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ABSTRACT

The discovery of the photochemical reduction of water by europium(II)
ion is reported. By use of a chemical actinometer for determining light
intensities and a Gouy balance for following the change in magnetic sus-
ceptibility overall quantum yields were determined to be about 0,2 for
solutions 0,5 me in HC1l and 0415 me in EuClQ. A mechanism consistent
with the experimental date is

Eu(II)ely0 + hv

1]

Eu(I1)*eHy0
Eu(III)aq + H + OHgq

Eu(IIl),q + Hp

Eu(II)*eE0

+
H+ Hyg + Eu(II)aq

The thermal reaction under these conditions was found to be relatively
unimportant,

The magnetic susceptibility of europium in its liquid amalgam was
observed to be 8,09%* 0,03 Bohr magnetons and that of samarium in its li-
quid amalgam to be 231 £0,05 Bohr magnetons,

In a brief investigation europium(II) perchlorate was observed to be
quite soluble in water and the solution stable as regards oxidation of
the europiume The preparation of europium(II) carbonate is discussed.
The possible reduction of COp by the hydrogen etoms produced in the irra-
diation of Eu(II) solutions was investigated, negative results being obe
tained,

Using an ionization chamber in conjunction with a very sensitive
quartz fiber electroscope, the small amount of clh present in "living"
carbon was detected, The problem of background ionization observed in
the chambers was investigated in detail. Preliminary experiments to de-
termine the suitability of the instruments for the measurement of the age

of archeological specimens were carried out, The age of one specimen was



ABSTRACT

(Continued)

observed to be about 3,500 years.

The densities of dilute solutions of CH3OH in CC1), are reported, 4
comperison of the partial molar volumes obtained therefrom with the mono-
mer fraction of CH;OH determined by spectroscopic means leads to the
conclusion that the average volume of the monomer is only 2% greater than

that of the CH;OH in the polymers.
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PART 1

THE MAGNETIC SUSCEPTIBILITY OF EUROPIUM (II1) AND EUROPIUM(II) IONS

AND THE PHOTOCHEMICAL REDUCTION OF WATER BY EUROPIUM(II) ION=

Introduction

As with scientific activity in general, the study of the physicel and
chemical properties of the rare-earth elements and their compounds has
shown a marked increase in the last few years. From a chemical point of
view the most interesting of these elements are those which display
"anomelous™ oxidetion stetes, i.e., oxidation stetes other then three (2).
Europium is one of these, compounds of both plus three and plus two eu-
ropium having been prepared.

Urbain and Bourion were the first to prepare a compound of europium
(I1) (3). By passing a mixture of SpClp and Clp over EuClz, kept just
below its melting point, they obtained a mixture of Eu613 and EuClp, A
fairly pure EuClp was obtained by passing a slow stream of Hp over
EuCl3 heated to L00-500° C, For nearly two decades after that the study
of europium(II) compounds was neglected; the next work reported is that
of Jantsch, Alber and Grubitsch in 1929 (4). These investigators re-
peeted the work of Urbain and Bourion and also prepared Eul2 by passing
e mixture of HI and Hy over Eucl3 at high temperature. They also prepared
europium(II) sulfate by adding No.gSOj_'_ to a solution of EuClp, In 1930

Intema obtained pure EuSO), by electrolytically reducing europic chloride

* Some of the results reported in this section have been published as a
Letter to the Editor in the J, Chem, Phys. (1).



solutions containing sulfate ion (5)s McCoy discovered that europium can
be conveniently reduced to the biwvalent state by passing solutions
through a Jones reductor containing amalgamated zinc (6), Using this
method as the basis of a separation from the rest of the rare-sarths,
McCoy isolated about two kilograms of exceedingly pure EuaO3 - by no
means the least of his contributions to the chemistry of europium. Other
compounds of bivalent ewropium which have been prepared and studied are:
EuFp and BuBrp (7), EuCOz (8), EuS (9), EuSe and EuTe (10), 411 of the
compounds mentioned are stable in contact with dry air. However, most,
if not all, when wet are readily oxidized by oxygen.

It is clear from the above that the "dry" chemistry of europium(II)
compounds is fairly well knmovm. The solution chemistry is much less well
understoods Thus the object of this research is the investigation of the
properties of europium(II) compounds in aqueous solution. Early inves-
tigators noted the marked reducing power of such solutions, In this
comnection McCoy has determined the europium(II)-europium(III) potential
to be +0.433 volts (6). Noddack and Brukl (11) and also laitenen and
Taebel (12) have measured this potential by polerographic means, the for-
mer reporting + 0,6 volts and the latter + 0,425+ 0,002 volts, It is
not surprising that these solutions are rapidly oxidized when exposed to
air, McCoy found that & 0,05 f. solubtion of EuCl, is half oxidized by a
rapid stream of air in about five minutes (6)e Since the literature con-
tains several reports to the effect that europium(II) ion is slowly oxi-
dized by water with the evolution of hydrogen (13, 14, 15), it was decided
to make a careful study of this reaction, The work of R, A, Cooley (15)

suggested following the course of the reaction by observing the attending
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change in magnetic susceptibility with a Gouy balance (16, 17). This me-
thod has the distinct advantage of obviating the necessity of removing
samples of the solutions for analysis. Thus, if the total europium con-
centration is known, the concentrations of the two species can be readily
determined by measuring the magnetic susceptibility of the solution.
Preliminary experiments soon led to the discovery of a photochemical
reduction of water by europium(II) ion. It was found that solutionms
0425 m. in europium(II) chloride and 0.3 m. in hydrochloric acid were
stable over periods of weeks when kept in the dark, but evolved hydrogen*
rapidly when exposed to bright light (either sunlight or a tungsten pro-
jection lamp). Experiments were then directed toward a determination of
the quantum yield of the photochemical reaction. Conourrently careful
measurements of the susceptibilities of europium(III) and europium(II)
ions were carried out. Solutions of EuCls in hydrochloric acid were used
exclusively in the photochemical experiments., Undesirable solubility re-
lationships or the possibility of other reections prohibited the use of

other common acids.

Experimental

The europium used came originally from the stock of the late
Dr, H, N, MoCoy. Mrs. Ethel T. McCoy was kind emnough to augment the sup-
ply with a lcan of more of the same material. A spectrographic check of
its purity was made with the Applied Research Laboratories Grating Spec-

o
trograph (dispersion of 7A per mm.). None of the lines of the meighboring

* Colorless, odorless combustible gas.



.

rare-earths were found., However, traces of calcium and magnesium were
revealed to be present. This result is in agreement with that reported
by MeCoy (18),

For the magnetic measurements essentially the same Gouy balance as
is described by Whittaker was employed (19). Currents of 11 and 13 amps.
were used, giving fields of about 8600 and 9100 oersteds, respectively.
One noteworthy improvement was the provision of a selenium rectifier to
dissipate safely, on opening the switch, the energy stored in the magnetic
fielde This rectifier served to give maximum protection to the insulation
of the magnet coils during normal operation and in case of accidentel open-
ing of the cirouit. The sample tubes were of the usual partition type -
provided at the top with a cap fitted with a micro-stopcock (H, Figure 3).
Both the bottom of the cap and the top of the tube were ground flat and a
seal was effected with Apiezon "W" wax. With regard to the calibration of
the equipment the seme procedure was followed as is described by Whittaker.
Six sample tubes were constructed and an "apparatus constant" obteined
for each ones All experiments were carried out with 12,0 % 0.2 ml, of so-
lution; and this volume of nickel chloride solution was used in the
calibration, The dimensions of the tubes were such that the meniscus
was well out of the strong field; and the small changes in its position,
caused by the slight variations in volume of solution, did not affect the
results. The tube partition was centered between the pole pieces with the
aid of a cathetometer,

As mentioned above a number of preliminary experiments were carried
out to determine under what conditions, if any, solutioms of europium(II)

chloride are stable, In most of these the solutions were made up by adding
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hydroohloric acid to europium(II) carbonate. The EuCO3 was prepered by the
method described in Part III of this thesis and also by the method of
Cooley and Yost (8). At this time a "dry box" was not available for car-
rying out the filtering and washing operation in a CO, atmosphere, and
the products varied from 80-90% EuCOz, Analyses were made by the method
of McCoy in which the europium(II) compound is added to a solution con-
taining an excess of Fea(soh)s in 148 n. HpS0) and the resulting iron(II)
ion is titrated with permanganate (20), In the later experiments the
solutions were prepared using EuClp, This was made in the usual manner
by passing a mixture of Hy and HC1l over EuClz in a quartz tube maintained
at about 700° C, The apparatus was quite similar to that described by
Cooley and Yost (8), except that tank HC1 was employed., The anhydrous
Eu013 was prepared by carefully dehydrating the hexahydrate in an atmos-
phere of HC1l and Ny (21)., The first few preparations were analyzed by
determining the chloride as AgCl. It was found that complete reduction
could be achieved at 700° C, in four hours,

In a typical experiment the filling of the Gouy tube was achieved as
follows: The rim of the clean, dry tube was coated with Apiezon "W" wax
and the tube and cap weighed. The tube was then placed in position as
shown in Figure 1. The solution to be used was prepared in a 100 ml.
volumetric flask by weighing in the required amounts of constant boiling
HC1, reagent grade KLl and boiled, nitrogen-saturated redistilled water.
Distilled water was placed in the first saturator and the HC1-KCl solution
in the others. Air was displaced from the sample tube and pipet with
COp. COp was bubbled through the saturators for about an hour to insure

removal of all oxygen from the solution. About 0.4 gms. of BuClo were
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carefully weighed into the tube. The pipet was filled to the mark with
solution from the last saturator or reservoir. After exchanging the
tranefer tube for the tip extemsion, 12 ml., of solution was run into the
tube. The cap, having been heated to ebout 150° C,, was placed on the
tube rim and a seal effected. As the demsity of the HC1.KCl solution was
determined using a carefully calibrated Ostwald-Sprengel type pycnometer
(22), it was possible to calculate from the weight of the tube and solu-
tion the volume of solution delivered and thus have a check on the pipet,
After the wax had hardened solution of the EuCly was effected by inverting
and twirling the sample tube. Four runs were carried out with each HC1.KCl
solution - two in clear tubes for irradiation and two in opaque tubes to
follow the dark or thermal reaction, if any.

Prior to irradiation the susceptibility of the solutions was checked
over a period of two or three days to insure attainment of equilibrium,
The apparatus used for the photochemical work is diagremmed in Figures 2
end 3, The mercury arc, B, consisted of & "hairpin" of 1 cm. pyrex tubing
with electrodes sealed into the end of each arm, It was about 4O om.
long and half-filled with mercury. The aros were filled by attaching to
a mercury still which in turn was connected to a good vacuum system (mer-
cury diffusion pump)e In operation the arc was cooled by circulating
water through the jacket. The arc was "struck" by tilting it wntil the
mercury in the arms made eleotriocal contact and them quickly bringing to
a vertical position, This operation was facilitated by hinging the emnd
of the box, A, at the bottom. In nearly all cases the operating current was
6.0 amps. and the potential across the lamp L5-50 volts. After the rheo-

stats in series with the arc had come to temperature a constant current
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was easily maintained for periods of hours, Fower was obtained from the
laboratory generators.

