to  occur in nature, so that the distribution and abundance 

\ 

> 50 
T' C. 

FIG. 11 

,004 L 

)O 
Dwth in Maton 

FIG. 12 
FIG. 11. Variation in the percentage of 0 1 8  in the oxygen of calcium carbonate precipi- 

FIG. 12. Variation in the percentage of 0 ' 8  in the oxygen of air dissolved in Pacific 
tated a t  the temperature in question. 

Ocean water as a function of depth. 

of the oxygen isotopes would be expected to vary slightly from one source to 
another. This is equivalent to slight variations in the atomic weight of oxygen. 
Both of these phenomena will now be described. 

VI. VARIATIONS IN NATURE O F  THE NATURAL ABUNDANCE O F  THE OXYGEN ISOTOPES 

A.  Variations in the natura2 waters and ices of the world 
Kirshenbaum (55)  has recently reviewed variations in the isotopic abundance 

of deuterium and 0l8 in the waters of the world. In  making sensitive measure- 
ments of the relative densities of the waters concerned, the density measure- 
ments do not serve to distinguish between variations in the 01* or deuterium 
contents. Such separate studies can be done directly with a mass spectrometer 
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or indirectly by measuring both the density and the refractive index of the waters 
concerned, as described in the review by Kirshenbaum (55 ) .  Conclusions re- 
garding variations in the isotopic compositions of the waters of the world may 
be summarized as follows: 

1. I n  the distillation of water both deuterium and 0l8 will tend to concentrate 
in the residue; hence fresh water, formed presumably by the evaporation and 
condensation of ocean waters, should contain a slightly smaller percentage of 
deuterium and 0 ' 8  than does ocean water. The conclusion by Kirshenbaum after 
studying many results is that fresh water contains 0.0002 mole per cent less 
deuterium (equivalent to  0.22 y in density difference) and 0.0014 mole per cent 
less 0 ' 8  (equivalent to 1.6 y in density difference). 

2. As the freezing of water results in ice having a greater 0ls content and a 
smaller deuterium content than the original water, according to the data of the 
Soviet workers Teis and Florensky (quoted by Kirshenbaum ( 5 5 ) ) ,  one would 
expect the water from arctic oceans near large ice masses to  exhibit alterations 
in the 0 1 8  and deuterium content. Such alterations were discovered, again by 
Soviet scientists; for example, increases in density as high as +4.3 y, due to 
increase in the 0 ' 8  content, were observed. Depending on the source, the deute- 
rium content showed increases as high as +2.4 y and decreases as low as - 1.7 y. 

3. Kirshenbaum concludes that more work needs to be done, particularly on 
samples of water whose isotopic composition has been studied with the mass 
spectrometer and whose density has also been mesaured. Such investigations 
should also be paralleled by laboratory studies of alterations in isotopic composi- 
tion due to exchanges promoted by ultraviolet light, electric discharge, etc. 
A small beginning along the line of this last suggestion has been made by Roake 
and Dole (90). 

B. Atmospheric and photosynthetic oxygen 
Shortly after Urey and Greiff (109) published their theoretical predictions 

regarding the equilibrium constants of isotopic exchange reactions, the author 
(21, 22, 102) discovered that the 0ls content of atmospheric oxygen was greater 
by about 0.005 mole percentage units (6.6 y) than the oxygen of water.4 Morita 
and Titani (76) independently made the same observation. This difference, 
sometimes called the Dole Effect (53), was in the direction predicted by Urey 
and Greiff but somewhat greater than the calculated separation. Using more 
recent values for the equilibrium constant of the water-oxygen isotopic exchange 
equilibrium, the author calculated (23) that of the difference, 0.005 per cent of 
01*, only 0.001 per cent or one-fifth of the total could be explained by the equi- 
librium exchange if the equilibrium is established between atmospheric oxygen 
and fresh water. If the equilibrium involves atmospheric oxygen and ocean 
water, then 0.002 per cent, or two-fifths of the difference, is accounted for. 

