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original HfO; content of the MO; was 2.06%,. This was
modified in some case owing to the addition of the active
hafnium sample.

To check our analytical methods a material balance study
(Table IX) was made on the metal distribution, by gravi-
metric determination of the MQ; in the resin phase, and
gravimetric or colorimetric determination in the aqueous
phase. The total metal in the resin phase was determined
by igniting a portion of the resin after exchange, weighing
the residue as the mixed oxides and deducting from this the
corresponding weight of ash. The results of this study were

TaBLE IX
MATERIAL BALANCE STUDY
Metal ions, 2 M HCIO,

Sample MOs MO, MO: Total mg.
no. initial, mg. resin, mg, soln., mg, MO:; found
1 153.0 74.5 77.1 151.6
2 135.0 73.2 58.1 131.3
3 117.0 72.2 45.6 117.8
4 90.0 71.8 15.40 87.2
5 72.0 64.6 7.60 72.2
6 36.0 35.0 1.92 36.9
7 22.5 21.6 1.21 22.8
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excellent, and it was concluded that our analytical methods
and separation methods were satisfactory.

Equilibration Procedure.—In the study of exchange phe-
nomena of the system under investigation, carefully weighed
samples of air-dried cation exchanger were equilibrated in
glass vessels fitted on a mechanical shaker with measured
volume of zirconium-hafnium perchlorate solutions of known
compositions. For accurate results, the vessels were ther-
mostated at 25 =+ 0.05° during equilibration. However,
as the temperature effect on ion-exchange equilibria was in
general small, many of the experiments were made at room
temperature, usually varying between 22 and 26°.

From the data (Fig. 2) it was concluded that three days
of moderate shaking were needed to reach equilibrium at
room temperature. Also, the equilibrium conditions were
tested by starting with a zirconium-hafnium resin and
equilibrating it with 2 M perchloric acid solution. These
runs are marked with a and are included in Table II. The
results agree quite well with the other experiments except
that the hafnium distribution coefficient is a little higher in
these cases.

Acknowledgment.—The authors are indebted to
Professor E. L. King of this department for the
helpful ideas resulting from discussions of this work
with him.
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A description of some of the chemical properties and of the methods used in the separations of elements 99 and 100 is given.

The new elements exhibit the properties expected for the tenth and eleventh actinide elements.
oxidation state greater than III of element 99 have been unsuccessful.

ment 100 appears to exist.

Attempts to produce an
In normal aqueous media only the III state of ele-

The relative spacings of the elution peaks of the new elements in some separations with ion-ex-
change resin columns are the same as the relative spacings of the homologous lanthanide elements.

The results of experi-

ments involving cation-exchange resins with very concentrated hydrochloric acid eluant show that the new elements, like

the earlier actinides, are more strongly complexed than the lanthanides.

The new elements also exist partially as anions in

concentrated hydrochloric acid, as do earlier actinide elements, and they may be partially separated from each other by means

of ion-exchange resins.
indicating complex ion formation involving unusual factors.

Isotopes of elements 99 and 100 have been pro-
duced by neutron irradiation of Pu?®; the final
steps in their production are indicated by the fol-
lowing reaction sequence!~®

B
....... Ci®2(n,v)Ci®Bs —> 99%3(n,v)99%4 —— 100%4
20d 36 h

The properties of some of the isotopes thus pro-
duced are listed in Table I. These were the iso-
topes used for the present tracer studies of the
chemical properties of the new elements.

TaBLE [

Isotope Radiations Half.life
99253 6.68 Mev. o ~20 days
99254 1.1 Mev. 8~ 36 hours

100254 7.22 Mev. « 3.2 hours

(1) S. G. Thompson, A. Ghiorso, B, G. Harvey and G. R. Choppin.
Phys. Rev., 98, 908 (1954).

(2) B. G. Harvey, S. G, Thompson, A. Ghiorso and G. R. Choppin.
ibid., 98, 1129 (1954).

(3) M. H. Studier. P. R. Fields. H. Diamond, J. F. Mech, A. M.
Friedman, P. A. Sellers, G. Pyle, C. M. Stevens, L. B. Magnusson and
J. R. Huizenga, sbid., 98, 1428 (1954).

(4) P. R. Fields, M. H. Studier, J. F. Mech, H. Diamond, A. M.
Friedman, L. B. Magnusson and J. R. Huizenga. ibid., 94, 209 (1954).

(56) G. R. Choppin, S. G. Thompson, A. Ghiorso and B. G. Harvey.
ibid., 94, 1079 (1954).