With regard to the remainder of the photochemical apparatus the parts
were: simple shutter, C; oylindrical condensing lens, D3 18" x 10" pyrex
battery jar, E; Aminco thermoregulator, F; coil of 5/16" copper tubing for
cooling, J3 heating unit, I; stirrer, G; and light filtering cell, K and L,
The last was constructed of three coaxially arranged pyrex tubes 36 cme
long and with outside diameters of 81 mm,, 66mm, and L2 mm. The end
pieces were grooved brass plates 4" square and 1/4" thick, For all of
the later experiments the chemical .filter recommended by Winther was used
(23)s This consisted of a 140 me CuSO) solution in the outer ennulus, K;
and a solution of CoClp in water (70 ge CoClpebHo0 in 50 g. Ho0) in the
inner annulus, L, The light path lengths were 0,5 cm, through annulus, Kj
and 1,0 ocme through annulus, L, The bath water circulated through the
imer compartment. The above combination of filters served to limit the
transmitted light to the line group around 365 mue Two series of experi-
ments were carried out to check this, In the first the transmissions of
the filtering solutions were determined using 1 em. corex cells in the
Beclman, Model D-U, Spectrophotometer. The transmission of the CoCly
solution was 31,9% at 365 mu, 3,6% at LO5mu and 0.4% at 435mue The
CuS0), solution transmitted all these wave lengths equally well but served
to absorb any red or infrared radiation. Shorter wave lengths were effec-
tively absorbed by the pyrex of the battery jar and filtering cell and by
the crown glass of the condensing lens., The second experiment consisted
in constructing a periscope arrangement whereby the light which actually

reached the central tube of the cell could be directly observed with a
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small Hilger Spectrograph. Quartz prisms were used in the periscope to
avoid changing the spectral composition of the light, About twenty ex-
posures varying from 2 sec, to 5 min. were made. From an inspection of
the densities of the lines on the plates the following approximate ratio
of intensities was obtained: 33k: 365: 391: L05: 435 = 0,001: 10: 0.01:

1: 0,001. The results of the two sets of experiments are thus in agreement
in showing that at least 90% of the light reaching the inner compartment
of the cell consisted of the 365mp line group.

As can be seen from the figures the Gouy tubes, G, were placed in the
central tube or chamber of the filtering cell. Generally one tube cone
taining the reaction mixture and another containing a uranyl oxalate ac-
tinometer (2, 25) were placed side by side. A brass rack served to hold
them securely in position., The actinometer solution was prepared, as
recomnended by Forbes and Heidt (25), by dissolving 0,01 mole of freshly
precipitated uranyl oxalate and 0.05 mole of oxalic acid in 1 liter of
distilled water. Other than this the procedures outlined by Leighton and
Forbes (2) were used exclusively. The reaction involved in this actino-
meter is simply the decomposition of oxalic acid to water, carbon dioxide
and carbon monoxide. The extent of decomposition is determined by titrating
the solution with standard potassium permsnganate, A volume of 12 ml, of
actinometer was used and the whole amount titrated in beakers covered
with opaque black paint. It was impossible to stir the actinometer and
hence some error is introduced, as Leighton and Forbes quantum yields were
determined with well stirred solutions. They report the error due to
non=stirring to be about 20%. However, it is felt that it was probably

smaller in these experiments as only 30% of the incident light is absorbed
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by the actinometer, This point is further discussed below, The frac-
tion of light absorbed by the actinometer was calculated for a cell of
cylindriocal cross section (I.D. = 0,4422") assuming Lambert's law and
using the absorption coefficient for light of wave length 365mu given by

Leighton and Forbes, An outline of this calculation follows:

I, = intensity of the umiform beam of incident light in energy/umit
aref,
I(y) = intensity of light transmitted by the cell as a function of y,

the distance from the plane through the center of the cell

parallel to the beam,
a = radius of cell,

2x = length of light path (coordinate system set up with origin at cen-

ter of cell and x axis parallel to beam).

k 2 extinotion coefficlent (log kzsr = 1.27) in meters=l,

L, = total incident flux per unit length of cell = 2 a I,

a.
L = total emergent flux per unit length of cell = 2 / I (y) dy.
f - Y/O..

I(y) = IQ._,10'axk (Lambert's law),

Lz 210/1'?;-1"/5":774) = 2al, (o-2a k[T de .
£ o

L/L, = fraction transmitted :,-/o""il kJi-f ds .

o
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For a = 0.,211" and 1log k365 = 1.27 the value of this integral was deter-
mined by graphical methods to be 0,699, Hence the fraction of the in-

cident light absorbed by the actinometer was 0,301, Using Leighton and
Forbes' expressions for the total incident flux in time At one obtains:

64025 x 1023 x m
Lo = »

-¢ x (1 - L/Lo)

where m is the number of moles of actinometer decomposed and P is the

quantum yield of the actinometer,
The absorption spectrum of solutions of EuClp in 0,50 m. HC1l was
measured with the Beckman, Model D-U, Spectrophotometer, The results are

given in Table 1.

TABLE 1

Absorption Spectrum of EuCls in 0,50 m. HC1

Wave Length  [Eu(II)] Transmission D ok
(mp)  (moles/liter) (%) (<logyoT) (___ D
( [Eu(11)] )
Lo 0.117 92.1
L35 06117 8849
1430 0.117 81.)4 0,091 0,78
L0 0.117 6.9 1.15 98
Los 0,117 0.65 2,18 18.6
Loo 04117 0
380 0,117 0

370 0.117 0
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IABLE 1
(Continued)
Wave Length  [Eu(II)] Transmission D &
(mp) (moles/1iter) (%) (=logyp T) ( D )
[Bu(11)]
365 04117 0
360 0.117 0
Lo 0,017 72 Uiy 845
380 0,017 0493 2,03 122
365 0.0023 5046 04296 127

While the data are by no means extensive it is clear that the light of
wave length 365mp is very strongly absorbed by the EuClpy solutions. A
calculation based on the assumption that Beer's law holds for solutions
0.1 m. in EuClp, gives greater than 99% absorption in 2 mm. The quantum
efficiency caloulations were based on total absorption of the incident
light in the EuCls solutions. Since the solutions contained only HC1,
KC1, EuClz, EuClp and Hp0, there were no species present, other than
Eu(II) ion, which appreciably absorb light of the wave length used. With
regard to Eu013 the absorption spectrum is given by Yost, Russell and
Garner (26) and this was checked in preliminary experiments.

The use of the actinometer involves the assumption that the light
intensity is wniform over the entire illuminated area. A number of pre-

liminary experiments were run with two tubes containing the actinometer,
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It was found that the light intensity varied by about 10% from one side
of the inner compartment of the filtering cell to the other. However,
periodie reversals of the positions of the tubes was found to give the
same actinometer decomposition to within less than 1%. The reversal was
easily accomplished by rotating the supporting rack through 180°, In
practice eight to ten reversals were made during the usual ten hour irra-
diatiom,

In order to establish with certainty the susceptibilities of the two
varieties of europium ion a number of additional experiments were carried
out, Solutions of Eu015 and Eu(N°3)3 were made up and the susceptibility
measured. These were analyzed for europium by precipitating it as the
oxalate and igniting this to the oxide and weighing. Precautions were
taken in the oxide weighings to prevent appreciable reaction with the
carbon dioxide and water vapor in the air., The determination of the sus-
ceptibility of europium(II) ion was made by analyzing a number of the
reaction mixtures for this ion - the photochemical reaction consuming
about 10% of the Eu(II) in most cases. This procedure was necessary as it
was not found possible to prepare solutions without some small initial
oxidation of the EuClp, Analyses were carried out by opening the tubes in
a "dry box" filled with COp, Uging semi-mioro pipets 0.5 ml. portions
were transferred to 10 ml, flasks containing excess Foa(soh)3 dissolved
in 1.8 m, HpSO,. About 1 ml, of Zimmerman-Reinhardt "preventative" solu-
tion was added to inhibit the oxidation of the chloride iom present in
the reaction mixture (27). The flasks were then removed from the "dry
box" and the solutions titrated with 0.1 n. Kin0), Analyses were run in

triplicate and blanks taken in all cases. The total europium content of



some of the reaction mixtures was determined as described above as a
cheok on the amount of EuClp added. All of the volumetric apparatus

used in the semi-micro titration work was carefully calibrated.

Results and Discussion

A, etic Susceptibilities of Europium(III) and

Buropium(II) Ions in Aqueous Solution

In caleculating the susceptibilities of the europium ions in the
solutions the validity of Wiedemann's additivity law was assumed (28).

The expression for the law is n
Xabg‘: ZX':‘ wy ,

&=
where Xobs. is the observed susceptibility per gram, Xi is the sus-
ceptibility of the i'th species and Wj is the weight fraction of that
species. If the subsoript 1 designates the species of interest, them it
can easily be shown that o} i i){ -~
xm.:X"M'z%—.{K""—‘o e ‘} »
where Xu_l is the molar susceptibility of the i'th species, my is the
concentration of the i'th species in moles per liter and My is the molecu-
lar weight of the ion or molecule involved. The ionic diamagnetic sus-

ceptibilities which were used in the calculation are given in Table 2.
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TABLE 2

Diamagnetic Susceptibilities at 25° C,

Substance Molar Susceptibility Reference
XM x 106
H,0 12,97 (29)
HC1 -21.9 (30)
c1- -25.1 (31)
NOz" -18.5 (31)
K -11.0 (31)
Na =546 (31)
Eu(II) and Eu(III) =30 (32)

The results of the measurements of the susceptibility of europium(III)

ion in a magnetic field of about 9000 cersteds are presented in Table 3,
Included with these are the results of other investigators and the per=-
tinent theoretical value. The effective Bohr magneton numbers (M gep)
are tabulated only as a convenient method of comparing results. It is
clear that there is poor agreement between the experimental value of the
moment of europium(III) ion and the theoretical value. In fact the dif-
ference is much larger than any error in the measurements., The explana-
tion of this discrepsncy is not evident, but some remarks can be made.
Interaction between the europium(III) ion and some other constituent of
the solution of sufficient magnitude to affect its magnetic properties is

not likely. It is not to be expected theoretically (33) and is not seen
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in the above results, which cover a wide range of ionic strengths. Note
can be taken here of the fact that such changes in the ionic environment
do alter the absorption spectrum of europium(III) jon (37). Deviations
from additivity of the diamagnetic constituents of the order of magnitude
necessary to account for the discrepancy are also improbable. The possi-
bility of some inadequacy in the theory remains,

Table L contains the measured values of the magnetic susceptibility
of europium(II) ion, along with the results of other workers and the
theoretical valve. In calculating the susceptibility of the europium(II)
ion the value obtained above for europium(III) was used exclusively.
Clearly the agreement between the experimental and theoretical wvalue for
the isoelectronic gadolinium(III) ion is excellent (38, 39). This agree-
ment is good evidence in support of the value obtained for europium(III)
ion.

With regard to the errors in the magnetic measurements the following
can be said. Temperature and demsity errors were negligible, being 0.1%
or less. The error in the weighing was 0,2 mg. at a maximum; and this
amounted to about 0,5%. In some cases the determination of the europium
concentration could have been off by as much as 1%, but generally should
have been considerably more accurate than this. Calibration of the tubes
was repeated several times over the course of two years end the values
obteined reproduced to at least 1%, In sum it is felt that the results

obtained ere reliable to 1% at the worst,
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B. The Photochemical Decomposition of Water

by Europium(II) Ion

For the sake of clarity the data and calculations for one of the
photochemical runs are presented below in some detail.

Experiment No. 16-bt

Semple tube No. 2 used.

Tube constant = 26660 at 9140 ocersteds (13,00 amps.).

Tube constent = 23410 at 8680 oersteds (11.00 emps.).

The HC1-KCl solution was 0,50 m. in HCl and 1.05 m. in KC1,

Tts demsity was 1,054 gms./ml. at 25.0° C,

043967 gms. EuClp weighed into tube.

Total weight of solution in tube = 12,980 gms.