4 Part  of this increase in the density of water made from atmospheric oxygen as com- 
pared t o  Lake Michigan water may be due to  an increase in the percentage of 0''. The 
author has assumed that  about one-tenth of the increase is due t o  the presence of 0 x 7  in 
calculating the result, 0.005 per cent. 



294 MALCOLM DOLE 

Kamen and Barker (53) have reviewed the problem of the isotopic composition 
of atmospheric oxygen. 

Roake and Dole (90) suggested that the enhanced OIR content of the atmos- 
phere may be the result of the isotopic exchange equilibrium established between 
carbon dioxide and water (reaction 3 of table 9), followed by an irreversible and 
random exchange of oxygen atoms between carbon dioxide and oxygen. The 
latter exchange could presumably be brought about by the action of the intense 
ultraviolet light of the stratosphere. Dole and Roake found that oxygen atoms 
would exchange between carbon dioxide and oxygen but not between water and 
oxygen as mixtures of these gases streamed through an electric discharge a t  low 
pressures. 

Another possibility, although a rather far-fetched one, is that oxygen, en- 
hanced in 0l8 in deep ocean water to an extent of +0.006 mole per cent of ol*, 
greater than the required value of +O.OOS, as discovered by Rakestram, Rudd, 
and Dole (88), somehow or other is returned to the atmosphere. Figure 12 illus- 
trates the variation of the percentage of 0 ' 8  in air dissolved in the Pacific Ocean 
as a function of depth. 

,4s atmospheric oxygen presumably arises mostly if not entirely from the 
photosynthesis reaction, it becomes of great interest to examine the isotopic 
composition of oxygen liberated on photosynthesis in controlled laboratory 
experiments. This has been done by Ruben, Randall, Kamen, and Hyde (95), 
Vinogradov and Teis (112), Holt and French (47), and Dole and Jenks (25) ,  
with the general conclusion that the liberated oxygen has almost the isotopic 
composition of the water entering into the photosynthesis reaction. Dole and 
Jenks concluded that the isotopic composition of the oxygen corresponded to 
the value calculated by Urey (107) for isotopic exchange equilibrium betxeen 
oxygen and water. These results demonstrate first, that there is some process 
or processes occurring in nature which enhance the 01* content of atmospheric 
oxygen beyond the equilibrium value, and second, that there is no mechanism 
in nature by which the isotopic exchange equilibrium can be reestablished be- 
tween free oxygen and water. 

C .  Oxygen in carbonate rocks and the use of ratios of oxygen isotopes in estimating 
the temperatures of prehistoric oceans 

Because of the significant fractionation of the oxygen isotopes between carbon 
dioxide and water, a similar fractionation would be expected between water and 
carbonate rocks. The calculations of McCrea (63), whose results are illustrated in 
figure 11, have already been mentioned. 

Dole and Slobod (28) investigated carbonates in 1939. They recovered carbon 
dioxide from the carbonates both by treatment with hydrochloric acid and by 
heating crushed samples of the rocks in a furnace. The carbon dioxide was then 
reduced according to the reaction 

COz + 4Hz -+ CH, + 2H20 

and the density of the resulting water was measured. Nearly deuterium-free 

(37) 
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hydrogen mas used, as exploratory experiments demonstrated a fractionation 
of the hydrogen isotopes in reaction 37. Their results are summarized in table 10, 
where y is the increase in density of the sample water (in parts per million) over 
that of purified Lake Michigan water. 

No variation between the various samples greater than 1 y could be detected, 
leading Dole and Slobod to  conclude that there had been no significant change 
in the isotopic composition of the oxygen of carbonates over many millions of 
years. This last statement is based on the assumption that the oxygen of the 
rocks inrestigated was identically the original oxygen at  the time of precipita- 
tion of the rocks. 