With some eluants interesting reversals of elution positions are observed in the region Bk-Cf-99-100,

The first separation and identification of the new
elements proved that prior expectations® concern-
ing the stability of their tripositive states, their pre-
cipitation properties and exchange column elution
sequences were correct; in short, that they are
chemically very similar to their actinide predeces-
sors,”® differing in the manner to be expected for
ions of somewhat smaller radius.

The results reported here were obtained in sev-
eral instances in experiments which were primarily
intended to separate and identify isotopes of the
new elements rather than to obtain the maximum
information concerning chemical properties. Since
most of the experiments were essentially independ-
ent of each other, a separate introduction and dis-
cussion of each experiment is given in the section
describing the experiment.

In the experiments to be described, the radioac-
tivity of the isotopes of the new elements was nor-
mally measured by a-particle pulse analysis of thin

(6) G. T. Seaborg, “The Actinide Elements,” McGraw—Hill Book
Co.. Inc., New York, 1954, National Nuclear Energy Series, Plu.
tonium Project Record. Vol. 14A., p. 733.

(7) S. G. Thompson, B. B. Cunningham and G. T. Seaborg, THIS
JoUuRrNAL, 72, 2798 (1950).

(8) K. Street, Jr.. 8. G, Thompson and G. T. Seaborg, ibid., T2,
4832 (1950).
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Fig. 1.—Elution of tripositive actinides from Dowex 50 with
ammonium citrate eluant.

samples from the separated fractions. The sample
deposits were made on platinum plates by the evap-
oration and ignition of the elutrient solutions from
resin column experiments, and were usually essen-
tially weightless. In the case of Bk, the soft 3-
particles were counted in a windowless proportional
counter (Nucleometer).

Ion-exchange Separations. 1. Dowex 50 Resin—
Ammonium Citrate Elution at 87°.—Since much
of the prior work on separations of the heaviest
elements has been done using this method,’—® it
seems worthwhile to show the relative positions of
elements 99 and 100 in the citrate elution curves of
Fig. 1. In this experiment some of the elements
were present in rather low abundance,
so that for convenience the heightsof  19%
the peaks have been adjusted to a con- .
stant level without, of course, altering
their shapes. The following devia-
tions from the method of references 7
and 8 were employed: (1) The col-
umns were shortened from 20 cm. to
about 15 em. (2) The pH of the am-
monium citrate was changed to 3.35=
0.05. These changes affect the actual
elution position (drop number), but
not the positions of either the actinide
or lanthanide elements relative to
each other.

2. Dowex 50 Resin-Ammonium
Lactate Elution at 87°.—This method
has been applied to americium-cu-
rium separations® and to rare earth
separations.’®!! Tts application to the

(9) R. A. Glass, Turs JouryarL. 77. in press,
(1955); see also L. Wish, E. C. Freiling and L. R.
Bunney, tbid., T6. 3444 (1954).
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separation of the heaviest elements was found to
give improved reproducibility and better separations
of the individual actinides, particularly at more
rapid flow rates, than had been obtained using am-
monium citrate. Separation of the actinide ele-
ments from each other by this method was improved
when the amounts of other elements present were
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Fig. 2a.—Elution of tripositive actinides from Dowex 50
with ammonium lactate eluant (~2 minutes per drop with
35 A drop size).
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(10) W. E. Nervik, private communication re.
ported by D. C. Dunlavey and G. T. Seaborg, Phys.
Rev., 92, 206 (1953).

(11) S. W. Mayer and E. C. Freiling, THIS JOUR-
~NaAL, 76, 5647 (1953).
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minimized by previous separations. The results
of experiments in which the elements americium
through 100 were separated from each other are
illustrated in Fig. 2a. The separation of homologous
rare earths under identical conditions is shown (Fig.
2b) in order to emphasize the similarity in relative
spacings between the rare earths and actinides. It
should be noted that the actual drop numbers of
the elution of the rare earths are multiplied by the
factor 0.721 to facilitate comparison.

Experimental

Resin.—Dowex 50 spherical resin, 200-400 mesh size, 129,
cross-linked, was graded (in the hydrogen form) by allowing
it to settle from aqueous suspension. The fraction with a
settling rate between 0.5 and 0.25 cm./min. was collected.
It corresponded to the finer fraction of the ungraded mate-
rial. The graded resin was washed alternately with 12 M
hydrochloric acid and ammonium hydroxide. It was stored
in the ammonium form until required.

Ammonium Lactate.—Reagent grade lactic acid was used
to prepare a 0.4 M solution in conductivity water. The
pH was adjusted to the required value (normally between
4.0 and 4.5) by the addition of conductivity water saturated
with ammonia. The solution was finally made 0.01 M with
respect to phenol to inhibit the growth of molds.

