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CHEMICAL PROPERTIES .OF ELEMENTS .99 AND 100
5. G. Thompson,-B; G. Harvey, G. R. Choppin and G.. T. Seaborg
Department of Chemistry.and Radiation Laboratory
‘University. of California, Berkeley, California

July 23, 195k

-ABSTRACT

A descriptidnHOf some of the chemical properties and of the methods
used in the'sepérations of eleﬁentsv99 and 100 is given. The new. elements
exhibit.the prdperties expected for the tenth and eleventh.actinide
.elements. 'Attémpts-to produce an oxidation state greater than IIT of
element 99 have been unsuccessful. .In normal aqueous media only the IIT
state of element 100 appears to,exist. The relative spacings of the
elution peaks. of the new elements_in.some-separations-with~ioniexéhange
resin columns are the same as the relative spacings of the homologous
lanthanide eleﬁents. The results.of experiments‘involving cation.exchange
fesins_with ve;y,éoncentrated hydrochloric acid eluant show that the new
elements, ‘like 'the earlier actinides; are more strongly complexed- than the
lanthanides. The new elements also exist partiaily,as'anions“in concen=-
trated hydrochloric acid, as,do earlier actinide elements, and they may. be
partially separated from each other by means of ion‘exchange-resins. .With
some eluants interesting reversals of elution positions are observed in
the region Bk-Cf-99-100, indicating .complex ion formationAiﬁvolving.unusual

factors.
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CHEMICAL PROPERTIES-OF ELEMENTS 99 AND 100
- S. G. Thompson, B..G. Hdrvey, G..R. Choppin and G..T. Seaborg
Department of Chemistry and Radiation.Laboratory
University of California, Berkeley, California

July 23, i95h

Isotopes of elements 99 -and 100 have been produced by.neutron

irradiationvofqu239; the final steps in their production are indicated

by the following rea.c’cionse<:1_1,1erlce:l_5
252 2 253, o "~ :
....... Ccf ? (n,y)Ct 23 zogé‘ 99 53(n,y)99 o4 36§% 10025”.

The properties.of some of the isotopes thus pfoduced'are listed in Table
I. These were the isotopes used for the preéent tracer studies of the

chemical properties of the new elements.

Table I
i Isotope | -Radiationé Half-Life
99253’ 6.68 Mev a | ~20 déyé
99254 ' A 1.1 Mev B~ | 36 hours
lOO25u |

7.22 Mev 3.2 hours

The first separation and identification of the new elements proved
that prior expectations6 concerni@g the stability of their tripositive
o states, their precipitation properties and exchangefcolumn elution
‘sequences were correct; in short, that they are chemically very-similar

7,8

~to. their actinide predecessors, differing in the manner to be expected

for -ions of somewhat smaller radius.
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The results.fép0£ted heré Wéré 6btaiﬁea"in_se9efal instances in
__experimenté.whichrweré'primarily‘inﬁended £6:séparéte;gnd idéntify iso-
topes of the néw.éieménfs rathef than to obféin the makimﬁﬁ information
concerning chemical properties. Since most'of the experiménts were
essentially independent of each other, a separate introduction and
discussion of.éach experimént is givén ih'the séctioﬁ descfibihg the
experiment. | .

In the experiments to be describéd; ‘the fadioadtivity,of"the igo=
topes of. the new elements was nqrmally,measured-bj:alpha particle pulse

°

analysis of thin samples from the separated fractions. The sample

deposits were-madé‘éﬁ.plaﬁinum’plates'by the evaporation and ignition of

the elutrient solutions from resin columi experiments, and were usudlly
essentially weightless. In the case of'Bk2”9;”thé”soft beta particles

were counted in a windowless proportional counter (Nucleometer).

-Ton Exchange Separations

1. -Dowex 50 Resin = Ammonium Citrate Elution at 870 C. 8ince much

of the prior work oaneparations of thé'heaviest elements has been done
using this method;6b8 it seems worthwhile to show the relative positions
of elements,99 and'lQO in the cifréte élﬁtion,curves of Fig. lof-Iﬁ this
experiment some of the elements were present in rather low abundance, soO
that fof cdnveniéhce the heighté'ofhthe peaks-have'been-adjuéted'to'a
.constént'lévellwithoufy of cdursé,'alteriﬁg their shapes. The following
deviations.frdm fherméthdd of references 7 and 8 were employed: (1) The
columns were shortened from 20 cm. tb'about.lS cm. (2)'The pH of the

ammonium citrate was changed to 3.35 * 0.05. -These changes affect the

b

e
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Fig. 1--Elution of tripositive actinides from

Dowex 50 with ammonium citrate eluant.
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actual elution position (drop number), but not the positions of either

“the actinide of lanthanide elements relative to each other.