McCrea (63) has published the results of an extensive study of the isotopic 
chemistry of the carbonates and the use of the data in establishing a paleo- 
temperature scale. McCrea also found, in agreement with the data of table 10, 
that the 0’* content of carbon dioxide liberated by acid from carbonates was 
slightly greater than the (I1* content of carbon dioxide liberated by pyrolysis. 

TABLE 10 
T‘ariations in  the isotopic  composition of oxygen from carbonate rocks 

S O .  ROCK 
1 SIETEODOF 1 
1 CARBOS DIOXIDE 

~ ESTIMATED AGE EVOLUTIOX OF Y 

I 

1 Grenville marble 
2 ’ Grenville marble 
3 , Siagara dolomite 
4 Pennsylvania limestone 
5 Clam shells 

years  

1 .2  X 106 ~ HCI 
0 . 5  X lo6 1 Pyrolysis 
0.5 X 106 HCl 
0 . 5  X 108 ~ HCl 
1 1 €IC1 

9 . 2  
7.9 
9 . 1  
9 .S 

10.0 

He found that the acid treatment (95 per cent phosphoric acid was used) gave 
carbon dioxide of much more reproducible 0lS content than the thermal method. 
For example, he detected a difference of about 0.0005 unit in the percentage of 
01* in carbon dioxide liberated thermally from powdered rock and rock particles 
about 0.1 g. each in weight. The powdered sample gave the higher abundance of 
0ls. McCrea’s chief interest was in the variation in the 018 content of the car- 
bonate as a function of the temperature of the aqueous solution at the time of 
precipitation of the carbonate in order to establish a “paleotemperature” scale. 
He did not determine the absolute value of the 018 percentage in carbonates. 
Urey (108) conceived the possibility of estimating the temperature of prehistoric 
oceans through a measurement of the isotopic composition of the oxygen in the 
rocks, follon-ed by a comparison with a calibrated curve such as that illustrated 
in figure 11. Urey, Lowenstam, Epstein, and McKinney (1 10) have discussed 
their measurements and their geological significance, while Epstein, Buchsbaum, 
Lowenstam, and Urey (30) have emphasized the necessity of knowing the 018 
percentage in the water from which the carbonates were precipitated. It is shown 
that, when this last factor is taken into account, good agreement is obtained 
from different specimens. Crey and coworkers hope to develop a phosphate 
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temperature scale which, if it yields a different equation relating 0l8 percentage 
and temperature, will make possible the elimination of the uncertainties regard- 
ing the Ol8 percentage of the water phase. 

Baertschi (2) has studied the relative abundance of 0l8 and C13 in a number of 
carbonate rocks of geological interest. 

D .  Oxygen in silicate rocks and iron oxide ores 
Baertschi and Silverman (4) have investigated the abundance of 01* in the 

oxygen of silicate rocks. They liberated the oxygen by two methods, one using 
chlorine trifluoride with hydrogen fluoride and platinum as catalyst and the 
other using fluoride with hydrogen fluoride: 

3MzSi04 + 8C1F3 4300ch 6MF2 + 3SiFr + 4C12 + 602 

MzSiO4 + 4Fz H~ 420"c4 2MF2 + SiF4 + 202 

The second method was shown to give more reproducible values. Unfortunately 
they published their data only in terms of differences between the 0l8 per cent 
of the sample and that of a standard source of oxygen; since the 0l8 percentage 
of the latter was not specified, no conclusions regarding the source of the oxygen 
in the silicates can be gained. 

Dole and Slobod (28) reduced iron oxide ores with nearly deuterium-free hydro- 
gen and measured the density of the resulting water. After isotopic correction for 
the hydrogen, the density of the water was the same as that of purified Lake 
Michigan water; thus, it was demonstrated that the oxygen of the iron oxide 
ores came from mater and not from atmospheric oxygen. 

Hall and Hochanadel (40) similarly found that the oxygen of cuprite (CUZO) 
has the same isotopic composition as the oxygen of water. 