Column Apparatus.—The column apparatus most fre-
quently used is shown in Fig. 3. The diameter of the resin
bed was usually 2 mm. (where essentially weightless mate-
rials were to be separated). The length was adjusted to
give the degree and speed of separation required, but was
normally 5 to 6 cm. These column dimensions were em-
ployed in the separations shown in Figs, 2a and 2b.

AMMONIUM
LACTATE
4
> 4
N
[4
N
f4
RESIN BED

TRICHLOROETHYLENE

Fig. 3.—Column apparatus for separations with lactate.

The resin was transferred to the column as an aqueous
slurry. After the bed length had been adjusted, the column
was heated to 87° by boiling the trichloroethylene and the
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eluant solution was allowed to flow through at a slow rate
(roughly ~5 minutes per drop). The air bubbles which de-
veloped were removed by stirring the bed. As soon as
bubbles stopped forming, the column could be used. How-
ever, if possible, the flow of the eluant was maintained for
24 hours to remove all soluble inorganic materials from the
resin, thus reducing contamination of the actinide elements
with impurities.

Column Operation.—The flow of eluant was interrupted,
and the ammonium lactate solution above the resin bed was
removed. The space above the resin bed was washed care-
fully with hot (air-free) distilled water to remove traces of
lactate. Finally, two drops of water were forced through
the resin bed. This procedure was then repeated with hot
0.05 M hydrochloric acid, and two drops of the acid were
forced through the resin bed. The remainder of the acid was
removed from above the resin.

The mixture of actinide elements, dissolved in two drops of
0.05 M hydrochloric acid, was carefully transferred to the top
of the resin bed and allowed to flow slowly through. The
tube which contained the actinides was washed successively
with two more drops of 0.05 M hydrochloric acid and then
with two drops of water. These washings were allowed to
wash down the space above the resin bed and to flow slowly
through. The tube was finally washed with two drops of
ammonium lactate solution which were transferred to the
top of the column and allowed to flow slowly through the
resin bed. The first drop to fall after the transfer of the
ammonium lactate to the resin bed was collected as ‘‘drop
number 1.”’

The space above the resin bed was then filled with hot am-
monium lactate from the side-tube, the ground glass stopper
inserted, the height of the reservoir adjusted to give the de-
sired flow rate (measured in drops per minute).

Effect of Flow Rate.—Increasing the flow rate of the elu-
ant did not alter appreciably the volume required to elute
a given ion. It did, however, increase the width of the
bands into which the individual elements were separated.
Hence, a compromise must be reached between the require-
ments of speed and completeness of separation. Normally,
separations were so complete that there was little point in
operating at flow rates of less than 0.5 ml./min./cm.2. At
flow rates greater than 4 ml./min./cm.? (4.e., 15 seconds per
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Fig. 4.—Width of elution peaks vs. drop rate with ammonium
lactate eluant.
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drop from a standard 2 mm. diameter resin bed), the samples
accumulated faster than they could be conveniently dried,
ignited and analyzed.

Figure 4 shows the full-width at half-maximum (half-
width) in drops as a percentage of the drop number of the
peak which was obtained for the elution peak of curium at
various flow rates. This relation is valid only for the con-
ditions followed here. Obviously, the conditions could be
varied to obtain fictitiously narrow half-widths (for example,
if one increases the pH of the eluant during elution).

Effect of Eluant pH.—One advantage of ammonium lac-
tate (compared with ammonium citrate) is that the number
of drops required to elute a given ion is not a very sharp
function of the pH of the lactate solution (because the lac-
tate ion concentration is large and changes slowly over the
whole pH range normally used).

The number of drops of 0.4 M lactate of various pH values
required to elute yttrium and curium from a 2 mm. diameter
resin bed, 5 cm. long, is shown in Fig, 5.

1oq

o)

DROPS TO PEAK-3 DROPS FREE COLUMN VOLUME,

] 1 )
4.0 4.5 5.0
pH.

Fig. 5.—FElution peak positions vs. pH of lactate eluant,

For most purposes adequate separations were obtained
with 0.4 M lactate at a pH of 4.5. The heaviest elements.
californium, 99, and 100, however, eluted from 5 cm. of
resin bed in a rather inconveniently small number of drops
at this pH, and better separations were obtained (when the
slight extra time was no disadvantage) by using lactate with
a pH of 4.10 to 4.20.

