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THE TRANSURANIUM ELEMENTS

Farl K. Hyde and Glenn T. Seaborg
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

A. GENERAL CONSIDERATIONS--THE PLACE OF THE
HEAVIEST ELEMENTS IN THE PERIODIC SYSTEM

I. HISTORICAL VIEWS

1. Speculations antedating discovery of transuranium elements. The

place of the very heaviest elements in the periodic system is of great
scientific interest and is of crucial importance in understanding the physical
and chemical properties of these elements. Ideas on this question have
varied considerably over the years, Periodic charts have commonly placed
thorium, protactinium,; and uranium in positions immediately below the
elements hafnium, tantalum, and tungsten. The latter group of elements
are members of a transition series in which the 5d electron shell is being
filled. Hence this earlier placemént of the three heavy elements corres-
ponded to the assumption that they are members of a 6d transition series.
Indeed thorium, protactinium, and, to a much smaller extent, uranium do
show considerable resemblance in chemical propérties to the 4d and 5d
transition series elements. The electronic configuration beyond the radon
core on this basis would be written thus: thorium (6d27sz), protactinium

(6d37s2), and uranium (6d47sz),

After the appearance of N. Bohr's classic pa.per1 on the quantized nuclear
atom many authors suggested that a 5f transition series should start in the
vicinity of uranium before completion of the 6d shell. Because the complex-
ity of the theoretical problem made it impossible to calculate exact results
and because experimental data were neither plentiful nor definitive there
was a wide difference of opinion as to where the new series might be expected
to start. Some of these early suggestions were the following: Suguira and
Urey2 predicted that the first entry of the electron into the 5f electron shell
should occur at the element with atomic number 95; Bohr3 chose element 94
as the starting point of the series; Karape’coff4 and Wu and Goudsm’i‘c5

suggested element 93; Mayer6 suggested elements protactinium or uranium;
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Gol'cIschmidt7 chose protactinium; Swinne—ia; McLennan, McFay, and Smith8

and Perrin9 and Villarlo suggested thorium.

'N. Bohr, Phil. Mag. 26, 1, 476 (1913).

2Y. Suguira and H. C. Urey, Kgl. Danske Videnskab. Selskab, Mat. -fys.
Medd., 7, No. 13, 3 {1926).

>N. Bohr, Nature 112, 29 (1923).

4V. Karapetoff, J. Franklin Inst. 210, 609 (1930).

5T. Y. Wu and S. Goudsmit, Phys. Rev. 43, 496 (1933).

6M. G. Mayer, Phys. Rev. 60, 184 (1941).

YV, M. Goldschmidt, Travaux du Congrés Jubilaire Mendeleev II, 387 (1937).

"® R.Swinne, Z. Flektrochem. 31, 417 (1925).

8J. C. McLennan, A, B. McFay, and H. G. Smith, Proc. Roy. Soc. (London}
All2, 76 (1926).

9J. Perrin, ""Grains de Matiere et de Lumiere, II-30", Hermannet Cie,
Paris {(1935).

1OGr. E. Villar, J. Chem. Educ. 19, 329 (1942); Ann. Acad. brasil. scienc.
12, 51 (1940). —

2. The actinide element concept. The intensive study of the heaviest

elements in the last few years including the synthesis and study of transuranium
elements up to atomic number 101 has made it certain that, considering the
series as a whole, the 5f series of elements begins at actinium in the same sense
that the rare-earth = series begins with lanthanum. Seaborg has stated

the evidence leading to this view in several previous publications. 1113

The two series are not strictly comparable, however, because the tri-
positive state which would be expected to be characteristic of the actinide
series does not appear at all in thorium and protactinium and does not become
the most stable oxidation state in aqueous solution until americium is reached.
For the elements uranium through americium several oxidation states are
well established. This is a very real difference from the lanthanide series.

It has been interpreted by some as evidence that these lower elements are
not members of an actinide series and that they must be members of a 6d

transition series. Actually this evidence does not distinguish between the two
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series but emphasizes the important fact that the 7s, 6d, and 5f levels

lie quite close together in energy in this region.

Additional evidence, particularly magnetic susceptibility data, has
established reasonably well that 5f electrons are present in ionic compounds
of uranium, neptunium, and plutonium. In the case of protactinium it is
not settled whether the electronic configuration beyond the radon core
contains 5f electrons and in the case of thorium it seems probable that no

5f electrons are to be expected.