VII. THE ATOMIC WEIGHT O F  OXYGEN 

We have seen that the proportion of 0 ' 8  in the element oxygen increases a little 
as one goes from pure fresh water, to ocean water, t o  atmospheric oxygen, and 
to the oxygen of carbonate rocks. This signifies, of course, that slight variations 
exist in the atomic weight of oxygen between these various substances. If we 
suppose that the atomic weight of oxygen of Atlantic Ocean Water is 16.00000 
exactly, then the atomic weight of oxygen in the above-mentioned compounds 
will have the values given in table 11. 

Evidently the atomic weight of oxygen is not precisely 16.00000 and has no 
precise significance unless the source of the oxygen is specified. 

Because of the variation of the 0l8 percentage in the oxygen of different waters, 
i t  is recommended that the oxygen of the atmosphere be taken as the standard of 
reference. Dole and Rudd (27) have studied samples of air from many parts of 
both North and South America and have found no observed differences in 0l8 

percentage greater than 0.00015 percentage unit. This corresponds approxi- 
mately to 0.15 y in water density or to about one part in ten million in the atomic 
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SOURCE 

weight of oxygen. For this reason the author believes that atmospheric oxygen 
would be the best standard of reference in atomic weight determinations if the 
weight of oxygen continues to  be the basis of the atomic weight scale. Ultimately, 
refinements in measurements of isotopic abundance will undoubtedly make pos- 
sible the discovery of variations in the OI8 percentage of atmospheric oxygen 
from different localities, so that even this standard of oxygen for the atomic 
weight scale will prove to be unsatisfactory. The soundest plan for a change in 
the chemical standard of atomic weights would be to  choose the weight of an 
element such as fluorine or sodium, which has only one stable isotope, as the 
standard, or of the pure isotope protium, but to  define the weight so that at- 

ATOMIC WEIGHT 

TABLE 11 
T h e  atomic weight of oxygen in oxygen f r o m  various sources 

Atlantic Ocean water . .  

Air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Carbonate rocks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Carbon dioxide (at 0°C. in the presence of water).. 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lake Michigan water . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

16 .00000 
15.99998 
16.00012 
16.00015 
16.00019 

mospheric oxygen is as close to  16.00000 as possible. This was the recommenda- 
tion made by the author in 1936 (22). 

Part of the cost of preparing this manuscript and of carrying out some of the 
experiments described herein was borne by the Air Force Cambridge Research 
Center under Contract AF19(122)-157 with Northwestern University. The 
author wishes to  acknowledge gratefully earlier financial aid from Northwestern 
University, from the Alexander Dallas Bache Fund of the National Academy of 
Sciences, and from the Penrose Fund of the American Philosophical Society. 
In  his isotopic studies he has been assisted by J. B. Brown, J. A. Gabbard, R. 
B. Gibney, R. C. Hawkings, Glenn Jenks, Gordon Muchow, DeF. P. Rudd, 
W. E. Roake, R. L. Slobod, and J. A. Swartout, to all of whom he wishes to 
express his sincere appreciation. 

VIII. REFERENCES 

(1) ALLEN, J. A., AND LAUDER, I.: Nature 164, 142 (1949). 
(2) BAERTSCHI, P.: Nature 168, 288 (1951). 
(3) BAERTSCHI, P.: Experientia 7, 215 (1951). 
(4) BAERTSCHI, P., AND SILVERMAN, S. R.: Geochim. e t  Cosmochim. Acta 1,317 (1951). 
(5) BAILEY, C. R., AND GORDON, R. R.:  Trans. Faraday SOC. 34, 1133 (1938). 
(6) BENDER, M. L. :  J. Am. Chem. SOC. 73, 1626 (1951). 
(7) BESTLEY, R.: J. Am. Chem. SOC. 71, 2765 (1949). 
(8) BIGELEISEN, J.: J. Chem. Phys. 17, 675 (1949). 
(9) BIGELEISEN, J., AND FRIEDMAN, L.: J. Chem. Phys. 18, 1656 (1950). 