3. Dowex 50 Resin-Concentrated Hydrochloric
Acid Eluant.—Group separations of lanthanides
from the transplutonium elements have been com-
monly made by elution of the mixtures from Dowex
50 columns with 13 M hydrochloric acid.!? The
method has been improved recently by utilizing
209, ethyl alcohol saturated with hydrochloric acid
as the eluting agent (first used by Street!?) and also
by using Dowex 50 colloidal 129, cross-linked
resin. The use of alcohol in the eluting agent has
the effect of delaying elution both of actinides and
of lanthanides, but with a greater effect upon the
latter, and with resultant improved group separa-
tions. Use of the colloidal resin, as compared with
spherical resin, gave sharper elution peaks, espe-

(12) K. Street, Jr..,and G. T. Seaborg. Tars JourNaL. 72,2790 (1950).
(13) K. Street, Jr.. unpublished work, 1950.
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cially at more rapid flow rates. The improved
method can also be used to make separations of
some individual actinides, and is another means for
comparison of elements 99 and 100 with their
predecessors, as shown in Fig. 6a. The individual
peaks in Fig. 6a have been adjusted by division
with an appropriate number to give approximately
equal peak heights. Americium was not present
in the experiment shown in this figure but its elu-
tion position was calculated from data obtained
in previous experiments. It is interesting to note
that the elution positions are in order of atoinic
number except for the reversal of americium in
preceding curium, which has been observed in sev-
eral separate experiments in which americium and
curium were both present.
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Fig. 6a.—(top) elution of actinides from Dowex 50 resin with
209, alcohol-12.5 M hydrochloric acid.
Fig. 6b.—(bottom) elution of actinides from Dowex 1 resin
with 13 M hydrochloric acid.

Experimental

Resin.—The cation resin (Dowex 50 X-12 colloidal) and
the anion resin (Dowex 1 X-8) were washed alternately with
ammonium hydroxide and hydrochloric acid several times.
The fractions which had a settling rate from aqueous suspen-
sion of 0.50-0.75 cm./min. were used in these experiments.

Eluting Agent.—A solution of 209, ethyl alcohol satu-
rated with hydrogeu chloride gas (12.5 M hydrochloric acid
STP) was the eluting agent in these studies.

Operations.—The columns were packed with the H* form
of the resin so that the resin bed dimensions were normally
5 cm. length and 3 mm. diameter. After the resin had been
washed with the eluting agent, the excess eluting agent was
removed, and the tracer activities to be separated were
transferred to the top of the resin column in one drop of
eluting agent, which was allowed to flow into the resin.
The operation was repeated with a second drop; then, to
minimize the trailing edge of the activity peaks, the space
above the resin bed was rinsed with several drops of the al-
coholic hydrochloric acid solution. A sufficient amount of
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eluting agent was transferred to the column and pressure
applied to obtain the desired flow rate.

To find optimum conditions for the actinide-lanthanide
group separation, investigations of the effect of varying (a)
alcohol and hydrochloric acid concentrations, and (b) flow
rate, were made. A flow rate of one minute per drop, using
20%, alcohol saturated with hydrogen chloride gas proved
to be the best practical conditions and produced half-widths
(as defined in section 2) of 179%,. Increased flow rates had
the effect of increasing the half-widths; however, a rate of
20 seconds per drop provided satisfactory group separation
when speed was necessary. The group separation of the
actinides from the lanthanides was improved by mainten-
ance of maximum hydrochloric acid concentrations, but was
satisfactory when the concentration was in the range of 11.5
to 12.5 M.

4., Dowex 1 Anion Resin-Hydrochloric Acid
Eluant.—In some early work!* involving rapid
separations of Cf*¢ and Cm?*? from uranium, it
was found that californium is delayed relative to
curium in elution from columns of Dowex 1 anion
resin when 13 M hydrochloric acid is used as the
eluant. Further application of the method has
shown that negatively charged chloride complex
ions can be produced with all of the actinide ele-
ments ranging from americium through element
100. In 13 3 hydrochloric acid solutions the exist-
ence of complex ions was barely detectable in
americium and curium since these elements were
only slightly adsorbed on anion resin as shown by
very slightly delayed elution from anion resin col-
umns. The apparent strength of the complex in-
creases with increasing atomic number and the dif-
ference between the elements in certain cases is
large enough so that the method is, in such cases,
a practical and useful means of separation.

The elution positions of the elements ranging
from Z = 95 through 100 are shown in Fig. 6b.
(As in Fig. 6a, the peaks have been adjusted to
similar heights by division of the height of some of
the peaks by an appropriate number.) The lan-
thanides were less adsorbed than curium and were
readily separated from the transcurium elements.
Comparison of Figs. 6a and 6b shows that the elu-
tion order of the actinides from Dowex 1 anion-resin
columns is the reverse of their elution order from
Dowex 50 cation-resin columns. The only excep-
tion to this occurs in the case of americium and
curium. Separate experiments have shown that
americium precedes curium in elution from a Dowex
1 anion-resin column, which is the sgme as their
elution order from a Dowex 50 cation-resin column,

In both types of columns the peaks for elements
98 and 99 fall so close together that it is not possible
to draw any conclusions as to which precedes the
other.