2. -Dowex 50 Resin - Ammonium Lactate Elution at 870 C. -This method
| 9

has been applied to americium=-curium separations’ and to rare earth

separationsolo’ll

Itswapp;ication~to the separation of the heaviest
elements was found to.give improved reproducibility. and befter-separations
of the individual.actinides, particularly. at more rapid flow rates, than
had been obtained using ammonium citrate. Separation of the actinide
elements from each other byrthis.method-wasiimproVed when.the amounts
of other.elements present.were minimized by prg%io;éfséparations. .The
results of experiménts in which the elements‘ameriéium through,lod were
separated from each other are illustrated.in Fig°v2a. The -separation of
homologous rare earths under identical condiﬁionslis shown.(Fig,HZb)_in
‘order. to emphasize the similarity in relative spacings between the rare
earths and actinides. It should be noted that the actuai drop numbers

of the elution of the rare earths are multiplied by the factor Q.721 to

facilitate comparison.

- Experimental

Resin. Dowex 50 spheriéalvresin, 200-400 mesh_size,nla%
cross‘linkéd, was graded (in the hydrogen form) by allowing it to
.settle ffom aquecus -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 material; uThg graded resin was
washed alternately with 12 M hydrochloric acid and ammonium

hydroxides It was stored in the ammonium form until required.
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Fig. 2a--Elution of tripositive actinides from
Dowex 50 with ammonium lactafe eluant

(~2 minutes per drop with 35\ drop size).
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Fig. 2b--Elution of homologous lanthanides with
ammonium lactate (conditions same as

for actinides in Fig. 2a).
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Ammonium Iactate. .Reagent grade lactic acid was used to.
prepare a.O.h,M so}ution in conductivity water. The pH was adjusted
to the required value (normally between 4.0 and L4.5) 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 fréquently used

@ .
is shown in Fig. 3. The diameter of the resin bed was usually 2 mm.

-

(where essentially weightlessrmatefials 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
employed in the separations‘shown in Figs, - 2a and 2b,. |

.The resin was transferred to the column as an aqueous slurry.
-After the bed length had been adjusted, the colﬁmn was heated to
87010..byvboiling,the trichlorethylene and the eluant solution was
allowed to flow through at a sloﬁ rate (roughly, ~5 minutes per
drop). -The air bubbles which developed were removed by. stirring the
bed. As éoon és bubbles stopped forming, the column could be used.
However, 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 carefully with hot (air-free)

distilled water to remove tracés of lactate. .Finally, two drops . of
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'Fig. 3--Column épparatus for separations
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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-foréed through the resin bed. Thelremainder of the acid
was remgved from above the resin. |

‘,The mixture of actinide elements, dissolved in two drops of
0.0SQM hydrochloric acid, wasvcarefully,transferred.t6‘the-tbp of
the resin bed and allowed to flow slowly through. -The‘tuﬁe which

contained the actinides was washed successively with two more drops

-of 0.05 M hydrochloric acid and thén 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 amﬁonium
lactate from the side-tube, the ground glass stopper inéerted,,the
height of thé regervoir adjusted .to givé the desired flow rate
(measured in,drops per minute).

.Effect of Flow Rate. .Increasing the flow rate of -the eluant

did not alter appfeciably,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 requirements.of speed and completeness.of gepar-

ation. Normally, separations. were so.complete that there was little
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poiﬁf in oPerating aﬁ Tlow rates of lessfthan,0;5 ml./miﬁc/cm;z.

At flow rates greater than 4.mi;/min./gm;z'(i,e;,'lS'séconds'pef
drop from a Standérd 2fmm.‘diameter'resin_bed), the samples accum-
lated faster than they could bevconveniently dried, ignitéd, and
analyzed.