(10) BIGELEISEN, J., AND ~ T A Y E R ,  M. G.: J. Chem. Phys. 16, 261 (1947). 
(11) BLUMENTHAL, E., AXD HERBERT, J. B. M.:  Trans. Faraday SOC. 41, 611 (1945). 



298 MALCOLM DOLE 

(12) BOYD, W. T., A N D  WHITE, R.  R. :  Unpublished data; see the Ph.D. dissertation of 
W. T. BOYD in Chemical Engineering, University of Michigan, Ann Arbor, Michi- 
gan, 1951. 

(13) BRANDNER, J. D., AND UREY, H .  C.: J. Cheni. Phys. 13, 351 (1945). 
(14) BRODSKI~, A. E. ,  DEDUSSENKO, N. I., MAKOLKIS, I. A, ,  AND MIKLUKHIS, G. P.: 

(15) CHITANI, T., NAKATA, S., AND KANOME, A. :  Bull. Chem. SOC. Japan 17, 288 (1942). 
(16) CLUSIUS, K., AND DICKEL, G.:  Z. physik. Chem. 44B, 397 (1939). 
(17) CLUSIUS, K., DICKEL, G., A N D  BECKER, E. :  Naturwissenschaften 31, 210 (1943). 
(18) COHN, M.,  AND UREY, H. C. :  J. Am. Chem. SOC. 60, 679 (1938). 
(19) CRANDALL, H.  W. : J. Chem. Phys. 17, 602 (1949). 
(20) DATTA, S. C. ,  DAY, J. h’. E., AKD INGOLD, C.  B.: J. Chem. SOC. 1939, 838. 
(21) DOLE, M.:  J. Am. Chem. SOC. 67, 2731 (1935). 
(22) DOLE, M.: J. Chem. Phys. 4, 268 (1936). 
(23) DOLE, M. : Science 109, 77 (1949). 
(24) DOLE, M.,  A N D  BROWN, J. B.: Unpublished data. 
(25) DOLE, &I., A N D  JENKS, G.:  Science 100,409 (1944). 

J .  Chem. Phys. 11, 342 (1943); Compt. rend. acad. sci. U. R .  S. S. 32, 558 (1941). 

(26) DOLE, M., MUCIIOW, G., RUDD, DEF. P. ,  ASD COMTE, C.: J. Chem. I’hhys. 20, 961 
(1952). 

(27) DOLE, k, A N D  REDD, DEF. P.: Unpublished data. 
(28) DOLE, M.,  A N D  SLOBOD, R.  L.: J .  Am. Chem. SOC. 62, 471 (1940). 
(29) DOLE, M., ZAUKELIBS, D.  A . ,  ASD RUDD, DEF. P.: Unpublished results. 
(30) EPSTEIN, s., BUCHSBAUM, R. ,  LOWENSTAM, H .  A . ,  A N D  UREY, H.  c.: Bull. Geol. 

(31) FRIEDLANDER, G., ASD KENNEDY, J. w.: Introduclion 20 ~adiochenLis t ry ,  p. 301. 