The peculiar shape of the curve for element 100
in Fig. 6b is probably accounted for by the poor
counting statistics—the amount of the element
available at the time was very small.

Experimental

The anion resin used for all experiments reported here was
Dowex 1, 8% cross-linked. The preparation of the resin
and the preparation and operation of the column followed
the methods described in the previous section. Column
dimensions of 5 cm. length and 3 mm. diameter were chosen
for convenience. Flow rates less than about 0.15 ml./cm.2?/
min. seemed to be necessary in order to obtain satisfactory

separations. (This rate corresponded to approximately

(14) S. G. Thompson and A. Ghiorso, unpublished work, 1950
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one drop per three minutes from the standard column above.)
Some separations were made using 209, alcohol saturated
with hydrogen chloride gas, under which conditions the
elution of actinides is delayed as much as a factor of two as
compared with the aqueous hydrochloric acid elution.
Separations with Dowex 1 resin were also much more criti-
cally dependent on conditions of operation than were those
with Dowex 50 cation resin, The separations were im-
proved by using resin fines of the smallest particle size which
would still permit a suitable flow of eluant. Even with
such precautions elution peak half-widths were about 30%.
The separations were highly dependent on the hydrochloric
acid concentration. With 10 M hydrochloric acid, no de-
lay in the elution of curium or californium could be observed.
In the range 11-12 M hydrochloric acid some delay in elu-
tion became evident and a change from 12 to 13 M hydro-
chloric acid approximately doubled the drop number of the
californium elution peak. The absence of delay in the
elution of californium at hydrochloric acid concentrations
less than 10 M enabled excellent separations of uranium and
plutonium to be made when the latter were in oxidation
states of VI and greater than III, respectively. In such
cases a suitable range of hydrochloric acid concentrations
was from 6 to 10 M, whereupon complete adsorption of the
uranium cr plutonium was accomplished with no adsorption
of elements 95 through 100, inclusive. In some cases it was
convenient to ensure the presence of plutonium in the tetra-
positive state by making the solution 0.1 M in ammonium
nitrite. The plutonium was removed from the resin either
by elution with 6 to 10 M hydrochloric acid containing HI
at a concentration of about 0.1 M (the HI reduces the plu-
tonium to the tripositive state), or by elution with 1 M hy-
drochloric acid. The separation of many other elements
with Dowex 1 resin and hydrochloric acid eluant has been
described by Kraus, et al.1s

5. Other Ion-exchange Studies.—An investiga-
tion of the behavior of some of the actinide elements
in elution from columns of Dowex 1 anion resin
using ammonium thiocyanate as eluant has been
made.'® A jacketed column (described in section 2)
was prepared and loaded by the techniques de-
scribed in section 3. The elution was performed at
87°, using 1.0 M/ ammonium thiocyanate. A flow
rate of 0.2 ml./cm.?/min. was used.

A typical elution curve is shown in Fig. 7. Ber-
kelium was absent in this experiment; its approxi-
mate elution position was obtained in separate ex-
periments, and is indicated by a vertical line in
Fig. 7.

Under these conditions, the rare earths precede
curium in elution from the column.

Oxidation-Reduction Behavior.—From the gen-
eral trends of the oxidation potentials of the actin-
ide elements it would not be expected that oxida-
tion states other than IIT could be obtained of
elements 99 and 100 in aqueous solutions.®® This
postulate has been based to some extent on some un-
reported work with californium in which an un-
successful attempt was made to produce a V oxida-
tion state and to carry it with the compound
KAmOQ;. The conclusion of this experiment was
that californium is more difficult to oxidize to the
V state than is americium.!” It seems reasonable
therefore that oxidation states greater than ITI will
be even more difficult to obtain with the heavier
elements. However, in the case of solid compounds
such as the oxides, the increased stability produced
by certain crystal structures may enable a IV oxida-
tion state to be formed.

(15) K. A. Kraus, F. Nelson and G. W. Smith, J. Phys. Chem., B8,
11 (1954).

(16) J. P. Surls, Jr., unpublished work, this Laboratory, 1954.
(17) S. G, Thompson and G. H Higgins, unpublished work, 1952,
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Fig. 7.—Elution of actinides from Dowex 1 resin with 1.0 M/
ammonium thiocyanate.