Figure 4 shows . the full-width at -—ha';lfumax‘imum (half-width)

in drops as a percéntage of the drop number of.thé'peak which was
obtained for-fhe elﬁtion peék ofvcuriﬁm at various flow:rateéﬂ~This
,relatibn.is validvoniy'fér-the conditiohs fbllowed heré,: Obvidusly,
the conditions could be varied to obtain fictitiously narroﬁ half-
widths (forrexamplé; if one increases the pH of the eluant during
elution). | |

Effect of Eluent pH. One advantage of ammonium lactate (com-

pared with ammonium,cifrété) is that the number of drops,requiféd to
elute a given ion=is.not a very sharp function of the pH of the
lactate.solution (because ﬁhe lactafe'ibn cohcentrationiié:large and
ﬁchanges-élowly,ovér'thévwhole’pH range normaliy ﬁéed),'

The number of drops‘of O.M.M'lécﬁate of various pH values
.required to elute yttrium and curium frém'é 2.mm. diémeter resin
bed, 5 cm. long, is shown in Fig. 5.

For most pﬁfpbses,adeqﬁate»separations.wefe obtained with O,k
M lactate'af a pH of 4:50‘ The heaviest_eiements; californium, 99,
and lOO, however, elufed from 5 -cm, of reSin bed in a:rathef incon=
venientlyAsmall number of drops at this pﬁ, and better séparations
were obtained (ﬁﬁen.the slightiextra time was no diéad&antage)'by

using lactate with a pH of 4,10 to 4.20.



re

PERGENT HALF-WIDTH, cm2%2 PEAK

-13-

T

1 i

| 2 3

TIME PER DROP (MIN)

Fig. 4--Width of elution peaks versus drop

rate with ammonium lactate eluant.

MU-7815



DROPS TO PEAK -3 DROPS FREE COLUMN VOLUME

=1lb-

4,0 45 50
pH

MU-7816

_Fig. 5-~FElution peak positions versus pH

of lactate eluant.
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- 3. -Dowex 50 Resin =~ Concentrated Hydrochloric Acid Eluant. Group

separations. of lanthanides from the transplutonium. elements have been
commonly made by elution of. the mixtures from Dowex 50 columns with 13 M
_hydrochio;ic acid.,12 The-method'has-been;improved.recently_by utilizing
.20%,ethyl alcohol saturated with hydrochlbric acid as the’eluting agent
(first used byzstreetl3) and also by using Dowex 50 colloidal 12% cross
linked resin, .The use of alcohol .in the eluting agent has .the effect
-of delaying_elutionvboth,of actinides and of lanthanides, but with a
greater effect uponithe'latter, and with,resgltant improved group separ-
ations. Use of the colleidal resiﬁ, as compared with spherical resin,
gave sharper elution peak%vespecially,at,mbre rapid flow rates. The
.impr0vediﬁethod,can also be used.to makevéeparations of some individual
actinideé,,and is another -means for compariscon of elements 99 and 100
with their predecessors, as shown in Fig. ba. 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
experimept,shown in this figure but its elution position was calculated
from data obtained in previous experiments. It is interesting to note
that the elution positions are in‘order of atomic number except for the
reversal of americium in preceding curium, which has been observed in
several separate experiments-in'whiCh americium and curium were both

present.
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Fig. 6a--Elution of actinides from Dowex 50
resin with 20% alcohol = 12.5 M

hydrochloric acid.

Fig. 6b--Elution of actinides from Dowex 1

resin with 13 M hydrochloric acid.
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. Experimental

Resin. The cation resin (Dowex 50 X-12 colloidal) and the
anion“resin.(Dowéx 1 X-8) were washed alternately with ammonium
hydroxide -and hydrochloric acid several times. .The fractions which

had a settling rate from aqueous suépension.of 0.50-0.75 cm,/min.

".were used in these .experiments.