-In this connecticn it is imstructive to intreduce a figure-by Seaborg
giving a schematic representation of the comparative electronic binding
energy of the 5f and 6d electronic shells for the heaviest elements. This
diagram (Figure 1), to which no quantitative significance should be attached,
shows the 5f electrons less tightly bound for thorium and lighter elements
and progressively more tightly bound for higher elements. In the region
near the crossing point the 5f and 6d shells lie so close together that the
energy necessary for the shift from one shell to the other may lie within
the range of chemical binding energies. This has been pointed out by
Seaborg, by StarkeBa and by others. Thus, for example, the number of 5f
electrons found for the gaseous atom may not necessarily be the same as
that for the same element in the metallic state, and, in turn, it is possible
that neither of these structures would correspond directly to the chemical

compounds in which hydration and lattice energies play an important role.

HG, T. Seaborg, Paper 21.1 of "The Transuranium Elements', National

Nuclear Energy Series, Division IV, Vol. 14B, McGraw-Hill Book Co.,
Inc., New York, 1949: Hereafter in this fext this book will be referred
to as N.N.E.S. Vol. 14B '""The Transuranium Elements'’,

1‘ZG. T. Seaborg, Chap. 17 of '""The Actinide Elements', National Nuclear
Energy Series, DivisionlIV, Vol. 14A, McGraw-Hill Book Co., Inc.,
New York, 1954: Hereafter in this text this book will be referred to as
N. N.E.S., Vol. 14A '"The Actinide Elements'.

13G, T. Seaborg, Nucleonics 5(5): 16-36 (1949).

132 K. Starke, Naturwiss, 34, 69 (1947).

Figure 1. Qualitative representation of electronic binding energies in the
heaviest elements. ‘
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Seaborg has prepared a list of suggested electronic configurations for

the heaviest elements which reflect these considerations of the relative

s‘tab.ility of the 5f and 6d electrons and which correspond to spectroscopic

data where known. This is shown in Table 1 where additional configurations

to complete the series are also included.

Table 1. Suggested electron configurations (beyond radon)
for gaseous atoms of actinide elements.

89 - Ac
90 - Th
91 - Pa
92 - U
93 - Np
94 - Pu
95 - Am
96 - Cm
97 - Bk
98 - Cf
99 - E
100 - Fm
101 - Mv
102 -

103

6d7s2
6d27s2 (or 5f6d7sz)

5:%6d7s% {or 56d°7s %)

2
56260752

5f57s 2 (or 5f46d7s 2)

5f67s2

5782
5¢76d7s>

5f97s‘2

5¢10752

5£ll752

2

5f1 752

5i3752

5f147s 2

5f146d7s2
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In Section II below the evidence pertaining to the relative significance
of 5f and 6d electrons is summarized in some detail. In addition to this
principal purpose such a summary is a useful way to present some of the
comparative chemistry of the transuranium element group.

II. EVIDENCE RELATING TO THE ACTINIDE CONCEPT

a. Chemical Evidence

3. Tripositive oxidation state in aqueous solution. The characteristic

oxidation number of an actinide series as opposed to a thoride series or a
uranide series, for example, is III. The earliest member of the series
which clearly shows the III state is uranium, the third member. The III
state rapidly becomes stabilized in going up the series and is the predominant
one for americium and curium (elements 95 and 96), so much so that it is

the only oxidation state which is thermodynamically stable in acidic aqueous
solution. Berkelium (element 97) has aqueous oxidation states of III and IV
analogous to terbium in the rare-earth series whose sesquioxide TbZO3

can be oxidized to ThO,. The essential point here is that the half-filled

shell configuration, 5f or 4f7, is especidlly stable; berkelium the eighth
member of the actinide series strives to reach it by releasing one 5f electron
by oxidation; similarly, terbium the eighth member of the lanthanide series

achieves the 4f7 configuration by conversion to Th(IV).

The oxidation potentials for the III-IV couple and for the IV-VI couple
for the elements of the series show the rapidly increasing stability of the
tripositive state in going up the series. These potentials are given in Table
2. Cu.nningham14 has presented a figure showing the free energy of forma-
tion of the aqueous ions of the actinide elements. From this figure, repro-
ducedhere as Figure 2, it is quite clear that the tripositive state becomes
stabilized with respect to all other aqueous oxidation states as the atomic

number increases.

14B. B. Cunningham Paper P/726, '"Peaceful Uses of Atomic Energy,
Proceedings of the Geneva Conference'’, August 1955, United Nations.

Figure 2. Free energies of formation of some aqueous ions of the heavy
elements (113.4 k cal mol=! has been added for the ions MO‘ZF
and MO,++) Plot by B. B. Cu.nningharnu14
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Table 2. Some formal oxidation potentials of the
actinide elements in acid solution.