Normality of the KMn0) used in titrating the actinometer = 04119l

Blank actinometer titre = 11,73 ml,
Table 5 presents the magnetic susceptibility data and concentrations cal-
culated therefrom, All measurements were made at 25,0+ 0.,2° C,; and the
photochemical work was carried out at 25,3 +0,1° C, From the total weight
of solution and the weight of EuCly, and assuming that the volumes of so=-
lution and EuClp (da;i = L.87 gm./ml.) (41) are additive, the total volume
was calculated to be 12,03 mle. The molarity of the water in the final
solution was determined by a direct calculation to be 52.8 and that of
the europium to be 0.1480. In the table K ,,,, was caloulated from the
observed force on the tube and taking the diamagnetic susceptibility of
laboratory air to be -0,029 x 10-6 CeZefs/ml. xM(o’bs.) is the average

molar susceptibility of all the europium in the solution and was evaluated
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by use of the equation on page 16 of this section. By taking the molar
susceptibilities of europium(II) ion as 26250 x 10-6 CeZeBe/gm. ion and
thet of europium(III) iom L450 x 10-6 CeZe8e/gm. ion, and assuming addi-
tivity, the fraction of europium in the bivalent state was calculated.
From this the concentrations of the two species came directly, of course,
Two photochemical runs were made with this particular solution at the
times indicated in Table 5. The data and calculated results for these

runs are given in Table 6,

TABLE 6

Experiment 16-b: FPhotochemical Data*

(1) (2) (3) (L) (5) (6)
Change in Molecules Irradiation Actinometer Quanta Quantum
Concen- PBu(II) Oxi-  Time Titre  Absorbed Yield
tration of dized x 10-19
Eu(II) x 10-19 (Sec.) (m1.)
0,0038 2,76 141,600 11.17 13.6 0.20),
000035 205& ,40:650 11015 ’ 114-1 0018]_

Average = 0,19

* OSee Table H for other data on this experiment.

The first colum came directly from the europium(II) concentrations
listed in Table 5, This concentration change was converted into molecules
oxidized in the usual maxmer. The number of quanta absorbed by the solue
tion was calculated from the formula on page 13 of this section. It is

repeated below with numerical values inserted.
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64025 x 1023 x (11.73 - colum L)
0.492 x 0,301

In the denominator the second factor is the fraction of light absorbed by

Lo =

the actinometer, which was determined as described above. The first face
tor is the quantum yield of the uranyl oxalate actinometer for light of
wave length 365 and for stirred solutions. The quantum yields (columm
6) were calculated by dividing colum 2 by colum L. They represent the
total number of europium(II) ions oxidized per quantum absorbed.

Of the several sources of error in these measurements it is be-
lieved that the most importent is that due to impracticability of stir-
ring the solutions, Leighton and Forbes also give actinometer quantum
efficiencies for unstirred solutions, and for the wave length used here
it is ebout 20% smeller than that for stirred solutions, The error in
the europium(II) quantum efficiencies is then in the directiom of high
values, It is believed unlikely that the error is as great as 20% in
these experiments, however. Leighton and Forbes used cells at least
three times longer than those used here and thus had much more nearly
complete absorption of the light by the uranyl oxalate, This would give
a gredient in the concentrations of the reactants much greater than with
the shorter cells in which the light is only 30% absorbed. There is the
possibility of a similar error involved with the europium(II) solutions,
Here it could be more serious since the light is nearly completely ab-
sorbed within 2 mm. However, four considerations lead to the comclusion
that the lack of stirring is not of great importance. In the first place,
the light intensities were such that only a small fraction, about 2%, of
the europium(II) ion was oxidized and thus the solution in the region of

absorption was not significantly depleted in this species. Secondly,
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since the limited data available indicate no marked dependence of the
quantum yield om europium(II) ion concentration, and as neither of the re-
action products absorb in the speotral region used, the small concentra-
tion gradients produced should have no effect on the quantum yield. In
the third place, the evolution of gas was sufficient to produce a slow
stream of bubbles which should have stirred the solution effectively,
Finally, the periodic reversals of the positions of the tubes, causing
first one side to be irradiated and then the other, compensated in part
for the lack of stirring,

The light filtering cell was constructed with a large hole in the
bottom of the inner compartment, which contained the reaction tubes. This
permitted thermostat water to surround the tubes completely, greatly re-
ducing the reflection of light from the walls. However, because of the
cylindrical shape of the tubes the reflection must have been comsiderable
for light incident at the glancing angle., Any error caused by this would,
however, cancel as the actinometer tube and reaction tube were identiecal,
This argument applies to the incident light only. Since the actinometer
absorbed only 30% of the light there was some reflection from the rear
walls of the tube, which was not present in the europium(II) solutioms.
Such reflection would give high values for the incident light intensity
and thus low values for the europium(II) quantum yields The magnitude of
this error should not be greater than 1 or 2%, Due to the small amount
of actinometer decomposed the error in its determination amounted to 3 to
L% in the most unfavorable cases., The other significant errors have been
previously discussed. In summary, it is believed that the values of the

quantum efficiencies obtained are limited in their accuracy to the extent



of at least 10%,

Before this investigation was put aside to pursue the problem of
"Age Determination by Carbon.ll; Content", described in Part IV of this
thesis, a number of experiments were carried out. The results of these
and the data comcerning the experimental conditions are given in Table 7.
The temperature of the bath was maintained at 25,3%0,1° C, in all ex-
periments., Those experiments marked with en asterisk were done with a
1,0 ms CuSO), filter only. In the calculations for these cases the quan-
tum efficiency and absorption coefficient of the astinometer were ap-
proximated by taking the averages of the values for the 365mm, LO5mpm
and }j35mu 1line groups. A correction factor of 0,70 was applied to the
flux so obtained to account for the fact that europium(II) solutions do
not absorb the ;35mu lines, This factor was derived from the relative
intensities of the warious lines given by Plotnikow (42),

In the preliminary experiments previously mentioned, solutions
0e¢3 me in EuClp and 0425 me in HC1l showed no appreciable thermal reaction
at temperatures ranging from 25° C, to 700 C, The thermal reaction at
room temperature was extensively studied, two sources of data being pro-
vided. The first derives from the fact that the susceptibility of the
reaction mixtures was determined before and after each irradiation period.
During the interim periods, which sometimes amounted to several days, the
tubes were kept in a light-tight container. Thus the measurements used
for the photochemical reaction also gave an indication of the extent of
dark reaction, The second source of data is more diresct in that two
tubes were coated with an opaque black paint and filled with reaction mix-

tures just as were the clear tubes. These opaque tubes were kept in a
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thermostated bath at 25,0+ 0,19 C, for long periods of time. They were
removed every few days and the susceptibility determined. Table 8 pre-
sents the results of the experiments using the opaque tubes and some of
the results from the clear tubes. The latter are marked with an asterisk.
The temperature in these cases was that of the room and varied several
degrees about 25° C, It is evident that the thermal rate is two to
three orders of magnitude smaller than the photochemical rate at the
light intensities used. For this reason no correction for the thermal
reaction was applied to the photochemical yields. On several occasions
it was noted that the thermel rate was much increased when solid parti-
cles were present in the solutions, Invariably the clearest solutioms
decomposed most slowly. Charcoal and platinized platinium induced a ra-
pid decomposition - evidenced by a vigorous evolution of hydrogen. In
all probability the deark reaction is primarily a surface effect caused
by a lowering of the hydrogen overvoltage at the surface. R. A, Cooley
reports the complete thermal decomposition in 80 hours in 3,82 m, HC]
and reaction to the extent of 50% in 160 hours in 2,10 m, HC1 (43).
However, he does not give any indication as to whether light was entirely
excluded or whether the solutions were entirely free of dust or other
solid particles.

The literature contains reports of two investigations of quite simi-
lar systems. One is the photochemical reduction of water by irom(II)
ion (4l)) end the other the same reaction with chromium(II) ion (15, L6).

The results of these investigations are tabulated in Table 9.
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TABLE 9
Photochemical Reduction of Water by

Iron(II) and Chromium(II) Ions

Ion [M(II)] [ Hasoj_,_] Quantum  Corrected Reference
(moles/ (moles/ Yield Quantum
liter) 1iter) Yield
Fe(II) 045 0.1 04030 0.010 (LL)
Fe(II) 045 0425 0,020 0,007 (L)
Fe (II) 0ot 0025 0,033 0,011 (L)
Fe(II) 0e5 0425 0,047 0,016 (Lk)
Cr(II) 1.0 2.0 0.11 0.1 (L46)
Cr(II) 1.0 0e5 0435 0,12 (45)
Cr(11) 1.0 0625 0433 0.11 (L6)
Cr(II) 1,0 0.05 0.33 0.11 (L46)
Cr(II) 1,0 (o 0.28 0409 (L6)

In both of these studies a quartz jacketed mercury arc was used as a

light source and monochloroacetic acid as an actinometer. Both assumed

a Quantum yield for this actinometer of 1,0, while recent work has shown

it to be nearer 032 (47, li8)s Dain and Liberson make a note of this

error but apply no correction for it. The quantum yields tabulated un-

der "corrected guantum yield" in Table 9 are corrected by a factor of one-

third to take account of 'bhié. It is clear that the results are quite

comparable to those obtained here for Eu(II) ion.

At this point it is appropriate to consider this type of reaction in
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detail and review the pertinent experimental facts, The first point to
be emphasized is that the quantum efficiencies are all significantly less
than ome., A second fact of prime importance is that, except in the iron
case, the bivalent ions are the only absorbing species in the solutiom,
This statement is true for the iron(II) reaction only for solutions in
which the iron(III) concentration is very small. In the europium and
chromium cases no inhibiting effect of the tripositive ion is evident,
Once again the iron reaction is exceptional in that iron(III) ion greatly
inhibits the reaction - an effect over and above that due to absorptiom of
the light by iron(III) ion., A definite increase in quantum yield with
increasing acid concentration exists in the chromium and europium reac-
tions.* Weiss' data are not extensive enough to reveal such a trend but
at least they are not in contradiction to it. The chromiwm(II) quantum
yield was found to be independent of temperature from 17° C, to 50° C,
The thermal reaction is not significant over e eonsiderable range of tem-
perature. There appears to be some increase in quantum efficiency of the
Eu(II) reaction with increase in ionic strength of the solution. No
search was made for this effect by Dain and Liberson, and hence it is in
cluded in the increase in quantum yield with increasing II23<))_l concentra-
tion, which they report, The data for the europium(II) reaction show no
significant dependence of the quantum yield on the concentration of

Eu(II) ion over a range of from about 0,1 m. to 0,15 m.

* The quantum yield at HC1 = 2,0 m. (Exp't. No. 12) can be corrected by
a factor of l.3s This factor was derived from the ratio of the quen-
tum ylelds determined with CuSO}, and with CuSO}-CoCl, filters (Exp'ts.
Noe Ui-b and 1U-c)e Application of this factor increases the 2,0 me
quantum yield to 0435, to lend support to the statement above.
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Weiss suggests the following mechanism for this general type of re-

acbion (L4, 49)e The primary process is

M(II) e Hx0 + hV
M(II)* eHg0
followed by

M(I1)*+Hy0
M(III),q+ OHgq +H

2H =z Hpe

The reverse reaction is the reduction of the M(III) ion by the hydrogen
atom, which we have seen does not occur in the europium and chromium re-
aoctions, The low quantum yield implies a high probability of the de-
gradation of the energy of the activated M(II) ion through collisions
with the water molecules, The primary process postulated by Weiss is
almost certainly correct, as the ion is surrounded by a hydration layer
of water molecules and the most probable way for it to give up an elec-
tron is to transfer it to a water molecule, with consequent dissociation
of the latter into a hydroxyl ion and a hydrogen atom. The second step
seems open to some question, however, The hydrogen atoms will be pre-
sent at extremely low concentration and hence the probability of their
combining to form molecular hydrogen will be very smalls They are more
likely to react with substances present at "ordinary" concentrations, if
any such reactions are possible., In the Fe(II) case such a reaction is
the reduction of Fe(III); and this probably accounts for the ten-fold
lower quantum yield for this reaction. Another possibility has been sug-
gested by Weiss, namely, the formation of hydrogen molecule ion (50),
Weiss states that he has evidence indicating the presence of this ion in
strongly acid solutions. In view of this, and taking account of the fact

that the hydrogen molecule ion should possess oxidizing properties, the
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following mechanism is proposed:
M(II) » H0 + hv
M(II)% Hs0
+ +
H+ Haq g H&q
+
M(II) aat Hong M(III) ag *+ Hp

It is not necessary to assume that the hydrogen molecule ion exists

u(I1)* -Hx0
M(IIT)g, + OHyq + E

as such for any considerable period of time, The hydrogen atom, once
escaping from the scene of the primary reaction and wandering through
the solution, will frequently approach a hydrogen ion, If the hydrogen
molecule ion exists for even a short time after one of these collisions
then the possibility of reaction with an M(II) ion is considerable as
these are preéent in large amount, In effect the hydrogen atom cata-
lyzes the oxidation of M(II) by hydrogen ion - a change which, for
Bu(II) and Cr(II), occurs with a large decrease of free energy, TIhe
fact that the oxidation of iron(II) ion does not have such a thermodyna-
mic tendency means that in all probability it will not be oxidized by
the hydrogen molecule ion, In fact, as we have seen, the iron(III) is
reduced by the H atom (or H; ion).