(32) FRIEDMAN, H. L. ,  TAUBE, H., A N D  HUNT, J. P . :  J.  Chem. Phys. 18, 759 (1950). 
(33) FRIEDMAN, L., A N D  BIGELEIBEN, J . :  J. Chem. Phys. 18, 1325 (1950). 
(34) GIAUQUE, F. W., A N D  JOHNSTON, H. L . :  J. Am. Chem. SOC. 61, 1436 (1929). 
(35) GOTO, K.:  Bull. Chem. SOC. Japan 18, 174 (1943); Chem. Abstracts 37, 4055 (1943). 
(36) GOTO, K . :  J. Chem. SOC. Japan 63, 217 (1942); Chem. Abstracts 41, 3062 (1947). 
(37) GOTO, K., A N D  CHITABI, T . :  Bull. Chem. SOC. Japan 16, 403 (1941). 
(38) GROSSE, A.  V. ,  HINDIN, S. G., A N D  KIRSHENBAUM, A.  D. :  Anal. Chem. 21,386 (1949). 
(39) HALL, N.  F., A N D  ALEXANDER, 0. R . :  J. Am. Chem. SOC. 62,3455 (1940). 
(40) HALL, W. H., ABD HOCHANADEL, C.: J .  Am. Chem. SOC. 62, 3259 (1940). 
(41) HALPERIN, J., AND TAUBE, H.: J. Am. Chem. SOC. 72, 3319 (1950). 
(42) HALPERIN, J.,  AND TAUBE, H. :  J.  Am. Chem. SOC. 74, 375 (1952). 
(43) HALPERIN, J . ,  A K D  TAUBE, H.:  J. Am. Chem. SOC. 74, 380 (1952). 
(44) HALSTED, R.  E. ,  A K D  NIER, A.  0 . :  Rev. Sci. Instruments 21, 1019 (1950). 
(45) HERBERT, J. B. M., A N D  LAUDER, I . :  Trans. Faraday SOC. 34, 432 (1938). 
(46) HERZBERG, G. : Molecular Spectra and Molecular Structure, Vol. 11. D.  Van Nostrand 

(47) HOLT, A. S., A N D  FRESCH, C. S.: Arch. Biochem. 19, 429 (1949). 
(48) HOUGHTON, G., A N D  WINTER, E. R.  S.: h’ature 164, 1130 (1949). 
(49) HUNT, J. P., ASD TAUBE, H . :  J. Chem. Phys. 18, 757 (1950); 19, 602 (1951). 
(50) HUNT, J .  P., RUTENBERG, A .  C.,  AND TAUBE, H.: J. Am. Chem. SOC. 74, 268 (1952). 
(51) HYDE, J. L . :  J .  Am. Chem. SOC. 63, 873 (1941). 
(52) JOHNSTON, H. L.: J. Am. Chem. SOC. 67,484 (1935). 
(53) KAMEN, M. D. ,  A K D  BARKER, H.  A. : Proc. Natl. Acad. Sci. U. S. 31,8 (1945). 
(54) KARPACHEVA, S. RI . ,  A N D  ROZEN, A. If.:  Doklady Akad. Nauk S. 8 .  S. R.  68, 1057 

(55) KIRSHENBAUM, I . :  Physical Properties and Ana lys i s  of Heavy W a f e r ,  edited by G .  M. 

(56) Reference 55, p. 276. 

SOC. Am. 62,417 (1951). 

John Wiley and Sons, Inc., Sew York (1949). 

Company, Inc., New York (1945). 

(1949); Chem. Abstracts 44, 917e (1950). 

Murphy and H. C. Urey. McGraw-Hill Book Co., Inc., Sew York (1951). 



CHEMISTRY OF THE ISOTOPES OF OXTGLU 299 

(57) I~OIZUNI, lI., A N D  TITANI, T . :  Bull. Chem. SOC. Japan 13, 463, 607 (1938). 
(58) KOIZUMI, M.,  ASD TITANI, T . :  Bull. Chem. SOC. Japan 16,103 (1941). 
(59) KOLTHOFF, I. bl., A N D  MILLER, I .  K. :  J .  i lm.  Chem. SOC. 73, 3055 (1951). 
(60) LANGE, N .  A , :  Handbook of Chemistry, p. 612. Handbook Publishers, Inc., Sandusk)., 

(61) LAUDER, I.: Trans. Faraday SOC. 43, 620 (1947). 
(62) LAUDER, I., A N D  GREEN, J. H . :  Sa ture  167, 767 (1946); Trans. Faraday SOC. 44, 808 

(63) MCCREA, J. M. :  J.  Chem. Phys. 18,849 (1950). 