. Eluting Agent. A solution of 20% ethyl‘alcohol saturated with

hydrogen chloride gas (12.5 M hydrochloric acid STP) was the eluting
agent in these studies. |

Operations. - The columns were packed with the:ﬁ+ form of the

‘resin so that the résinqﬁpdfdimenéionsAwere‘normally’S cm.'lehgth

and 3 mm. diemeter. . After the resin had been washed with the

eluting agent, the'excess.eluting,agentiwas,removed, and the tracer
activities to be separated were transferred to the top of the resin

colum in one drop of.elutihg agent, which was allowed to flow into

.the resin. .The operation was.repéatediwith 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 alcoholic hydro-

chloric acid solution. A sufficientfamount of eluting agent was
transferred. to the column,éndﬂpre5sure applied to obtain the desired
flow rate,

To find optimum conditions for the actinide—lanthénide‘group

separation, investigations of the effect of varying (a) alcohol and

~hydrochloric acidvconcentrations;'andgﬁb) floW*rate, were made. A

Tlow.rate of onevminute per drop, using 20% .alcohol saturated with
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hydrogen chloride gas pro#éd,ﬁo be the best practical conditions and
producédvhalf;widths”(asjiefinéd inﬁsectionfz) of 1T%. . Increased
Zflow"fatés had the'éffect.bf incre$sing'thé:hélfwwidths;fﬁbwever, a
.rate of 20 seconds per.dfoplprOVidedvéatiéfactofy group ‘separation
when speed was.necessaryL‘Thé group separation of the actinides from
the lanthanides .was improved by.maintenance-of,maximuﬁ»hydrOChloric
aéid.concéhtrations,»but was satisfactory when the concentration was

in . the rangefbf ll.5 g to'lZQE,M#

4, -Dowex 1 Anion Resin - Hydrochloric Acid Eluant. -In some early

L6

,work;& involving rapi@ sgparations of Cf?,

-and sz&z ffom:Qrénium,.it
was,found_thatvgalifornium ig,delayed.relative tQ_curium‘in elutiqn from
columns .of . Dowex ‘1 anion;resinnﬁhen';3ly hydro¢hloric;a¢id,is_used-as
:the-eluant, .Further_gpplicatipn,of the method has.sﬁoyn that negatively
charged chloridg_qomplex‘iongvcanfbe pyoduced with;all of the agtinide
elements ranging frém americiumVthrough e1ement iQO° _In.l3:M hydro-
chloric acid solutionszthe ex;sten¢¢-Qf complex;ions,wag barely detect-
able in:americium_and>cgrium éigce thesevelementsvwere”pnly;slightly
. adsorbed on‘anign_resinJag shown by very,slightly,delayedﬁelution from
anion resin qolumps, HThe»@pparent.strength Qf the complex ingreasesvﬁith
.increasing atomic number and the difference between the-eléments in
_certain,casesmisflgyge enough;so'that>the‘mgtnoﬁ_is, in:suchfcases,ra
practical‘and-usgful means ofbgeparationj_ .
.Thevelution positions of»the elementsvranging_from‘z_= 95 £hrough
100, are shown in Fig._6b,\‘(As{in Fig,_6a,.th§ peaks have been adjusted

to similar heights by division of the height of some of the peaks by an
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appropriate number.) . The lanthanides were less adsorbed than curium and
were readily separated from the transcurium elements. Comparison of
Figs. 6a .and 6b shows that' the elution order of the actinides from Dowex
-1 anion resin columns.is . the reverse of theirvelution,qrder'from Dowex 50 |
cation resin columns. .The only,exception 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 same as their elution order from a Dowex 50 cationgresin 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,conclusiong.as,tq
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 -fthe.amount of

the element available at. the time was very. small.

Experimental

The anion resin used for all exPeriments.reportéd here was
Dowex l; 8%'cross linked. The'preparation,of the resin and the
preparationvand operatioh of thé column followed the -methods
.described .in the pfévious éection. Column diﬁensibns of.Svcmo
length and 3 mm. diameter were chosen for cOnvenién;:e° Flow rates
less than about 0.15 ,ml./cm,z/min. seemed to be recessary, in order
to cbtain satisfactory separations. (This rate corrésponded to
approximately one drop per three minutes from the standard column

above.) Some separations were made using 20% alcohol saturated

with hydrogen chloride gas, under which conditions the elution of



,removednfrqm the resin either by elution with 6 to 10 M hydrochloric

.the plutonium to the tripositi?e state), or by elution with 1 M
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.actinides-is.delayed as mich as.a factdrbof two as compared with the

agqueous hydrdéhloric acid elution{"Separations with Dowex 1 resin

were -also much more critically dependent on conditions of operation

then were -those with Dowex 50 cation resin. .The separations were
-improved'by using resin”fineé'ofvthevsmallesﬁ particle size which