The overall reaction implied by the above mechanism is

Zu(1l)gq + 2Hgg

HQO

+
Haq + on;q = AF =2=0,83 e.,v,

+
2"::‘.\;(11)&q + Hy0 + H&q

The overall reaction then has some tendency to proceed. It should be

i

EU(III)aq * OH;q + H2 -AF = 003 e,ve

noted here that the interpretation of the quantum efficiencies is affected
by the assumed mechanism, These efficiencies are reported as ions of

Eu(II) oxidized per quantum absorbed., As each quantum results in the
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oxidation of two such ions the "effective" quantum efficiencies are omly
one-half as great,

That the proposed mechanism, and also that of J, Weiss, are in accord
with the experimentally observed hydrogen ion dependence can be seen from
the following considerations, The Franck-Rabinowitoh prineiple attri-
butes the marked reduction in quantum yields usually observed on going
from a gaseous system to a condemsed system to the high probability of
recombination of the dissociation products before they can escape from
the "solvent cage", during which time they are near neighbors (51)., In
the above systems an increase in the hydrogen ion concentration should
increase the ease with which the OH™ ion and the H atom can escape from
the cage by increasing the chance that these can react to form the stable
products Hp0 and Hg.

The energetics of the primary reaction can be approached in two
ways. Weiss gives the following equation for the energy required to
transfer an electron to a water molecule in the hydration layer of the
M(II) iom,

hv

Dr0 - Iy(rr) + Eom * X
-Hy(1r) + Hop~ + Hy(1II) »
where Dﬂeo is the dissociation energy of the water molecule into H and

X

OH, Iy(11) is the ionization potential of the M(II) ion, Egg is the elec-
tron affinity of the OH radical and Hy is the hydration emergy of the
species indicated. This approach is not very fruitful as the hydration

energies are not known, Weiss suggests another treatment thus:
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M(IT)gq + Haq = M(III)gq + 3Hp + Ey

8, = H - 2.2 04ve
HO = H:q +  OHgq = 0.8 e,ve
H(II)aq * Heo - M(III)‘q + OB;q + H + El - 5,0 0,Ve

Ej is simply the oxidationereduction potential for the given system. For
the europium(II) reaction the energy required is 2,5 e.ve The energy of
radiation of wave length 365mm is about 3.l e.v. and is therefore more
than sufficient., The energy of radiation corresponding to the lomg wave
absorption edge (LLOmMM) of europium(II) ion is 2,9 e.v. and hence it is
predicted that this reaction will take place up to that limit,

It is evident that much work remains to be done with reactions of
this type. The dependence of the quantum yield om [H’] should be fur-
ther studied, as well as the possible dependence on [Eu(II)] "

In addition to the systems discussed above the titanium(II) reac-
tion has been suggested (49). Another ion which should photochemically
reduce water is vanadium(II), An investigation of the guantum yields
for these last two systems would be very interesting as their absorption
spectra should lie toward longer wave lengths., Most important of all a
search should be made for conditions under which the quantum efficiencies
can be increased toward their theoretical limit., The effect of a radical
change in solvent, such as might be caused by addition of methanol,

should also be investigated.
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PART 11

THE MAGNETIC SUSCEPTIBILITY OF EUROPIUM

AND SAMARTUM AMALGAMS

Introduction

The difficulties encountered in prepering the rere-earth metals
have seriously hampered the investigation of the physical and chemical
properties of these substances (1), By far the most extensive piece of
work is that of Klemm and Bommer (2). These investigators prepared the
metals by reducing the anhydrous trichlorides with the stoichiometrie
amount of potassium, The resulting mixture of rare-earth metal plus
three moles of KU1 proved quite suitable for the determination of the
struoctures and the magnetic susceptibilities of the metals.

The purpose of the present investigation was to determine the magne-
tic susceptibilities of samarium and europium in dilute amalgams. While
the literature contains many references to studies of the magnetochemi-
cal properties of amalgams (3), particularly those of the alkali metals,
it appears that this approach to the study of the rare-earth metels has
been neglected, Freparation of the amalgams was effected by reducing
the rare-earth acetates in solution with sodiwm amelgam (L). After
weshing with water the liquid amelgams were introduced into tubes and

the susceptibility determined by the Gouy method (5, 6).

Experimental

The Gouy balance used is described in Part I of this thesis. The
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sample tubes were of the usual peartition type. They were constructed
from 8 mm. O0.D. pyrex tubing and fitted with caps made from stendard te-
per joints, size 12/18, When filled to the reference mark the tubes cone
teined approximately L5 ml, of amalgam, Nickel chloride solution was
used for calibration,

The origin and purity of the europium used in this research has
been discussed in Fart I of this thesis. The samarium was obtained from
Research Chemicals, Inc.*, and was reported by them to be greater than
9% Smp03, the maximm amounts of impurities being: 0425% Gd, 0.1% Eu
and 0.)% other rare-earths, A determination of the susceptibility of
samerium(III) chloride in dilute BCl solution showed no appreciable
paremagnetic impurity. Redistilled mercury as obteained from the stock-
room was used throughout, As far as possible a single batch was em-
ployed for each set of determinations. The magnetic susceptibility of the
mercury was determined in order to establish its purity as regards peare-
magnetic or ferromagnetic substences, As can be seen from Table 1 ex-

cellent agreement was obtained with the latest values from the literature,

TABLIE 1

Magnetic Susceptibility of Meroury

Investigators Temp. °C. ng x 105 Reference
c.z.ac/@lo
L, F, Bates and 18,5 -0,1681 (7)

C., J. W, Balker

* This conoern, located at 831 North leke Street, Burbank, California,
offers for sale an excellent selection of rare-earth materials at mo-
derate prices.
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TABLE 1
(Continuead)
Investigators Temp. ©C. xng x 100 Reference
c.g.so/ EMe
S. R. Rao and "room =041660 (8)
S. Aravamuthachari temp,”
D, L. Douglas 25 =04166 *,001#

* Average of three determinations.

In a typical amalgam preparation 2,0 gms., of samarium acetate were
dissolved in 13 ml. of water in a 60 ml. separatory funnel and 0.5 mle. of
glacial acetic acid was added. Three portions of dilute sodium amalgam
were prepared by dissolving 8 gms. of a previously prepared stock of
2.8% sodivm amalgem (9) in about 65 gme. of redistilled mercury. One por-
tion was added with gentle shaking to the acetate solution. A vigorous
evolution of hydrogen resulted, and the gas was released by inverting the
funnel and opening the stopcock, After about 20 sec. the solution took
on a deep red color which lasted 10-30 sec, In the cese of europium
amalgam the color was light greern and persisted throughout the treatment,
When the evolution of hydrogen decressed markedly - after l-2 min, of
reaction - the amalgam was run into a 125 ml, separatory funnel contain-
ing 50 ml, of distilled water. The treatment was repeated with the
other portions, 0.5 ml. of acetic acid being added prior to addition of
each, The three "extracts" were combined in the large separatory funnel
and gently shaken to attain complete mixing end removal of any unreacted

sodium. The samarium amalgam reacts only slowly with water and europium
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amalgam virtually not at all, After washing and mixing the amalgem was
run into the reservoir of the filling apparatus shown in Figure 1. Air
was pumped off and replaced by nitrogen dried over P205. This brief
contact with air was sufficient for the formation of a dark scum on
the samarium amalgem, but not on the europium*, Filling of the Gouy tubes
was accomplished by evacuating them and allowing the emalgam to run into
the tubes to the calibration mark. Dry nitrogen was admitted above the
amalgem, the tube removed and the cap put on at once, The susceptibili-
ty was then measured with the Gouy balance - usually at room temperature,

One attempt was made to prepare europium amalgam by the electroly-
tic method of Jukkola, Audrieth snd Hopkins (10). The cell is dia-
grarmed in Figure 2, In this experiment 210 gms. of redistilled mercury
were placed in the celle Over this was put a solution of L.18 gms. of
axhydrous BuClz (see Part I for preparation) in 20 ml, of absolute alco-
hol and 3,5 mle of reagent grade chloroforme This was electrolyzed at
5-10 m./sq.cm. for about two hours. At the end of this period a color=-
less and odorless gas, probably oxygen, was being evolved vigorously from
the carbon anode and a crust had formed on the mercury. The amalgam was
then washed with distilled water and transferred to the reservoir, The
low yield is ascribed to insufficient drying of the reagents,

In all cases the amalgams were analyzed by treating a weighed portion
with 6N HCl, On adding the acid a vigorous evolution of hydrogen ensued;
and gentle heating and stirring sufficed to effect complete extraction

of the rare-earth metel within a few minutes. This was checked by

*= In one case air was drawn through the samarium amalgam due to a leak
in the lower stopcocke A copious scum formed but no great amount of
samarium was consumed,
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allowing the mercury, after separation from the extracting solution, to
stand in contact with more 6N HC1 for several days., This second "extract”
was tested for rere-earth and none was found, After dilution to about
50 mle, the rare-earth chloride solution was saturated with HnS and the
resulting HgS filtered off, The rare-earth was then precipitated as the
hydroxide by addition of excess 6N NH),0H, Digestion on & hot plate at
about 80° C, for an hour served to coagulate somewhat the difficultly
handled hydroxide precipitate. This was collected on a filter paper and
after washing with distilled water was dissolved in the minimum amount
of 6N HNOz - usually about 1 ml. The filter was carefully washed and
the combined nitrate solution and washings diluted to 50 ml, and heated
to boiling. Hot oxalic acid solution (ca. 0.05 gms. HpCZ0), per mi.)

was added dropwise with stirring until precipitation was complete, and
then 5-10 ml, excess was added, The mixture was digested either on a
hot plate or in a water bath at 100° C, for 1-2 hours to consolidate
the precipitate (11). The oxalate precipitate was collected in en ig-
nited and weighed Gooch crucible and washed with 20 ml. of hot water.
After drying for one hour at 110° C, the precipitate was ignited to
constant weight at 850° C, in an electric muffle furmace. The crucible
containing the resulting oxide was cooled in a desiceator and weighed
quickly to prevent appreciable reaction of the oxide with water vapor

and carbon dioxide in the air. Analyses gemerally were done in duplicate,

Results and Discussion

In calculating the susceptibilities of the rare-earth component of

the amalgams the validity of Wiedemann's law was assumed throughout (12),
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While it is by no means rigorously correct, the law appears to hold very
well for the case of the rare-earths, where the interaction between neigh-
boring atoms is too weak to perturb the Lf electron levels., For the
general case of r components the expression is

x:bs‘ = Z X wry

where X o,e, is the observed susceptibility per gram, X; is the speci-
fic susceptibility of the i'th component and Wj the weight fraction of
that component, Measurements were made at two field strengths to de-
tect any field strength dependence. In all cases the susceptibility
values were found to be independent of field strength, indicating the ab-
sence of appreciable ferromagnetic impurities,

The prineipal error in the measurements is considered to be none
uniformity of packing of the amalgam in the tube due to its very pro-
nounced tendency to stick to the glass. It is felt that this error
amounts to about 2%, Homogeneity of the amalgams was checked by mea-
surements before and after further mixing by inverting the sample tube.