Atomic Number . . Element Potential (Volts)

II1-1v Iv-vI

92 uranium +0.6 =0.33

93 neptunium -0.14 -0.94

94 plutonium -0.98 -1, 04

95 americium =2. 44 -1.34

96 curium -3, 00{estimated)

97 berkelium -1.6

98 -101 (no data})

In the case of curium attempts to effect oxidation of tracer amounts to

curium(IV) or to curium(VI) have been uniformly unsuccessful. The 162-day
242
m

C which has had to be used in most experiments is a difficult isotope
for the study of oxidation-reduction equilibria because of the reducing effects
244

of the alpha particles, but additional experiments using the 19-year Cm
gave the same negative results. Tetrapositive curium is known in the solid

compound, CmOZ.

All chemical studies of the elements 97 = 101 have been done on a
strictly tracer scale. With the exception of berkelium (element 97} the
" tracer scale behavior in coprecipitation, solvent extraction, and ion exchange
is typical of that for the trivalent actinide elements. No evidence is found for
oxidation to a higher state except in the case of berkelium where such oxida-

tion is expected.

4. Stability of anhydrous halides. The stability of the solid compounds

of the various oxidation states of these elements provides notable evidence
for the increased stability of the III state in going up the series. This is best
illustrated by a consideration of the solid non-oxygenated halides of these
elements. Considering first the fluorides it is noted that no trifluoride
appears in thorium or protactinium and that uranium trifluoride can be pre-
pared only under dtastic reducing conditions. The trifluorides of neptunium

and plutonium can be prepared under relatively mild reducing conditions. For
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the element americium no fluoride higher than the tetrafluoride has been
prepared; for curium no fluoride higher than the trifluoride has been

prepared.

Shifting now to a consideration of the other halides we note that it

has been impossible to prepare any chloride, bromide, or iodide compound
of plutonium or americium with an oxidation state higher than III; it has
been possible to prepare the chloride and bromide of neptunium in the IV
and the III oxidation state in addition to the iodide of oxidation state III but
no compounds of these halogens of oxidation number greater than four are
known. In the case of uranium a whole series of chlorides are known with
oxidation numbers III, IV, V, and VI; the bromides and iodides are known

only for the III and IV state,

Table 3 lists all the nonoxygenated halides of the elements from actinium
to curium which have been prepared and maintained in the solid state except
for the dinalides of thorium. In the case of curium the limitations of works
ing with the 162-day alpha emitter Cm242 are such that the table may not be
complete, but it seems very doubtful that nonoxygenated halides of curium

with an oxidation number greater than III will be prepared,

5. Discussion of evidence on oxidation states. The chemical evidence

just discussed indicates that the 5f electrons are more readily removed by
oxidation thatn the 4f electrons as should be expected on the basis of the
predicted lower ionization potentials of 5f as compared to the potentials of
4f electrons. In a detailed analysis it is necessary to consider the free

energy of hydration or of the crystal lattice as well as ionization potentials.

Thus, the tripositive state of thorium cannot exist in aqueous sclution,
The most stable oxidation state for protactinium is protactinium(V)
although there is now rather clear evidence for an easily oxidized protactinium
{IV) in aqueous solution,l4a"18 Whether protactinium{IIl} can be formed re-
mains in doubt. Bouissieres and Haissinsky17 have reported the reduction
of protactinium(IV) to protactinium(IV) in solution by use of amalgamated
+inc, chromous chloride, or other strong reducing égents, Fried and
Hindman18 have dissolved anhydrous PaCl4 in an oxygen-free solution of
hydrochloric acid and determined its absorption spectrum. This is
characterized by three maxima in the ultraviolet region (2760, 2550, and
2237.5 A° respectively) and by no structure in the visible region. It is of

interest that the observed spectrum is remarkably similar
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Table 3. Halides of some of the heaviest elements.

Element Fluorides A Chlorides Bromides Iodides
Ac

89 AcF3 ACl3 Ac Br3 AcI3
Th

90 ThF4 ThCl4 ThCl3 ThBr4 ThBr3 ThI4 ThI3
Pa ,

o PaFg PaF, ; PeCly paci, PaBr, Pal,
Y i UBr

92 Uf6 UF5 UF4 UF3 UCl6 UCl5 UCI4 UCl3 4 UI4 UI3
Np

93 NfF6 NpFS(? )NpF4 NpF3 NpCl4 NpCl3 NpBr3 NpI3

94F8 PuF PuF, PuF PuCl, | = PuBr Pul

6 4 3 3 3 3

Am .