It is often difficult to interpret the results of a
tracer experiment unless a comparison is made
with another tracer element whose behavior is
known. In the following experiment americium
and curium tracer were present and the oxidation
of the former to the VI state with simultaneous non-
oxidation of the latter and the element 99 tracer
permits the conclusion that element 99 is more
difficult to oxidize to the VI state than americium
under the same conditions. This method has been
applied previously in the attempted oxidation of
element 9918 with results the same as reported here.

Experimental

A mixture of the tracers Am#!, 9922 agnd Cm?? was pre-
cipitated with 200 micrograms of lanthanum as the hydrox-
ide by adding ammonium hydroxide. The precipitate was
separated from the solution by centrifugation and was
washed twice with water. The lanthanum hydroxide was
dissolved in perchloric acid, the volume of the solution ad-
justed to 200 microliters and the pH adjusted to 1.5. The
solution was heated for one hour at 90° and a few crystals
of (NH,):S:0s were added approximately every 15 minutes.
A small addition of ammonium hydroxide was mnade after
about one-half hour to adjust the pH to ~3. The lantha-
num was then precipitated as the fluoride by the addition
of potassium fluoride solution which had been pretreated
with (NH,):S:0s. The solutions were chilled in an ice-bath
just prior to and during precipitation. The LaF; was sepa-
rated by centrifugation and was washed three times with
water. The precipitate was transferred as a slurry to a
platinum plate. It was then dried, ignited and subjected
to a-particle pulse analysis. A small amount of hydroxyl-
amine hydrochloride and 200 micrograms of lanthanum were
added to the supernatant and the solution heated at about
75° for 10 minutes. The lanthanum fluoride was subse-

(18) R. A. Penneman and L. B. Asprey, private communication.

S. G. THomPSON, B. G. HARVEY, G. R. CHOPPIN AND G. T. SEABORG

Vol. 76

quently treated in the same manner as the first lanthanum
fluoride precipitate described above.

The activity of element 99 was distributed between the
precipitate and the supernatant in exactly the same ratio as
the curium; namely, approximately equal amounts in both
fractions since the precipitation was not complete. Essen-
tially all of the americium remained in the supernatant and
was not carried in the first lanthanum fluoride precipitate.

Other Properties.—The work performed in this
Laboratory in connection with separations of the
new elements has involved primarily the use of
combinations of precipitation and ion-exchanging
methods. The latter have been described in pre-
ceding sections. It has been implied that the be-
havior of the new elements with carriers is the same
as is observed with berkelium and californium.”8
Nevertheless, it seems worthwhile to outline some
of the general procedures involving carriers, and
their combinations with ion exchange procedures
which have been successfully used.

Experimental

It has been found that the precipitation of lanthanum hy-
droxide or ferric hydroxide in basic solutions ranging in pH
from those generally obtained with buffered ammonia solu-
tions (pH ~8.5) to those obtained with strong bases (pH
~14) resulted in complete carrying of elements 99 and 100
provided very high salt concentrations and the presence of
organic complexing agents such as citrate or lactate were
avoided. Flements 99 and 100 were well carried by rare
earth fluorides precipitated from either nitric or hydrochloric
acid solutions if the conditions produced the complete pre-
cipitation of the rare earths themselves. Alternation be-
tween hydrochloric and nitric acids in fluoride precipitations
was effective in the separation of combinations of certain
elements such as ruthenium, lead and magnesium. One use-
ful method of dissolving fluoride precipitates was to use
saturated boric acid together with hydrochloric or nitric
acid, following which the hydroxides could be precipitated
with ammonium hydroxide. The hydroxides were dissolved
by blowing hydrogen chloride gas over them. The solution
thus obtained could be transferred directly to an ion-ex-
change column. In the operation of Dowex 50 cation-resin
columns, using alcoholic hydrochloric acid as eluant, to
obtain a group separation of the actinide and lanthanide
elements, it was frequently useful to place a 2 mm. thick bed
of Dowex 1 anion resin at the bottom of the Dowex 50 bed to
remove those impurities which form strongly anionic coni-
plexes (such as iron). Fractions of interest (usually ob-
tained by combining hydrochloric acid eluant fractions from
a resin column) were conveniently reduced in volume by
evaporation in a water-bath with a moderate flow of air fron:
an air jet above the liquid. Ammonium salts, when present
in hydrochloric acid solutions, could be eliminated during
evaporation by the occasional addition of nitric acid. In
such cases the elimination of ammonium chloride prior to
completion of the evaporation reduced losses of tracer ac-
tivities. It was often necessary to combine fractions from
a Dowex 50 column employing ammonium lactate eluant.
to reduce the volume, and to separate interfering elements
from the actinides by subsequent separations. To destroy
the lactate in such cases, continuous fuming with nitric acid
or aqua regia and eventual reduction to dryness was effec-
tive but time-consuming. Wet ashing with sulfuric and
nitric acids in a platinum container followed by fuming to
dryness was a much more rapid and effective procedure pro-
vided elements with insoluble sulfates (such as calcium) were
absent. Direct evaporation to dryness and heating to a
high temperature in platinum frequently presented difficul-
ties in redissolving the activities. Best results were ob-
tained by heating the residue on platinum with weak hydro-
fluoric acid in 10 M hydrochloric acid or 6 M nitric acid.
Such difficulties were primarily dependent on the amount
and composition of solid impurities which were present. It
was also found that the new elements could be extracted
from large volumes of solutions containing lactate by acidify-
ing the solution to a pH of about 1 and then passing the solu-
tion slowly through a column packed with H* form cation
resin. The activities were then extracted by elution with a
smaller volume of 13 A liydrochloric acid.
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Discussion