The results of the measurements with europium amalgam are presented
in Table 2, Columns 1 to L list the observed quantities as indicated.
The volume susceptibilities in column 5 were calculated from the sample
tube calibration factors as described in Part I of this thesis, In calecu-
lating the specific susceptibilities (colwm 6) the density of mercury
at the indiceted temperature was used. A calculation of the amalgam den-
gity assuming additivity of volumes shows that in the worst case the
error involved in using the uncorrected density of mercury camnot be

greater than 0,5%, which is less than the other errors in the measurements,



-52—

20°0202°% 0898 2%039°2T
002 200°0
€0°0¥80°%°8  F003L2 F 58¢°0 T00*0FLOL*0 2°0+1°G2 g
20°0¥61°S otTté z2oo=trrgt
20%0363°%G 0898 2%0%6°¢T
002 200°0
¢o°0s60°8  *00¢l2 F98£°0 TO0®0FL0S®0  2°0+8°G2 f
20°0%91°G offté 2°0%0%05
005L 200°0 ¢-0T X (£°0
0°T+4%8 *00t0g FhG1°0=  20°0%L0°2= ¥ SG1°9) +62 otté 20+ 161~ ¢
20°0+017°0 0898 c*0+6°%2
0011 200°0
FAde2 344" *00962 *0£0°0 200°0+10T°0 1°0%0°G2 2
20*o0+01*0 otfté A 1944
c0°*0=g11*0 0898 ALY
0011 200°0
FAde. arhde F00262 ¥ G6£0°0 200°0%10T°0 1°0:0°G2 T
20*o=xLi*o ofté 2°0%6°¢
Ay plae, AR
€8°3°0) *g¢3°90) *g°3*0) *50) spe3sJeo0) * s *ox
3oy U xTy OT x T o x Py ng 4 ay a2 orena Aoo.s% ;
e % 4 _ ¢ 2 T *gq,dxg
:wmg: (9) (9) ("m (£) (@) (T) .

weSTemy unjdoang Jo A3T1Tqrydecsng ofjeudey

¢ T4Vl



w 5%

Ag the correction for the diamagnet{sm of the europium is about
30 x 106 CeZe8s/Ems atom (13) this was neglected in calculating the
molar susceptibilities of the europium (colwm 7)., The effective Bohr
magneton numbers ( U opp) tabulated in colum 8 are recorded only as &
convenient method of comparing observed and theoretical susceptibilities
(14)e The errors indicated are the maximm errors involved in the mea-
surements and do not include the packing error mentioned abc;xvo.

For comparison Table 3 gives the Mgpp value of europium in various
states of chemical binding at room temperature, including the afore-
mentioned work of Klemm end Bommer. Included also are the pertinent

theoretical values,

TABIE 3
Magnetic Susceptibility of Europium in Vaerious Compounds

Investigator Chemiocal Oxidation M pp Theor. Reference
State State or
Exper.
P, W, Selwood EuSQ), (s) 2 766 Exper. (15)
W. Klemm and EuClp (s) 2 Te92 Exper. (16)
W. Doll
D, L, Douglas and EuClp 2 7 Exper (17)
D, M, Yost (So1'n) i e
P, W. Selwood Gdp(S0},)3 3 8.11 Exper. (15)
o8Hp0
G, Dupouy Eu(N03) 5 3 3420 Exper. (18)
(Sol'n)
D, L. Douglas and EuCl 3 3629 Exper. (17)

D, M, Yost (Sol1'n)
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TABIE 3
(Continued)
Investigator Chemical Oxidation  Merp Theor, Reference
State State or
Exper.

W, Klemm and Metal 843 Exper. (2)

Ho er
J, H, Van Viesk  Eu(III) 3 3.10=3.51  Theor, (19)

and A, Frank
F, Hund Ga(III) 3 7e9), Theor. (20)

From the close agreement between the effective moments of the
BEu(II) and GA(III) ions one argues that these have the same electronic
oconfiguration (outer shells only), namely, L£75e25p° (21, 22). Klemm
and Bormer drew a similar conclusion regarding metallic eurcopium, that
ig, that the L4f shell is half-filled and the two 6s electrons behave as
oonduction eleotrons, The above results with the amalgam of europium
support this conclusion., It is, of course, possible that the europium is
present in the mercury in the form of an europium-mercury compound. In
fact MoCoy has reported two such campounds, Eulig)g and Euzlgy (23). At
any rate it is reasonably certain that the europium is present in the
plus two state, i.e,, with seven electrons in the Lf shell, It would be
indeed interesting to study the above mentioned europium-mercury com-
pounds - as regards both magnetic properties and structure.

In Table /4 are given the results of the susceptibility measurements

with the amalgams of samarium, All the rewmarks made relative to the



o 55

20°0s61°1~ 0898 g*osTe0t~
200°0
G0*03TS*2 0630222  ¥°880°0- 200°0-825%0 50762 7
20°0%61°T~ offté g o¥ee 1T~
20*0¥6¢° 1" 0898 2ot
200°0
Go*0r2e*e 0630522 ¥201°0" 200°0+Et*0  G*03'R ¢
20°038¢° 1" oté 2*0s2 -
200°0 20°0
007622 oSTF¥09IS Felt*o~  ¥I6°t" 100°0%4LE°0 T1°*070°S2 oiLé 2o03L - 4
200°0 20°0
Lo*osge®e  OfIz00%2 $STT°0=  ¥S65°T~  T00°0%¢2¢°0  1°030°G2 oté 2*0%6°4T- T
\?ama / (w3 / (‘rm
ege .Ov .U.m.ov .W.M.QV .Oo gﬂﬂ-ﬂhs .§ .O.z
338,/ 0T * Ry oot X .mp.xwoa x *SA0) wmg o *qy mmaow ( PIOTJ ) Aec.ﬂo...qv
(8) (L) (9) (€) (N (£) (@) (1) *3,dxg
ungJleumeg

weiTeny untJemeg Jo A311Tqradecosng opgjeuley

VST



- 55 -

europium case apply here as well, except that the correction for the dia-
magnetism of the samarium core has been applied to the Xy values, Be-
cause the susceptibility of the samarium is so small, one step in the
calculation involves subtraction of two numbers of the same order of mag-
nitude, This, of course, produces a rather larger maximum error in the
final result. The excellent agreement among the Mgpp values in Table L
indicates that the probable error is considerably smaller,

To aid in the discussion of these results Table 5 presents a com-
pilation of susceptibility measurements of samarium end its compounds
from the literature, The results of a determination of the susceptibility
of samarium(III) chloride in HC1 solution are given in Table 6 and serve
as an index of the purity of the samarium used in this work. In calocu-
lating the susceptibility of the samarium(III) ion the diamagnetic sus-

oceptibilities listed in Part I of this thesis were used,

TABIE 5
Magnetic Susceptibility of Samarium
at 20° C,
Investigator  Chemical Oxidation  HMgpp Theor, Reference
State State or
Exper.
S. Sugden and  25m(NOz)z 3 1.54 Exper. (2)
P, W, Selwood Smp(SO))sz 3 1,55 Exper. (25)

'BHQO
P, W, Selwood  SmBrp 2 3462 Exper. (25)
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TABLE 5
(Continued)
Investigator Chemical Oxidation Mepe Theor., Reference
State State or
Exper.
W, Kemn Metal 2,07 Exper. (2)
end H, Bommer
A, Frank Sm(III) 3 1,56 Theor. (26)
Jo, H, Van Vieck Eu(III) 3 3.41-3451 Theor (19)

and A, Frank

The close agreement between the susceptibility of samarium(II) and
europium(ITI) indicates strongly that these two ioms are isoelectronic,
just as in the case of europium(II) and gadolinium(III), The electronic
configuration (outer levels only) and term symbol are hf65525p671“‘° (27).
Van Vleck and Frank have made the difficult caleulation of the theore-
tical magnetic moment for europium(III) ion, and it is in good agreement
with the experimental values. In the case of samarium(III) the confi-
guration and term symbol are L;f55525p66135 /2 (27)s Here also the calcu-
lation of the theoretical moment is quite difficult due to contributions
to the magnetic susceptibility from J states other than the lowest. An
additional complication arises because some of the levels are split,
ie2e, some degeneracy is removed by the electric fields of the surround-
ing ions. However, in 1935 Frank published a paper containing a treat-
ment of the problem which was remarkably successful (26),

While assigmment of electronic configuration cannot be made with

safety on the basis of magnetic susceptibility measurements alone, it



/w8 60°T = Jp

900°0 900°0
851 OTF9T0T TERS°0~ FITC 0~ edeleay
1000
0TS0~ Te*o 810 ge0s4l2 0898 2o0s6°0L-
g
100°0
Tre*o- TR0 Ferhi*o ge0tG*l2  OWfI6  2*0¥0%6-
1000
¢r¢*o~- TR*o I8TH*0 €°0s5%L2 0898  Z*O+l°g-
t
1000
60¢%0- TIR*0  T8TH*0  ¢*0¥G*l2  OWt6  z*0+1%6=
(o1om *( WS (ST 20977 J097T
/o8°380) /°8°5%0) /*8°3%0) Vwo.noﬂv geTow) *0o) (8Pe3sJdeo * suBw
3¢,/ 0T X Ty 0T x "84 o1 x "Wy [(om)] [(¢10ms)] mmsoa A uﬁoﬂw Aoo.s.% *ox
(6) (8) (L) (9) (%) m (€) () (1) *3.dxg
(III)WEnTIeureg

WOTqNTOg UT epTIoTy) (III)umtJewsg Jo A31Trqradecsng orjeuldey

9 FI4vl



- 59 -

seems clear from the results of Klemm and Bommer and those from the
amalgan measurements that in the metallic state samarium is entirely in
neither the "plus two™ nor the "plus three" configuration, Klemm and
Bommer surmise that it is partly in each, a situation which seems une
likely at best, Compound formation in the amalgam cannot be entirely
ruled out; but it too seems improbable since the samarium would be pre-
sent in a mixture of wvalence states, Perhaps an explanation of this
anomaly in the susceptibilities is to be found in a splitting of the lower
levels by crystalline fields as in the case of samarium(III), There is
not sufficient evidence on hand to test this hypothesis, unfortunately.
The experiments which would be necessary are: (1) measurements of the
amalgam susceptibility over as wide a range of concentration and tempera-
ture as possible and (2) determination of the structures and susceptibi-

lities of samarium-mercury ococmpounds, if any.
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PART 111

OBSERVATIONS ON THE CHEMISTRY OF EUROPIUM

A, Preperation of Europium(II) Carbonate

As pointed out by Yost, Russell and Garnmer europium(II) carbonate
playes a particularly important role in the chemistry of bivalent eu-
ropium (1). Its solubility in most ecids mmkes it a convenient start-
ing point for the preperation of many europium(II) compounds. The only
method of preparation of this compound reported in the literature is
that of Cooley and Yost (2), in which europium(II) sulfate is boiled with
a solution of 1 n. in sodium carbonate and Ollt re in sodium hydroxide,
The EuS0O), is completely metathesized to the carbonate, which is insolu-
ble in the basic solution, Preparation of the europium(II) sulfate is
effected by passing a dilute solution of europium(III) chloride through a
Jones reductor (amalgamated zine) into a sulfuric acid solution (3). The
purpose of this investigation was to attempt to shorten this preparation
by precipitating the carbonate directly from the solution flowing from
the reductor, To this end experiments were carried out in which the re-
duced europium solution was passed into concentrated soluticns of ammo-

nium carbonsates

Experimental

The source and purity of the europium used is discussed in Part I of
this thesis., Reagent grade chemicals were used in all experiments, A

modified Jones reductor was constructed from a three necked 200 ml, flask.
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A glass tube fitted with a stopcock was etteched to the bottom of the
flask. The contents of the flask were stirred with a nichrome wire
"paddle" driven by a low speed motor through the center neck. Glass

tubes fitted with a stopper into one of the side necks facilitated the
maintaining of a CO, atmosphere in the flask. A separatory fummel drained
into the flask through a stopper in the other side neck. The outflow tube
dreined into a conical flask through the stopper of which passed glass
tubes. These permitted the flushing out of the air with CO,e About