Rev. Sci. Instruments 21, 724 (1950). 

3418 (1943). 

37, 2355 (1943). 

Ohio (1937). 

(1948). 

(64) MCKINNEY, c. R., ~TCCREA, J. &I., EPSTEIS, S., ALLEN, H .  A., AND UREY, H.  c.: 
(65) MABOLXIN, I. A , :  J. Gen. Chem. (U. S. 8 .  R.) 12, 365 (1942); Cheni. Abstracts 37, 

(66) MAKOLBIN, I .  -4.: Acta Physicochim. E. R.  S. S. 16, 88 (1942); Chem. Abstracts 

(67) MAREK, W. : Ann. Physik [31 44, 171 (1891). 
(68) MEARS, W. R., ABD SOBOTKA, H .  : J. Am. Chem. SOC. 61, 880 (1939). 
(69) MIKLUKHIN, G. P., AND BRODSKII, A. I.: Acta Physicochim. U. R.  S. S. 16,63 (1942); 

(70) MILLS, G .  -4.: J. Am. Chem. SOC. 62, 2833 (1940). 
(71) MILLS, G. A . ,  ASD UREY, H.  C.:  J. Am. Chem. SOC. 61, 534 (1939); 62, 1019 (1940). 
(72) MORINO, Y., A N D  MIZUSHIMA, S.: Sci. Papers Inst. Phys. Chem. Research (Tokyo) 

32, 220 (1937), quoted by Bailey and Gordon (5). 
( i3)  MORITA, N . :  Bull. Chem. SOC. Japan 16, 1 (1940). 
(74) MORITA, N . :  Bull. Chem. SOC. Japan 18, 242 (1943). 
(75) MORITA, N . :  Bull. Chem. SOC. Japan 21, 25 (1948). 
(76) MORITA, N., AND TITABI, T.: Bull. Chem. SOC. Japan 11, 36 (1936). 
(77) MORITA, N., AND TITANI, T . :  Bull. Chem. SOC. Japan 13, 357 (1938). 
(78) MORITA, K., AND TITAXI, T . :  Bull. Chem. SOC. Japan 13, 656 (1938). 
(79) NAKATA, S.:  J. Chem. SOC. Japan 64, 635 (1943). 
(80) NABATA, S., AND MORITA, N . :  Bull. Chem. SOC. Japan 16, 463 (1941). 
(81) XIER, A. 0.: Rev. Sci. Instruments 18, 398 (1947). 
(82) XIER, A. 0.: Phys. Rev. 77, 789 (1950). 
(83) OLSON, A. R.,  AND HYDE, J. L.: J. Am. Chem. SOC. 63, 2459 (1941). 
(84) OSUMI, Y.,  AKD MORITA, N . :  Bull. Chem. SOC. Japan 17, 217 (1942). 
(85) P~REZ-MBNDEZ, V., AND BROWN, H. :  Phys. Rev. 76, 689 (1949). 
(86) PLASE, It. A . ,  A N D  TAUBE, H.: J. Phys. Chem. 66, 33 (1952). 
(87) POLANYI, M., A N D  SZABO, A .  L.: Trans. Faraday SOC. 30,508 (1934). 
(88) RAKESTRAW, N.  M., RUDD, DEF. P., ASD DOLE, If.: J. Am. Chem. SOC. 73, 2976 

(89) REITZ, 0.: Z. Elektrochem. 46, 100 (1939). 
(90) ROAKE, W. E., ASD DOLE, M.: J .  Am. Chem. SOC. 72, 36 (1950). 
(91) ROBERTS, I.: J .  Chem. Phys. 6, 294 (1938). 
(92) ROBERTS, I., ASD UREY, H. C.:  J. Am. Chem. SOC. 60, 2391 (1938). 
(93) ROBERTS, I., A X D  UREY, H .  C.:  J.  Bm. Chem. SOC. 61, 2580 (1939). 
(94) ROBERTS, I . ,  A N D  UREY, H.  C.: J. Am. Chem. SOC. 61, 2584 (1939). 
(95) RUBEN, S., RANDALL, X i . ,  K.~MEN, M., A N D  HYDE, J. L.: J.  Am. Chem. SOC. 63, 87T 