(a) Oxidation States.—The evidence from the
tracer experiments comncerning the oxidation of
elements 99 and 100 is consistent with the view
that only the III states of these elements exist in
aqueous solutions. The information concerning
non-oxidation of element 99 was obtained under
conditions resulting in oxidation of americium to
the VI state; in the case of element 100 the only
evidence stemmed from behavior typical of the III
state when the previously described separations
were made in aqueous solutions and in the absence
of especially powerful oxidizing agents. These data,
however, lend support to the view that oxidation
states greater than III in aqueous solutions should
not be stable for the remaining actinide elements
101, 102 and 103; the additional 5f electrons should
be more strongly bound and, in this respect, an in-
creasing resemblance to the lanthanide elements
should be evident as the end of the series is ap-
proached. The increased resemblance may appear
further in the existence of the IT oxidation state in
elements 102 and possibly 101.

(b) Ion-exchange Behavior.—The elution posi-
tions of the elements from americium to 100 for
various types of ion-exchange columns and eluants
are suminarized in Fig. 8. All five types of elutions
show certain common features which are discussed
in detail below. It is remarkable that only from
Dowex 50 resin with ammonium lactate (or citrate)
as eluant do these elements fall in a simple order of
atomic number. From the known behavior of the
lanthanide elements in this type of elution (with
lactate or citrate), it is expected that the remaining
actinide elements, 101, 102 and 103, will also elute
in the inverse order of their atomic numbers with
spacings between them which will be closely analo-
gous to the homologous lanthanide elements (z.e.,
the separation between elements 102 and 103 will
be small). In the other types of elutions shown in
Fig. 8, it is apparent that there exists a variety of
rather complicated situations, and obviously the
elution positions are not determined solely by sim-
ple considerations of ionic radii (which would lead
to a monotonic elution sequence). Some of the
factors which may influence elution positions are
listed below.

A study of Fig. 8 shows that departures from a
“simple” elution sequence occur in two positions.

(1) Relative to curium, americium is more highly
retained by anion resin and less highly retained by
cation resin than would be expected. (This effect
is just noticeable in the Dowex 50-lactate or citrate
elution.) Presumably, therefore, americium has a
tendency to form anionic complexes which are
stronger or more negatively charged than would be
expected from a study of the behavior of curium.

(2) Relative to berkelium and element 99, cali-
fornium is more highly retained by anion resin, less
by cation resin, than would be expected. (This ef-
fect also is just noticeable in the Dowex 30-lactate
or citrate elution.) Presumably californium, like
americium, tends to form complex ions which are
stronger or more negatively charged than would be
expected from the behavior of its neighbors. In
the elution with ammonium thiocyanate, in which
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Fig. 8 —Summary of elution positions of actinide elements
as a function of Z.

this effect is most marked, berkelium also appears
to be more strongly retained by the anion resin
than might be expected from the behavior of cu-
rium and element 99. While the anomaly in the
elution sequences is here attributed to californium,
it must be remembered that a study of the proper-
ties of elements 101, 102 and 103 may later estab-
lish that there occurs, in the elements heavier than
californium, a “reversal’”’ in elution order with am-
monium thiocyanate (in which element 99 would be
“anomalous” in diverging from this reversed order).
Thus if it should be established that the availability
of 5f orbitals is important to the formation of com-
plex ions in the heaviest actinides, the complex
ions may decrease in strength at the end of the se-
ries due to the unavailability of 5f orbitals, leading
to the elution of elements like 103 and 102 early in
the sequence.