100 gms, of c¢epe zinc (20 mesh) were amalgamated in the usual mamner (L),
and placed in the upper flask,

In a typical experiment 15 ml. of 0,05 n, HC1l was added to the zinc
(enough to cover the zinc entirely) and the mixture stirred for 5 minutes,
This was run out the bottom into a beaker and 10 ml. of 0.] n, europium
(III) chloride solution in 0,05 n. HCl was quickly added. After stirring
for about 0,5 hr. the reduced europium solution was drained into the
conical flask. The latter contained a concentrated ammonium carbomate
solution, A precipitate of the light yellow-green europium(II) carbonate
formed at once and on heating the mixture it was trensformed into an
easily filtered product., Immediately the europium solution wes drained
from the reductor 10 mls of 0,05 ne HC1l was added and the mixture stirred
for 5 minutes, This solution was also run into the (Nﬁh)ecoa solution,
The precipitate was collected on a 2 ml. sintered glass funnel which had
been previously dried and weighed., The filtration was carried out in air,
Weshing of the precipitate was done as indicated in Table 1, The product
was dried in a vacuum desicoator over CeCl, for a few hours and then in
an oven at 110° C, for 1 to 2 hrs,

Anslysis of the carbonate for europium(II) was carried out by the
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mothod of H, N, McCoy as described in Part I of this thesis. A weighed
emount of the solid was added to & 1.8 n. HpS0), solution containing an
excess of F°2(S°1|.)3 and the iron(II) ion produced titrated with standard
KMnO)_,_. In some cases the products were analyzed for total europium by
dissolving a weighed sample in hot dil. HN03 and precipitating the euro-
pium as the oxalate (the hot HN03 oxidizes the europium(II) rapidly).

The oxalate was ignited to the oxide and the latter weighed,

Results and Discussion

Some typical results are given in Table 1. In order to have & com-
perison of this procedure with the two step method of Cooley and Yost
some EuSO)_'_ was prepared and comverted to the carbonate by boiling with
a NaOH - Na.HCOB solution as directed. The EuSO), analyzed by the same
method, was 96,5% pure. The carbonate prepared therefrom and filtered
and washed in air as above analyzed to be 82,7% EuC03, It is conoluded
from this that the filtering and washing operations, when carried out in
air, result in some oxidation of the EuCO3 to & normal or basic euro-
pium(III) carbonate. The results of the analyses of two of the products
for total europium indicated that the oxidized europium was present as
Eu(OH) COzeHo0, although the compound Bug( 003)50520 would have been equally
satisfactory. The former is considered more likely, but a carbonate ana-
lysis would settle the issue. On the basis of the evidence the conclue
sion is drawn that in order to prepare pure EuCO3 some arrangement is ne-
cessary for carrying out the filtering, washing and drying operatiomns in

an inert atmosphere,
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TABLE 1

Preparation of Buropium(II) Carbonate

Number of 2
Experiment

Moles BEu(III) 1.04
x 103

Conc. EUCJ. 0.10)4
Sol'n (modles/
liter)

Grams Zinc in 100
Reductor

Reduction Time 20
(min.)

Conc, of (NH),)oCOz 1,5
Sol'n (r}jﬁi‘tf
liter)

Volume of 20

gmmlq:;ac% Sol'n

Duration of Diges-
tion at 100° be-
fore filtering (min,)

Volumes of Wash Solue
tions (ml,)

Water 10
CH5OH 12

Wt. of Product 0,22

(@Bo)
EuCOz as %

Lg%

Yield of Eu003
as

L

1.04

0.104

100
65

1,5

10
12
0.220

59%

1.04

0l104

100

2.0

30

10

10

10
0,208

LoJd%  59.6% T0.1%  69.0%  T9.F%

66%

7 8 10
1.1, 1.09 3,06
0,104 0,10k 0615
100 100 100

L5 L3 L5

2.0 2.0 2. 5

30 32 Lo

15 15
10 10
10 10 20
10 10 10
0.236 04225

U 81%

TTe3%

325

0413

L5

2.5

100

30

%

82,0%
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B, Europium(II) Perchlaorate

The stability of dilute aqueous solutions of perchloric acid toward
inorganic reducing agents is well kmown, The complete reduction of per-
chlorate salts by concentrated solutions of titanium(III) sulfate has
been reported, however (5)s R. A. Cooley investigated the reaction of
9 ne HC10) with EuCOz and found that some reduction does take place (6).
Only about 20% of the theoretical amount of chloride ion is formed in
the reactions Cooley also reported the formation of a black, moderate-
ly socluble compound; which he presumed tc be Eu(Cloh)e. In an attempt
to verifly these findings two quantitative experiments were carried out,

In one experiment about 0.3 gm. of 80% EuCOz; was dissolved in 12 ml,
of water and just sufficient 60f% HC10), to effect complete solution, The
resulting solution was about Os) me in europium(II) perchlorate and dis-
played the usual yellow-green coler. No precipitate of any kind formed.
The solution was transferred to a Gouy tube and the susceptibility de-
termined. Some exposure to air occurred during the operation and the
solution in the tube was about 0,05 m, in Eu(II) and 0,07 me in Eu(III),
The tube was tightly sealed with a stopper and wax end the susceptibili-
ty measured over a period of a week. During this period no appreciable
reaction took place.

When a "dry box" became available the following experiment was car-
ried out in an atmosphere of carbon dioxide. Boiled L5 m. HC10), was
added dropwise to 0,148 gms. of EuCly in a 2 mle. volumetric flask. The
only phenomenon observed was the dissolving of the solid EuClpe After
the flask had been filled to the mark and shaken all but a smmll frac-

tion of the solid went into solution, This residue was probably Eu0Cl,
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formed during the EuCl, preparation, The solution was allowed to stand
about an hour in the CO, filled "dry box". A sample was then removed
and analyzed for europium(II) as desoribed in Part I of this thesis.
The europium(II) concentration found was 0,326 m, This, when compared
with 0.332 m., ocalculated from the amount of EuCl, end acid used, shows
that little if any reduction of the perchloric acid had taken place,

In addition to the above, a few qualitative experimente were per-
formed in which perchleric acid was added to solid EuCOB. Concentrated
(60%) HCloh was found to dissolve EuCOz very readily, but no Bu(II) could
be detected in the resulting solutions, More dilute (10%) HC10) also
dissolved the carbonate and the solutions were found to contain euro-
pium(II) ion, Evaporation of the solutioms of Eu(II) in 10% HC10) in a
vaecuum desiccator resulted in a white solid with no reducing actiom.

From the experimentel results obtained it cem be concluded the
europium(II) ion is stable in dilute perchloric acid solution for con=
siderable periods of time at room temperature. It also is clear that
Eu(C10},)5 is fairly soluble in dilute HC10), Reduction of concentrated

perchloric acid by europium(II) ion almost certainly takes place.



Coe An Attempted Photochemical Reduction of Carbon Dioxide

in Eurcopium(II) Chloride Solutions

The reaction between atomic hydrogen and carbon dioxide in the gas
phase has been investigated a number of times (7)e Boehm and Bonhoeffer
report the formation of formaldehyde as one of the reaction products (8),
On the other hand, Taylor and Marshall report no reaction (9). Since
atomic hydrogen is an intermediate in the photochemical reduction of water
by europium(II) ion, (see Part I of this thesis), the possible reduction
of COp to formaldehyde or formic acid in this system was investigateds,
The analogy with photosynthesis in plants made this a particularly attrac-

tive problem.

Experimental

An epparatus was constructed whereby COp could be bubbled through a
tube containing a solution of EuClpy in 045 me HC1l while the system was
being irradiated with the light from a merecury arc, Frovision was made
for removing samples of the solution for analysis. The europium(II)
chloride was prepared as described in Fart I of this thesis. Tank ecar-
bon dioxide was used without further purification, The mercury arc was
that described in Part I of this thesis, and the reaction tube was placed
within a few em, of the jacket, no lens or filter system being employed.

Three methods of testing for formaldehyde were considered. Experi-
ments showed that with the Fuschin-Sulfate reagent (10) it was not possi-

ble to detect less than 20 micrograms of HCHO, The p-phenylenediamine

» This problem was suggested by Dr. Oliver Wulf.
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spot test (11) was tried and found unsatisfactory as it gave a very high
blank with carefully redistilled acetic acid (ome of the necessary re-
agents), Considerably more success was had with the chromotropic acid
test (12), This test is specific for formaldehyde and is based on the
fact that when this substance is heated with chromotropic acid (1, 8 -
dihydroxy naphthalene 3,6 - disulfonic acid) in a 72% sulfuric acid so-
lution a bright violet color appears. The procedure recommended by
Feigl is simply to add a drop of the solution being tested to 2 ml, of
7% HZSOL' add a little chromotropic acid and after mizxing to heat the
tube on a water bath at 60° C, for 10 minutes. While the test proved
capable of deteoting 0e5 microgram of formaldehyde in aqueous solutionm,
the presence of Eu(II) ion was found to prevent the detection of as much
as 20 micrograms, This effect occurred in spite of the fact that the
europium(II) ion is nearly completely precipitated as EuSO), from the
strong sulfuric acid solution. Europium(III) ion, HC1 and NaCl were
show not to be the offenders in separate experiments, The obvious solu-
tion to the problem seemed to be to remove the Eu(II) from the solution
bafore carrying out the test. Frecipitation of both EuF, and EuF; by
addition of a 0,1 me NaF solution permitted the detection of less than
1 microgram of HCHO in two drops of the supernatant solution, In all of
the above experiments care was taken to exclude oxygen from the solutioms,
The europium(II) samples were kept in a large beaker from which the air
was exoluded by a current of COp

Two reduction experiments were carried out with 10 ml, of about
0.1 me EuClp in 045 me HCl, The solutions were irradiated for a total of
two hours, during which time COp was slowly bubbled through. 065 ml. sam-

ples were taken for testing before, after and several times during the rum.



In some cases two samples were taken and powdered magnesium metal added
to one of them, By this technique the test was extended to include for-
mic acid, since this substance is reduced to formaldehyde by magnesium
metal in acid solutions. All of the tests were made with two drops of

the supernatant solution, The result in every case was negative,

Discussion

The analytical method permitted the detection of 1 microgram of
HCHO in about 0,1 ml. of solution, Since only negative results were ob-
tained it is concluded that formaldehyde and formic acid were presemt at
concentrations smaller than 3 x 104 m., if at all. Clearly the sensi-
tivity of the test is far from satisfactory.