(96) RUTEXBERG, A .  C., HALPERIS, J.,  ASD TAUBE, H.:  J .  Am. Chem. SOC. 73, 4487 (1951). 
(97) SEABORG, G. T., ASD PERLMAB, I.: Rev. Modern Phys. 20, 585 (1948). 
(98) SELWOOD, P .  W . ,  TAYLOR, H. S., HIPPLE, J .  A., JR. ,  A N D  BLEABNEY, W.: J. Ani. 

(99) SENKUS, A I . ,  ASD BROWN, W. G.:  J. Org. Chem. 2, 569 (1938). 

Chem. Abstracts 37, 2355 (1943). 

(1951). 

(1941). 

Chem. SOC. 67, 642 (1935). 

(100) SHERR, R., MYETHER, H .  R., A N D  WHITE, hl. G.:  Phys. Rev. 76, 282 (1949). 



300 MALCOLM DOLE 

(101) STEWART, D. W.: Annual Review of Physical Chemistry, p. 67. Annual Reviews, Inc., 

(102) SWARTOUT, J. A., A N D  DOLE, M.: J. Am. Chem. SOC. 61, 2025 (1939). 
(103) THODE, H. G., SMITH, S. R., ASD WALKLING, F. 0. :  Can. J. Research ZZB, 127 (1944) 
(104) TITANI, T.,  A N D  GOTO, K.: Bull. Chem. SOC. Japan 13, 667 (1938); 14, 77 (1939). 
(105) TITAXI, T., MORITA, N., A N D  GOTO, K.: Bull. Chem. SOC. Japan 13, 329 (1938). 
(106) TITANI, T.,  NAKATA, S., A N D  KANOME, A.: Bull. Chem. SOC. Japan 17, 288 (1942). 
(107) UREY, H. C.: J. Chem. SOC. 1947, 562. 
(108) UREY, H. C.: Science 108, 489 (1948). 
(109) UREY, H. C., AND GREIFF, L. J . :  J. Am. Chem. SOC. 67, 321 (1935). 
(110) UREY, H. C., LOWENSTAM, H. A., EPSTEIN, S., AND MCKINNEY, C. R.: Bull. Geol. 

(111) VA~NSHTE~N, F. M., AND TUROVSKI?, G. YA.: Doklady Akad. Nauk S. S. S. R.  72, 

(112) VINOGRADOV, A.  P., A N D  TEIS, R.  V.: Quoted by Kirshenbaum (55). 
(113) WALDMANN, L.: Waturwissenschaften 31, 205 (1943). 
(114) WANG, J. H.: J. Am. Chem. SOC. 73, 4181 (1951). 
(115) WELLES, S. B.: Phys. Rev. 69, 679 (1941). 
(116) WHALLEY, E., AXD WINTER, E. R.  S.: Trans. Faraday SOC. 46, 1091 (1949). 
(117) WHALLEY, E., AND WINTER, E. R. S.: J. Chem. SOC. 1960, 1175. 
(118) WHALLEY, E., WINTER, E. R.  S., A N D  BRISCOE, H. V. A.: Trans. Faraday SOC. 46, 

(119) WINTER, E. R. S.: J. Chem. SOC. 1960, 1170. 
(120) WIXTER, E. R.  S., AND BRISCOE, H. V. A , :  J. Am. Chem. SOC. 73, 496 (1951). 
(121) \~ISTER, E. R.  S., CARLTON, M., AND BRISCOE, H. V. A.: J. Chem. sot. 1940, 131. 

Stanford, California (1951). 

SOC. Am. 62, 399 (1951). 

297 (1950). 

1085 (1949). 