The first effect, the ‘“‘reversal” of americium and
curium, was reported earlier by Diamond, Street
and Seaborg!® in studies of the elution sequence of
these, and other, elements from Dowex 50 resin
with various concentrations of hydrochloric acid.
The concept of bond hybridization, utilizing the 5f
orbitals, was used to explain the greater extent of
chloride complex formation in the actinide ele-
ments as compared with the lanthanides. The
“reversal”’ of americium and curium was interpreted
as due to the greater tendency of americium to util-
ize 5f orbitals in the formation of chloride com-
plexes. The shrinkage of the 5f orbitals in the
neighborhood of curium makes them less available
for bond hybridization. In the elements beyond

(19) R. M. Diamond, K. Street, Jr., and G. T. Seaborg, THIs
JourNAL, T6. 1416 (1954).
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curium, the progressive decrease in the ionic radii
might make the 5f orbitals again more available for
bond hybridization, so that at least some of the
following heavier actinide elements might again
form complex ions more stable than those of cu-
rium. The smaller ionic radii would themselves in-
crease the tendency of the heavier actinides to form
complex ions.

It is more difficult to account for the reversal in
elution positions in the neighborhood of califor-
nium, which is particularly evident in elutions from
anion resin columns. It might, however, be useful
to list some of the factors which could influence the
elution position of an ion.

(1) The ionic radius: small ions will be more
tightly bound to cation resins, but will also be more
liable to formation of complex ions.

(2) Degree of hydration: small ions will have
larger hydration shells, and will therefore be more
sensitive to the influence of “‘dehydrating” eluant
media such as strong solutions of hydrochloric acid.
The importance of this phenomenon was shown by
Diamond, et al.,!® in the elution of radium, barium
and strontium from Dowex 50 resin with strong
hydrochloric acid.

(3) Bond hybridization: the importance of this
phenomenon was mentioned above. A compari-
son of the behavior of the lanthanide and actinide
elements will be illuminating in this context, since
it seems probable that f orbital hybridization will
be a much more important phenomenon in the
actinide series than in the lanthanide. It is also
possible that hybridization involving 7p orbitals
might begin to occur toward the end of the actinide
series.

(4) Stark effect: if surrounding ions or groups
produce electric fields not of spherical symmetry
around an actinide or lanthanide ion with unpaired
electrons, the (27 -+ 1)-fold degeneracy involving
the spatial orientation of the total angular momen-
tum vector J will be partially or completely broken
up. The nature and extent of the splitting will de-
pend upon the term value of the ion, and upon the
symmetry and strength of the electric field. The
splitting will be extremely small for the ions with
electronic structure corresponding to the term 8S;,,
1.e., Cm*++ and Gd+++. If the magnitude of the
Stark splitting is of the order of k7 (or larger), the
entropy of formation of the state in question may
be altered significantly. The larger spatial exten-
sion of the 5f orbitals compared with 4f should make
such effects greater in the actinide series than in the
lanthanide series. Hence there may be differences
between the two series, and between different ele-
ments within a series, in the entropy of formation
of some complex iomns.

It has been found that the formation of many or-
ganic complex ions causes a splitting of the absorp-
tion spectrum lines of praseodymium, neodymium
and samarium,? Splitting of the order of 27 (at
room temperature) was observed for the citrate
complex of praseodymium.

Measurements of the entropy change in the high
temperature hydrolysis of the lanthanide trichlo-

(20) L. 2. Naturforsch., 8a. 660

(1953).
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rides?! showed no differences which could be attrib-
uted to Stark splitting. The entropy of vaporiza-
tion of PuF; is the same (within the limits of experi-
mental error) as that of AmF;.22 Hence the differ-
ences in Stark splitting between the solid and vapor
forms of AmF; and PuF; must either be negligible
or very similar for both compounds.

(5) Steric effects: it is possible that the forma-
tion of higher complexes might be slightly subject
to a steric hindrance, which would be more notice-
able with the smaller ions of the heaviest actinide
elements. In this connection it may be significant
that the crystal structures of the sesquioxides, fluo-
rides, chlorides, bromides and oxychlorides of the
lanthanides all show a change, with a reduction in
codrdination number, somewhere in the middle of
the series.?® The codrdination number is usually 9
for the lighter lanthanide elements, but drops to as
low as 6 for the heaviest lanthanides. A change of
coordination number (from 9 to 8) has been ob-
servg:d at neptunium in the actinide tribromide se-
ries,*

It is worth pointing out thatthelanthanideand ac-
tinide elements provide an excellent opportunity for
the investigation of some of the more subtle aspects
of chemical behavior. Small effects may be de-
tected which would be hidden by larger differences
in the comparison of less closely similar series of
elements.

The authors would like to re-emphasize the exist-
ence of unpublished information relevant to the
discoveries of elements 99 and 100, as was stated in
references 1 and 2. Under these conditions it
seems inappropriate to suggest names for the new
elements here.
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