,onld;still permit a suitable flow of eluant. Even with such pre-

cautions elution peak half-widths .were about 30%. The separations

-were highly, dependent on the hydrochloric acid concentration. With

lO.thydrochloric acid,_no”delay_in the elution of curium or calif-
ornium ¢ould be observed. In the range 11-12 M'hydrochloric-acid
some delay in elution became evident and-a_changé‘from 12 to 13 M
hydrOchlorié acid-approximately doubled the drop number of the’
californium elution‘peak. - The absence of delay in the elution of
californium at hydrochloric acid,concentrations'léss than 10 M
enabled.excellent»separationg—of_uranium,and plutonium to be made
when the latter were-in_oxidation,states-gf VI and greater than IIT,
respectively., In‘égghicaseé'a suitablevrange of~hydrochloficbaéid |
concentrations was;frpm 6.to 10 M-whereupon cdmpletgiadsorption”of
the uranium or_plutonium_was-accomplished with no a@sorption of
elemenﬁs'95:thrputhLOO inclusive. -In_sqme cases it -was coﬁvenient

to.ensure the presence of plutonium in the -tetrapositive. state by

.making the solution 0.1 M.in ammonium‘nitrite. The plutonium was

acid containing HI at a,concentrationvof about 0.1 M (the'HI.reduces
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hydrochloric acid. .The -separation of many other elements with Dowex

1 resin and hydrochloric acid eluant has been described by Kraus,

5. Other Ton Exchange Studies. -An investigation df.the behavior of
some_of the'acti?ide elements -in elution from columns of Dowex 1.anion
résinAusing.ammohium thiocyanate as~eluant'has"been.made;l6 - A Jacketed
column (described in section 2) was prepared and loaded by the -techniques
described in section 3. -The elution was performed at 870 C., using 1.0 M
ammonium thiocyanate. .A flow rate of O.Z’mlo/cm.z/min. was used.

A typical elution curve is shown in Fig. 7. . Berkelium was  absent in
this experiment; its:approximate elution position was obtained in separate
experiments, and.is indicated by aﬂverticalrline in.Fig.-T.

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

from the column.

Oxidation=Reduction Behavior

From the general trends of the oxidation potentials . of the actinide
elements .it would not be expected that oxidation gstétes other than III
could be obtained of elements 99 and 100 in aqueousrsolutions;6’8 This
postulate ‘has been based to some extent on some unrepo?ted.workwwith
californium in which an unsuccessful attempt was.made to produce a Vv

oxidation state and to carry it with the compound KAmO The -conclusion

3°
of. this experiment was. that californium is . more difficult to oxidize to
the V.state-than,isamericium,17 It seems reasonable therefore that ..

oxidation states greater than III will be even more difficult to obtain
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with-the'heavier elements. -However, in the case of solid compounds. such
as the oxides, the increased stability produced by Qertain crystal
structures may enable a IV oxidation state to be formed.

It 1s often difficult to interpret the results of a tracer experi-

ment unless a comparison 1s 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/nonmoxidation_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
)it

23

andemZAZ,wasvprecipié

A mixture of the tracers Am° l, 992
tated with 200 micrograms of lanthanum as the hydroxide by adding
ammonium hydroxide. .The precipitate was.separated from the solution
by centrifugation and. was washed. twice with watefo The lanthanum
hydroxide was dissolved in pérchloric acid, the volume of the
solution adjusted to.200 microliters.and the pH adjusted to 1.5.

The solution”wés”heated‘for‘one'hour at 9OO-C, and a few crystals

of (NH4)2S208.Were added approximately every, 15 minutes. .A small
addition of ammonium-hydroxide‘was.made.after-aboﬁt oheahalf hour
to adjust fhe'pH to ~3. The lanfhanum was then precipitafed as the

fluoride by the :addition of potassium fluoride solution which had

‘been pretreated with (NHH)28208° The solutions were chilled in an
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. Was sep=

3

. arated‘by_centrifugation_andeas,washed;threéftimes.With_waterb~_The

ice bath Just pridr to and during precipitation. -The IaF

precipitate was transferred .as a slurry to a‘platinum"plété. It was
then Qried,,ignited and subjected to alpha particle pulse analysis.

A small amount of hydroxylamine hydrcéhloride and 200 micrograms -of -
lanthanum were added to the supernatant and the solution heated at
-about 7.50'0° for 10 minutes. The lanthanum fluoride was .subsequently
treated in.the same manner as theifirst lanthanum fluoride precip-
itate -described above.