Any formation of formie acid and formaldehyde must take place through

some set of reactions such as the following:
He +HQCO3 = HO-¢=0 + HOH I

He + HO*(.):O = HO=C=0 II
\
H
He + HO=C=0 = HOH + H-(.:,-go ILE
L
H
He + H-Cz0 = HpCz0 Iv

Given the radicals and molecules above many other reactions are possible,
of course, Since these radicals and molecules are present in much smaller
concentration than the H atoms the reactions between them will be consi-
derably less probable than the reactions listed., The cruocial step in the
whole process is reaction I, Using Pauling's 1940 table of bond energies

(13), and oonsidering the 42 keal,/mole resonance stabilization emergy of
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32005 (1), the reaction is calculated to be about 2 keal, endothermic
in the gas phase. The heat of vaporization of water being 9.7 keal,/
mole, it is probable that the reactiom is exothermic in the condensed
phase. No estimate of the activation energy can be given, however, Simi-
lar calculations show the other reactions to be highly exothermic, Thus
if reaction I proceeds to any extent some formic acid, and, to a lesser
extent, formaldehyde probably will be formed. Because of the crudeness
of the testing method used in these experiments it camnot be comcluded
that the reaction does not take place at all,

Some improvements in the experimental method can be suggested., In
view of the probable formation of hydrogen molecule ion at high acid
concentrations, this should be reduced as much as possible, Higher

EuClp concentrations and a more intense light source should be used.
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AGE DETERMINATION FROM CARBON.1l; CONTENT:

IONIZATION CHAMBER TECHNIQUES

Introduction

The existence of a flux of neutrons in the upper atmosphere has
been known for some time (1)e There is little doubt that these neutrons
are produced by the reactioms which take place when cosmic ray primaries
encounter the nuclei of the atoms of the atmosphere, In the light of
our present lmowledge of nuclear phenomena the most probable fate of
these neutrons is the loss of their considerable original energy
through collisions with air nuclei and finally reaction with these nu-
clei, The most likely reaction is one with the ¥ pucleus resulting in
the formation of a Cli nucleus end & proton. The high probability of
this reaction comes, first, from the fact that its cross-section (which
contains a probability factor in itself) is far larger than that of
most of the other possible reactions, and from the relatively great
abundance of N1t nuclei in the etmosphere, These observations were first
made by S. A, Korff in 1940 (2). Carbon-1; is wmstable toward bete
emission with a half-life of about 5,600 years.

In 1946 W, F, Libby published a Letter to the Editor in the Physical
Review (3) in which he drew some important conclusions from the above.
He noted that the Cl4 atoms produced are oxidized by the oxygen of the

air and carbon-1ll; dioxide results, This carbon-1ll; dioxide is distributed
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throughout the atmosphere and is taken up by plants in photosynthesis.
In addition it is in eguilibrium with the earbonates dissolved in the
oceans and lakes and with a part of the earth's rock carbonate, Libby
then pointed out that if the cosmic ray intensity has been constant for
the last 25,000 to 30,000 years (several times the half-life of the radio-
active carbonel; nucleus) then a radioactive equilibrium will have been
established in which the total number of carbon.ll; nuclei decaying in
unit time is equal to the total number being formed. From the neutron
intensity date of Korff and Hammermesh (1) Libby was able to arrive at
the estimate of 0.8 neutrons formed per second per cm.? of the earth's
surface., Taking the best estimates he could find of the total amount of
plant end animal carbon, atmospheric cerbon dioxide, ocean carbonate and
rock carbonate Libby estimated that each gram of carbon in exchange
equilibrium with the carbon-dioxide in the atmosphere should contain

0e3 x 1012 gms, of carbon-1li, This amounts to about 3 beta particles/
min,/gm. of carbon,

Libby and his co-workers next concerned themselves with experiments
designed to establish the actual amount of cerbon-ll in living carbon or
"biocarbon” as it is now called (L, 5)s It was realized at once that
the measurement of such low levels of activity involving a weak beta
emitter (155 kev.) would require a special technique. Another approach,
not significantly less direct, was to obtain samples of biocarbon and
petrocarbon which had been enriched in cerbon-13, This enrichment pro-
cess should result in a great increase in the carbon-ll; content of the
samples. Samples of pure biomethane were obtained from the Patapsco
Sewage Plant of the City of Baltimore. In order to have a control experi-

ment samples of petroleum methane were also procured. Petroleum, being
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geologically "o0l1d™, was expected to show no activity, These samples were
enriched in carbon-13 in the methane thermal diffusion plants of the Lab-
oratories of the Houdry Frocess Corporation at Marcus, Hook, Pemnsylvania,
A mass spectrometer was used to determine the ¢13 concentration of the
samples after enrichment, The Cl4 enrichment was calculated from the
operating constents of the columm and employing an extension of the se-
peration theory involved. A brass cylinder Ceiger counter of about 2
liters capacity and surrounded by 12" of lead was used to measure the
activities, The results obtained are given in Table 1, which is repro-

duced from the aforementioned papers.

TABLE 1

Activities of Samples Enriched in Cl4 (), 5)

Source Sample Caleculated €13 Conc. % CH), Date Total Count
in

No. C*+ ene from Mass Taken rate, in-
richment Spectro- Gas cludes baoke-
meter ground
(%) (ots,/min, )
1 1 1.0 99.6  10/16/15 3U06*1.0
Petro-
2 ) | 1.04 99.6 342,6+1,0
methane
3 25 6455 7.2 1/6/47  3L45.84143
3 | 1,04 Pels  12/5M6  342.92,0
Bio- 1 10 Te36 93.6  10/17/46 3LB.T:1.3
methane 7 32 11,02 9.9  12/2/16 36L.011.5
8 260 6345 9742  2/10/47 562.0+2,9
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These data give & rather elegant proof that Libby's hypothesis is essen~
tially correct, The activity of living cerbon is seen to be 10,5 dis-
integrations/min, /gm.

To establish with certainty that the activity is due to ¢t and not
tritium ,biomethane sample No. 8 was taken through the chemistry of carbon,
The methane was combusted to COp, and this was precipitated as c;coa.
Using a screen wall counter the activity was definitely established as
being assooiated with the CaCO3. Further investigation of the bete acti-
vity showed its absorption in aluminum to correspond to that of clh,
Conversations with the Atomic Energy Commission eliminated the possibili-
ty that the C14 in Baltimore sewage could have originated in ane of the
chain reacting piles.

Having proved the existence of cosmic radiation produced carbon-ll;
in living ocarbon Libby, Anderson and Arnold next set themselves to de-
veloping a method of measuring the activity without having to enrich the
samples in a thermal diffusion colum (6). The problem was solved to
their satisfactiom by use of the screen wall counter (7). Preparation of
the samples for counting was achieved by carrying out the following steps
in the order indicated: reduction to carbon with hydrogen at high tem~
pereture, washing of the carbon with hydrochloric acid, combustion of
the carbon to carbon dioxide, reduction of the COp to carbon with metallic
magnesium and removal of the excess magnesium with acid and water, The
carbon samples were spread uniformly over the wall of the counter, giving
a layer of 20-25 mg./om.2 in thiockness. This thiclmess is equal to the
range of the maximum energy beta particles eand is thus "infinitely” thick.

A oalculation showed that approximately 5.9% of the beta particles
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penetrated the carbon with sufficient energy to produce a "count”.
When shielded with 2" of lead this counter gave a background count of
150 ots./min., far too high to permit reliable measurements to be made
on samples of the level of activity involved here. The background was
reduced to 10 cts./min, by means of anticoincidence circuits (8) and
the provision of 4" of iron shielding inside the lead. This value was
lowered to 7e5 ctse/min. in later experiments (9). Using this tech-
nique, and with the lowest background count, 8 gm. samples were counted
with an accuracy of about 5%. The difficulties involved can be empha-
sized by pointing out that with the most eoctive sample, and with this
remarkable lowering of the background, the sample counting rate

( = total sample rate less background) was only 75% of the background
rate,

By way of application of the technique described above Libby and
his co-workers did two things. First, by measuring samples of wood from
2ll over the world they established the fact that the carbon-ll; content
of living carbon is essentially constant at 12,5 ots./m:m./gm. throughout
the earth (6). When this had been done they made & test of the hypothe-
sis that the age of archeological specimens can be determined by com~
paring the carbon-ll, content thereof with that of recent samples (9).
This aspeot of the problem should be emphasized somewhat. We have here
a beautiful example of the situation in which the techniques of ome
science can be epplied to solutions of the problems of another science,
A great many of the specimens collected by archeologists, anthropologists
and, to some extent, paleontologists are carbonaceous in nature. Some of

these can be "dated" with certainty by standard archeolcgical methods,
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but a great majority cannot be placed in time with any reliability what-
soever, Uncertainties of 1,000 years are not uncommon, Since first
publishing their work Libby and his co-workers have been literally over-
whelmed with samples submitted for dating.

The assumptions on which the application of carbon-ll; determina-
tions to age determination rest are three. The first is that the cosmic
radiation intensity has been constant within a few percent for the last
20,000 years or so. This applies to l1mg period trends only. Diurnal
or seasonal variations in intensity will average out, of course. The
second assumption is that samples retein their activity after "death",
For cellulose and similar substances this is probably a sound assump-
tion - no exchange of carbon between carbon dioxide and such substances
having been suggested or reported in the literature. In the case of
solid carbonates (sea shells) the assumption is not valid. It has been
conclusively demonstrated that exchange of CO, does take place between
BaCOz and gaseous CO2 (10)s At this writing this point is not of great
importance since all of the dating samples have been wood or similar
materials, The third assumption is that in the enzymatic and other reac-
tions involved in the lif'e processes of plants end animals there is no
appreciable isotopic effect om the reaction rates. The general question
of the relative reaction velocities of isotopic molecules has just be-
gun to be extensively investigated. Bigeleisen has published a theore-
tical treatment fairly recently (11). That such an isctopic effect can
exist in photosynthesis in plants has been demonstrated by Weigl and
Calvin (12). These investigators have shomn that at high COp concen-

trations young barley shoots take up 01202 more rapidly than clio,,
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However, at the very low concentrations at which 002 ordinarily exists
in the atmosphere the plant takes up any CO, it can find. Much mass
spectrographic evidence for the isotopic effect in terrestrial carbon
chemistry has been published. An excellent review of this material has
been given by K. Rankama (13), It can be concluded from 012/515 ratios
determined by the mass spectrograph that little separation of the iso-
topes exists in the photosynthetic and respiratory reactions by which
plants exchange carbon dioxide with the air, There is, however, a de-
finite concentration of the heavier isotope in marine carbonate sediments
and of the lighter isotope in carbon compounds in marine organisms, The
more subtle questions as to possible isotoplo concentrations in particu-
lar compounds or classes of compounds in either plants or animals have
yet to be investigated. On the basis of this evidence it is probably
safe to assume that there exist no isotopic effects of sufficient magni-
tude to affeoct the age determination work as long as samples of the same
general typs, €.%., wood, are used.

To return to the aforementioned work of Libby and Arnold, they mea-
sured the activity present in samples of known ages ranging from
2,650 B.C. to 580 A.D, With the exception of the most recent sample
(580 A.D.) the agreement between the ages determined from the measured
activities and the half-life of carbon-ll, and the ages assigned to the
samples by the archeologists was excellent. It should be noted that all
of the specimens were wood. The prineipal limiting factor or error in
the determination of the age of any sample was the statistical error in
the counting rate. The activity levels were so low that a sample had to

be counted over a period of about two days to reduce the error in the



reported age to 10%. Encouraged by these results Libby has embarked on
an ambitious program of age determinatiom.

When this problem was first suggested to the Institute by Mr, Harold
Gladwin it was proposed by Professor H, V., Neher that ionization chambers,
such as he had used in cosmic ray studies, might be suitable for this
work. Thus the purpose of this research was to investigate the possible
use of ionization chambers for the determination of the amount of carbon-l);
in living carbon and the extension of these measurements to age determi-
nation, To this end a considerable number of experiments were carried
out in which ionization chambers were filled with carbon-dioxide from
verious sources and the rates of discharge of the electroscope system
recordeds In order to reduce the background rate the chambers were sur-
rounded by 4" of lead and the instruments and shield installed in the
pit beneath Robinson Astrophysics Building. The later measurements were
made with the instruments located in one of the lower galleries of
Morris Dam., Tt proved relatively easy to detect the carbon-ll; present
in living carbon and the method shows promise as regards dating appli-

cations,

Experimental

The samples were converted to carbon dioxide by a straightforward
combustion in a quartz tube, Figures la and 1b show the complete ap-
paratus used, Tank oxygen, passed through CaCl,, soda-lime and concen-
trated HpS0), was used instead of air to avoid complications due to for-
mation of oxides of nitrogen. The rate of combustion was controlled by

mixing tank helium, similarly scrubbed, with the oxygen. Extent of foam



;-81-

SNLVYVddV  NOILSNEN0D

1 370s

ul

i ﬂ’;l

|‘T]_
araegsarans M|

i

|

dvdl Al34vs |

-

374 AYNOY3INW |

X

-

(MU SR [ I R

Y

7

J £31
Ly

4388NMIS
*0s®H

SH3E8NYOS TWOLLN3AI
WOY4 °H

i

©1 34N9I4

B

¥

[ =

2

7

200

L-J

- SLLYM 008 SLIiVYM 00S SLLVM 00S 38nL Z1¥vnd
dvdl ¥vi Ol —
?ﬂ 0n) FIdNYS ERES INM v30S
g 20/62 §
Z 30V an
. 30VUNHNS 38NL{| | 30vNEN4 38Nt

MNVL



-82"

‘SNLVHYddY  NOILSNBWOD g1 34Noid

<~ ¥31VM

y

6/8
([“m\/ < WNOu4

3snL
NOILSNEWOO

- 3OS —
~—74388N40S S |
e — | aov o ¥88NY0S
> OINOHHO *0S °H
(@31009
NIO0HLIN aINOM)
dvdl OSNILD3IT02
S
3 JQW\ dvdl ¥vl
| [ewez SH/bs m# ﬁ
$ /
m Ov/b2 g
) d. \//1« T00M _SSYT19 ¥ dvul
g/els WOILN3AI OL
3801 Z1¥vNo
0£/21'$ / Sllvm 0OO0¢ 6/81S
T 3 y
Ry st BoLR) e ’
v 30VNYN4 38nL Se/tl §

v3s d3avyo



o BB

formation in the sulfuric acid scrubbers served as a rough index of the
relative amounts of the two gases being used. Generally an Op to He
ratio of ome to ome was used until the combustion of the sample had
started. After that the ratio was increased to l} or 5 to 1. In this
gas mixture, combustion proceeded nicely without overheating the tube,
By cutting the wood samples into small cubes about 1 em. to an edge
25-30 gms. could be packed into the combustion tube in the section sur-
rounded by furnaces 1 and 2, The soda-lime packed in the pyrex section
Just before the combustion tube prevented contamination of the serubbers
by combustion products in the event of a sudden pressure rise in the
systems Complete combustion to carbon dioxide was aided by the copper
oxide fillings surrounded by furnaces 3 and 4, which were maintained
at about 600° C, That complete combustion was not attained was evidenced
by the accumulation of a small amount of tar in the water cooled tar
trap. In no case did the volume of tar exceed 1 cm, Most of the water
formed in the combustion was collected in this trap also, Purifica-
tion of the carbon dioxide was achieved by passing it over calecium
chloride and then through a chromic acid (HpSO, + ExCrp07) sorubber
and finally through a sulfuric acid scrubber. In the course of a com-
bustion the chromic acid was changed from a dark red-brown solution to
a greenish-black, Undoubtedly some reducing substances managed to get
through. Since the sulfuric acid in the last scrubber always remained
perfectly clear it is probable that the first scrubber absorbed these
substances completely. One or two combustions were carried out with the
omission of KpCrpO7, The first sorubbing solution became dark but the
second remained clear. However, in these cases, some NO was observed

(blue color) in the final product - which situation never occurred whem



-8l -

chromic acid was employed. Since nitrogen is a constituent of all na-
tural materials the presence of NO was not surprising. Its remowval by
the chromic acid probably proceeded by two paths, first, by oxidation
to the soluble N0y by the chromic acid, and, second, by formation of
stable complexes with the chromic ion resulting from the reduction (14).
After passing through a glass wool plug to remove any sulfuric acid
mist the COp was collected in U-tube traps cooled with liquid nitrogen.
After sufficient COp had been collected in aone of the traps the
latter was transferred to the vacuum system, Figure 2, for further
purification and collection of the gas. The first step in this process
consisted in again immersing the trap in a liquid nitrogen filled Dewar
flask and pumping out the air. In all cases a Welch "Duo-Seal" 2-stage
punp was used for evacuation, When protected by a cold trap this pump
is reputed to produce a vacuum of better than ame micron - more than
sufficient for these purposes. After pumping the air out of the trap,
and the rest of the system, of course, the carbon dioxide was distilled
through the system and frozen in the final collesting trap with liquid
nitrogen. The dry-ice acetone cooled trap removed the less volatile
impurities, e.g., Hp0, HpS, NOo and SOp, Complete drying was insured by
the PoOg towerse The rate of evaporation of the COp was regulated so
that the pressure in the system remained at about 1 to 2 mm. of mercury.
This was somewhat time consuming, but the efficiency of the trap and dry-
ing agents is greater at lower pressures. After the distillation was
complete the COp was transferred to a storage cylinder comnected at the

point indioated in Figure 2, These "bambs" are simply U.S. Air Force
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"bail out" oxygen cylinders* and have a volume of 332 cm.5, The only
adaptations found necessary to make them suitable for use here were to re-
place the filling plug with a copper tubing fitting and to seal the

outlet through the stem, The valves, of the ordinary packing type, proved
capable of holding both vacuum and pressure without significant leakage,

The filling of the chambers was done through a simple manifold
arrangement, One arm of a 1/8" pipe "tee" was comnected to the vacuum
system through a high pressure wvalve., The other arms led to the COp
bomb, a Marshalltown** bourdon-type compound pressure gauge and the
chamber, respectively., All of the high pressure lines were made from
3/16" copper tubing - standard "flare" fittings being employed. The
manufacturers of the gauge claimed an accuracy of 1/2 of 1% in the range
about 150 psis The maximum scale reading of the gauge was 300 psi and
care was taken never to use it above 225 psi.

Other than combustible samples two sources of COp were used. Through
the kindness of Professor Chester Stock a specimen of limestone was ob-
taineds This was converted to COp in a small Kipp generator. Before
collection in the U-tube traps the gas wes scrubbed with conc, stqh,
Subsequent treatment of the product was just as described for the com-
busted samples, Since the combustions required a considerable amount
of time and attention consideration was given to tank CO; as a more cone
venient source. A conversation with a representative of the Pure Car-
bonic Corpe., los Angeles, California, revealed that all tenk carbon di-

oxide in this area is produced from "stack gas”, i.e., as a by-product

* The kindness of Professor H, J, Lucas in supplying these cylinders
is gratefully acknowledged.
*% Marshalltown Gauge Co,, Marshalltown, Iowa.
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of the combustion of coke and oil, A considerable use was mede of this
geologically "old" carbon dioxide in the earlier experiments. Prior to
use it was purified in exactly the same way as the other samples,

As was previously mentioned the ionization chambers are of the type
used in cosmic ray studies. A partial description of the instruments
is given by Millilken and Neher (15). Photographs of the device are pre-
sented in Figures l4a and 4b., The spherical end (vol. = 1776 om.3) is
the chamber proper. This is connected to the camera by the optical tube,
Glass windows permit a beam of light to traverse the chamber and travel
down the tube to the camera. In the center of the spherical cavity is
located the quartz eleotroscope system, a diagram of which is given in
Figure 3 (16)s On charging the system to about 300 volts the electro-
static forces repel the vane from the stationary arms in the manner
indicated. As the ions are collected and the charge decreased the torsion
fiber returns the vane to its original position., A system of lenses lo-
cated within the chamber brings the image of the hook on the end of the
vane* to a focus on a horizontal slit at the camera end of the optical
tube, This image is, of course, a shadow, As the motor moves the
f£ilm (standard 35 mm, motion picture film) past the slit all of the
film is exposed except the point covered by this shadow, If the position
of the vane is changing, as it is when the charge on the electroscope is
changing, the sum of the two motions is a slanting trace or line on the
film, At a consbant film speed the slope of the trace is a measure of
the rate of discharge of the electroscope. The clockwork motors ori-
ginally provided with the instruments were replaced by Hayden synchronous

timing motors, While the shaft from the motor gear box revolved at

* Improperly labelled "fiducial point' in Figure 3.
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Figure La Ionization Chamber

Figure Lb Ionization Chamber
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2 rev./day a set of interchangeable gears permitted the speed of the film
to be varied over a considerable range,

Besides the glass windows only the high voltage lead (Figure Lb) and
the filling port penetrate the chamber walls, The former is well insu-
lated, of course, The latter is set in one of the flanges, and the
cambination plug and valve can be seen at the bottom of the sphere in
both Figures La and Lb, An arm with a fine wire extension carries the
high potential to the electroscope, comtact being made at a platinum
collar at the end of the gold coating, The charging arm, normally held
away {rom the electroscope by a spring, is activated by an external so-
lenoid. A re-entrant cylindrical cavity holds the coil of the solemnoid,
and the iron core moves in a smaller cavity re-entrant from the inside
of the chamber, The leads to the coil can be seen in Figure La, Peri-
odie recharging of the electroscope is attained through a l-contact
rotary switch revolving with the film sprocket. Thus the voltage in-
terval, through which the electroscope is permitted to discharge, is set
when the film speed is chosen. The high potential used to charge the
electroscope is supplied by a 300 volt "B" battery* and the power for
the solenoid by three or four 1} volt dry cells in series. These bat-
teries are set in a wooden box which contains, in addition, a sensitive
relay. The coil of this relay is in series with that activating the
charging arm, When the rotary switch makes contact the two solenoids
are activated, The relay in the box completes the 300 vwolt circuit to
the electroscope, When the rotary switch is open this relay keeps the
charging arm at ground potential,

The films were developed and fixed in the usual manner. After

* Everready Minimax No, 1j95 or Burgess U=-200.
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drying the slopes of the traces were read off and recorded. In nearly
all cases the slopes were determined by placing the films, sandwiched
between plates of glass, in the library microfilm reader. A piece of
graph paper glued to a piece of Masonite placed in the bottom of the
"reader” provided a very convenient way of measuring the slopes, In
some cases, either due to poor focusing or to overexposure of the films,
it was necessary to resort to a "travelling" microscope to measure the
slopes, To check the optics of the microfilm reader some of the slopes
determined with it were remeasured with the travelling microscope. The
values obtained with the two methods were the same within the experi-
mental error. Since the slope reading could suffer from some subjec-
tive error the slopes from one or two films were checked by another
observer. No significant differences were found.

A general discussion of the backgroumd problem will be given later,
but at this point it is appropriate to describe the two instrument lo-
cations used. The cosmic radiation contribution to the background ioni-
zation observed in the chamber can be reduced only by covering the
instrument with a sufficient amount of material, e.g., earth, water or
concrete, to absorb an appreciable fraction of the meson secondaries,
The locations used in these experiments were selected with this in mind,
The first experiments were carried out with the instruments and lead
shielding placed at the bottom of the vertical shaft under the Robinson
Astrophysics Building. Hereafter this location will be referred to as
the "astropit". In essence the pit consists of a rectangular well
8'0" x 2;'," in cross section and 54'0" deep - measured from the floor

of the second sub-basement of the building. The opening subtends a
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solid angle of 6469 x 102 gtearadians at the floor. Since the shielding
offered by this location was considered insufficient a second, the 937"
gallery in Morris Dam, was used in the later experimemnts. Figure 5 is

& plan view of the dam and shows the location of the instrument rela-
tive to the portel end to the upstream face of the dam. Figure 6 pre-
sents a section through the dam at the position of the instrument,
Taking the specific gravity of concrete as 2,5 one sees fr