- The activify of element 99 was distributed between the precip-
itate ahd.the supernatant. in exactly the same ratio as_the curium;
‘namely, approximately equal amounts in both fractions sirce the
‘precipitation was not complete. nEésentially all of the americium
remainedvin;the supernatant aﬁd’was ﬁot carried in thevfirst

lanthanum fluoride precipitate.

Other Properties

californium.

The work performed in~thiS_laboratoryvin connection with separations

-of the new elements has involved primarily théjuse»of,combinations,of
precipitation and ion exchange methods. The latter have been described
in preceding sections. It.has:beenuimplied that the behavior of the new

elements with carriers is the same as.is observed with berkellum and

7,8

‘Nevertheless, it seems worthwhile to outline some of

the general procedures involving carriers, and their combinations with

don exchange proc¢edures .which have been successfully used.
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Experimental

It has. been found that the precipitation of.lanthanum hydroxide
or ferric hydroxide in basic solutions ranging in pH from thoée
generally obtained with buffered ammonia solutions (pH ~8.5) to
those obfaiﬁed with strong bases (pH ~1l) resulted in complete
carrying of elements 99 and 100 provided very high salt cpnéentra—
tions and the presence of organic complexing agents such as citrate

or lactate were avolded., -Elements 99 and 100 were well carried by

_rare -earth fluorides precipitated from either nitric or hydrochloric

acid solutions if the :conditions produced the completé;precipitation

.of the rare earths themselves. . Alternation between hydrochloric and

nitric acids in fluoride precipitations was effective in the separ-

ation of combinations.of certain elements such as ruthenium, lead

-and ‘magnesium. One useful method ofvdiésolvingvfluoride precipi=~

tates was to use saturated boric acid.together with hydrochloric or

nitric acid, following which the hydfoxides 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 exchange 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 lan-
thanide eléments,.iﬁ,was freqﬁently useful tb place a Z2mm. thick
bed . of Dowex 1 anion,resin.at'the bottom of the Dowex 50 bed-to
remove those impurities,Which.form stréng aﬁionic complexes (such

as iron). Fractions of interest (usually obtained by combining
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‘y

hydrochloric acid eluant fraetions“fromwa Tresin column) were con-
verlently reduced in uolume by evaﬁoratlon in a water bath with a
.moderate flow of air fron an air Jet above the llquld -Ammonlum
salts, when present in hydrochloric aold solutlons, could be
ellmlnated durlng evaporatlon by the oocas1oual addition of nltrlc
ac1d, In such cases the ellmlnatlon of-ammonlum.chlorlde prlor.to
oompletlon of the evaporatlon‘reduocd.losses of tracer‘act1v1t1es.
It .was often necessary to combine fractlons fromva Dowex 50 column
employlng ammonium lactate eluant to reduce the Volume,vand to
separate 1nterfer1ng elements from the actlnldes by. subsequent
separatlons. To destroy. the lactate Ain sueh eases, continuous
fuming w1th n1tr1c aold or aqua regia . and eventual reductlon to
dr&ness was,effective‘but tlmemoonsumlng, Wet ashlng with . sulfurlc
and nitric a01ds in a platlnum container followed by fumlng to dry—
ness.was,a‘much morelrapld and effectlve-procedure'prov1ded elements
with insolublelsulfates (such‘asvoalEiuﬁj were abSeht;leireot
evaporatlon to dryness and heatlng to a hlgh temperature ‘in platlnum
frequently presented dlfflcultles in redlssolv1ng the act1v1t1es.
Best results were obtalned by heatlng the re51due on platlnum w1th
weak hydrofluorlc a01d in lO M hydrochlorlc acid or 6 ‘M nltrlc a01d
Such dlfflcultles were prlmarlly dependent on the amount and compG-
s1t10n of solld 1mpur1t1es whloh were present It wasralsoAfound
that the new. elements could be extracted from large Volumes of | iR
solutions . contalnlng laotate.hy ac1d1fy1ng the solutlon to a.pH of

about 1 and then pa581ng the solutlon slowly through a column packed
(a3
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with H+ form cation resin. .The activities were then extracted by

elution with a smaller volume of 13 M hydrochloric acid.

DISCUSSION

(a)vaidation;States° The evidence.frbm the -tracer experiments,Eonr
cerning the oxidation of elements 99 and 100 .1s . consistent with the view
that only, the IIIVstates.of.thése elements exist in agueous .solutilons.
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.behaviof typical of
. the IIT state ﬁhen the previously describedvseparations.were-made‘in
.aqueous Solutions,andvin the absence of‘especially ﬁowerful oxidizing
agents. Thesé data, however,.leﬁd support té,the view. that oxidation
statgs,greatervthan”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 thié.réspect, an inéreésing resem-
blance to the lanthanide'elements,should‘be'evident,aé_the end of the
series,is.approached. .The increased resemblance may.appear further in
the existence of the II oxidation state in"elements"loz.and possibly 101.

(b) . Ton Exchange Behavior. . The elution positions .of the elements

from americium to 100 for various types of ion exchange columns and
eluantslare-summérized in Fig.. 8. All five types of elutions.show
certain common features which are aiscussed in detail below. It is
-remarkable that. only from Dowex'SOfresin with ammonium lactate (or

citrate) as eluant do these elements fall in a simple -order of atomic
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-number, From the known behavior of.the‘lanthanide'elements-in_thisvtype
of elution (with lactate or citrate),.it.is,expeCted'fhat the remaining
actinide elements, 101, 102 and-103, will aléo elute -in the inverse order
of their atomic numbers with spacings -between them which will-be closely
analogous .to.the homologous lanthanide elements (i.e., the separation
between elements 102 and 103 will be small). In the other types of
.elutions . shown in-Fig.;B, it is apparent that there exists a variety of
.rather complicafed.situations, and obviously_the elution positions are
not determined‘solelj'by simple considerations of.ionic radii (which
would lead to & monotonic elution seguence), Some of the factors which
may influence .elution positions are listed bélown

A sfudy 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 notiéeable-in the Dowex -50-lactate
or citrate-elutibné) ‘Presumably, therefore, americium has .a
tendency. to form anionic complexes.which are stronger or more
negatively charged than would be éxpected from a study of the
behavior of curium.

(2) Relative to berkelium and‘elemeﬁt 99, californium is more
'highly,retained by:anion:resin, less. by, cation resih,.thanvwould be
expected. (This effect also is Jjust noticeable in the Dowex 50-
lactate or citrate-elution.j rPresumably_califorﬁium,‘like-americium,

tends to form complex ions.which are stronger or more negatively
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charged than would. be expected:from-the behayiqr ijits,neighbors?

In;the-elution_With.ammonium‘thiocyanaﬁeauin,which»this.effect.is ) -
moSt.marked, berkeliumvalgo appears.to be-moye:strongly,retaingd,by -
the ahion resin,tban-might be expected from,the'behay;or of Qurium,
and element 99. .While the aqomaiy“in,the elution éequencesfis.ﬁere‘
attributed to californium, it mgst.be'remembered_thatfa,studyfbf ﬁhg
properties of elements.10l, 102 and3103.may;lat¢r1establish~that
thereloccursgnin-the¢elementsfheaVier~thanmcaLiforniumg'a;@reversal?.‘
in elution order with,ammonium~thio¢yanate:(;n_whichielement 99
~would be "anomalous” in diverging from this{reversed.order). Thus

-if it should be established-that the-availabilityhpf 5£ orbiﬁals is
important to thg.formation;of complex iqns<in_the”heav;est actinides;
.the complex ions -may decrease in strength‘at the end.qf.thevseries
due to the~ungvailabilityyof Sf,orbitalsg.leading to,the elution“of.
,elemgnts.like'103_and,102_early in‘the<sequencefﬁ

The -Tirst effect,.the "reversal” of emericium and curium, was

9

.reported“eérlier;by Diamond,fstreetvand'Seaerg% -id studies .of the~elu=
tion.sequence,of.these,?and.other,,elements fr9m;poyex:50:resin:wiph

various -concentrations oflhydroch;oric,acigqv.The2¢onqepﬁ_qf bpnd:hybrid—

ization, utilizing the 5f orbitals, was used to explain,@hevgreater éxtent

-of chloride complex formation_in;the act;nide'elements as.chpared with

the lanthanides., '$he “feversal”_ofraﬁericium and curium was,interpreted

as due to the. greater tendency of americiumfto utiligef5f orbitg}s in the

formation of ghloride‘cdmplexese.,The;shrinkage of the 5f orbitals.infthe
mneighborhood of curium makes. them less,available‘for bond;hybridization. . 4

.In the elements. beyond curium,.the progressive decrease in,thevionic »
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.radii might make the 5f orbitals-again more available for bond hybrid-

ization, so that at least some of the following heavier actinide elements
might again form complex -ions .more stable than those of curium. The.
smaller ionic radii would themselves increase the:téndenCy,of the heavier
actinides to form complex ions.

It is more difficult to account for the reversal in elution positions

~in the neighborhood of californium, which is particularly(evident,in

elutions from anion resin columms. It might, however,.be useful to list

.gome of the factors which could.influence the elution position of an ion.

(1) The Ionic radius. Small_ionsrwill be more‘tightly bound to

cation resins; but will also be more liable to formation of complex
,idnso
- (2) Degree of hydration, Small ioné,wili,have larger hydration

shells, and,will therefore he more éensitive»to the influence of
"dehydrating" eluant media such asvstrong.solutions of hydrochloric
acid. The importance of this phenoménon was shown by Diamond et
g;.,l9 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 comparison of.the behavior of the lanthanide
and actinide elements will be illuminéting_in this.cohtext, since
it seems probable that f orbital hybridization will be avmuchﬁmore_
important phenomenon:in the aétinide-series.than_in fhe lanthanide.
It is also possible-that-hybridization_invblving Tp orbitals might

.begin to .occur toward the end of the actinide series.
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(’-L),Stafk_effecto -If surrounding ions .or groups produce -
electric fields not of spherical symmetry. around .an actinide or ¥ »
lanthanide “ion with unpaired,eléctrons, the (2J + 1)-fold degeneracy

.Involving the spatial orientation of the total angular moméntum
vector J will be partially or completely broken up. The nature and
extent of the splitting will depend upon the term value of the ion,
and upon thefsymmetry and strength of the electric field. The
splitting will be:eXtremely,smallﬂfor'the ions with electronic
structure corresponding to the term 857/2,vi,e°, Cm+++—and'Gd+++.

If the magnitude of,the Stark splitting is.of the order of kT, the
entropy of formation of the state in question may be altered signi-
ficantly. -The larger spatial extension.of the 5T orbitals compéred
with 4f should maké suchieffects greater in. the actinidé‘series than
in the lanthanide series. Hence there may be differences between
the two. series, and between different elements-within,a.series,‘in
the entropy of formation of some comﬁlex-_ions°

It has been found that fhe'formation,of,many organic complex
ions causes a splitting of -the absorption spectrum lines of praseo-
dymium, neodymium andﬂsamariumgzo . Splitting of the_orderHOf kT (at
room temperature) was observed for the citrate complex of praseodymium.

Measﬁrements:of.the’entropy change in .the high temperature
hydrolysis .of the lqnthanide-trichlorideszl'showed no differences
-which could be attributed to Stark splitting; -The entropy of

vaporization of PuF, is the same (within the limits of experimental

3

error) as .that of AmF Hence the difference in Stark splitting

22
3°
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. between the solid and vapor ‘forms of AmF.,.and PuF. must either be

3 3

negligible or very similar for-both compounds.. . -

:(5) Steric effects. It is possible that the formation of .
higher complexes:might\be slightly subject to a steric hindrance,
.which would be more noticeable with the smaller ions of the heaviest .
actinide elements. In-this connection it may be significant that
the crystal structures of'the.sequioxidés,,fluérides, chlorides,
.bromides -and oxychlorides of the lanthanides all show.a change, with
-a reduction in coordination number, somewhere in the middle of the
series’.23 ‘The coordination number is usually:9 for: the:lighter -
lanthanide elements, but drops .to as low.as 6 for the heaviest lan-
thenides. A change of coordination number (from-9 to 8) has been
~observed at neptunium in the ‘actinide tribromide series.

It is worth pointing out that the lanthahide and actinide elements
provide ‘an excellent opportunity for the investigation of some of .the
more subtle -aspects of chemical behavior. ©Small effects may be detected.
which would be hidden by larger differences in the comparison of less
closely similar series of elements.

-The authors.would(likevto re-emphasize the existence 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.inappro-

priate to suggest names for the new elements here,
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