95 AmF4 AmF3; ArnCl3 AmBr3 AmI3

9écm CmF‘,D,‘
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to that of cerium(III) (configuration 4f1}) since protactinium(IV) might be
expected to have the configuration 5fl on the basis of the actinide concept.
Fried and Hindman estimate the Pa(IV) - Pa(V) couple to be - +0.1 volts.

In the solid state there is definite evidence for lower oxidation states
of thorium and protactinium. Thorium triiodide, 19-21 thorium trichloride‘22
and thorium tribromide22 are known as well as the corresponding dihalides,22
In addition the sesqu.isulfide‘23 and other sulfides of lower oxidation number

20, 23 However, thorium triiodide is not isomorphous with the

are known.
heavier actinide triiodides and the lower sulfides are semimetallic in

character.

14'aG, Bouissieres and M. Haissinsky, J. Chem. Soc., 1949 (supplementary
issue 2, S54): S256.

15R. Elson, Argonne National Laboratory Reports, ANL=4370, Nov. 23,

1949, and ANL-4252, Feb. 17, 1949,

16M. Haissinsky and G. Bouissidres, Bull. soc. chim. France, 18:146 (1951).

17G‘ Bouissiéres and M. Haissinsky, Compt. rend 226, 573 (1948); J. Chem.

Soc., S.253:554 (1949).

185, Fried and J. C. Hindman, J. Am. Chem. Soc. 76; 4863 (1954).

19E. Hayek and Th.Rehner, Experientia, 5, 114 (1949).

ZOJ. S. Anderson and R. W. M. D'Eye, J. Chem. Soc., 1949 (suppleme ntary
issue 2, S51}) S244,

21E. F. Westrum, Jr., private communication, April 1949.

22E. Hayek, .Th.. Rehner, and A, Franck,Monatsh. 82, 575 (1951).

23E. D. Eastman, L. Brewer, L. A. Bromley, P. W. Gilles, and N. L.

Lofgren, J. Am. Chem. Soc., Z_%’, 4019 (1950).

24, 25

In the case of protactinium, Zachariasen and McCu.llough26 have

obtained crystallographic evidence for the dioxide of protactinium with the

25, 27

fluorite structure. Elson, Fried, Sellers and Zachariasen =7’ have pre-

pared PaCl, and shown it to be isostructural with UC14; Zachariasen and
Plettingerz have identified PaF4 as isostructural with ThF4, UF,, NpF,,
and PuF44, It seems likely that many other compounds of protactinium(IV)
will ultimately be prepared.

It cannot be said whether the electrons in excess of the radon shell

are in the 5f or the 6d configuration for these lower oxidation states of
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thorium and protactinium or pcssibly in some combination of these, since
this is the region where the binding energies for the two types of electrons
come closest to equality. From the behavior of uranium, neptunium, and
plutonium it must be deduced that as many as three of the 5f electrons are
given up fairly readily but with increasing difficulty as the atomic number

increases.

In the lanthanide series the tripositive state is dominant throughout the
series, but, nevertheless, there are several instances of dipositive oxidation
states (samarium(lIl), europium(il), and ytterbium(Il) ) from which 4{f electrons
are lost upon oxidation to the corresponding tripositive states. Also the
spectroscopic data indicate that in the neutral gaseous atoms there are gen-
erally only two electrons {beyond the radon structure) outside the 4f shell
although the most important oxidation state is certainly III. Cerium has a
well-known tetrapositive oxidation state., Praseodymium, ihz secona
lanthanide rare-earth, exhibits a tetrapositive oxidation state. Terbium, as
we mentioned above, strives to achieve the half-filled configuration 4:f7 by
oxidation to terbium (IV) although this oxidation has been established only
for the anhydrous oxide. This oxidation presumably involves the removal
of a 4f electron. These facts indicate that even in the lanthanide series
the inner -shell 4f electrons are not bound so tightly that they are quite un-
available for participation in oxidation-reduction reactions. A slight
decrease in their binding energy would have resulted in quite' different
chemical behavior. Or, as Connickzg" has pointed out, if the hydration and
lattice free energies of the tripositive ions relative to the ions of other
oxidation states were different the III state might not have its pronounced

importance.

Z4W. H. Zachariasen, Report MUC-FWHZ-175, 1946,

2'5R., Flson, S. Fried, P, Sellers, and W. H. Zachariasen, J. Am. Chem.
Soc., 7_2_, 5791 (1950).

26Ja D. McCullough, in Report RL=4. 5,56, April 1947,

27R° Elson, S. Fried, P. Sellers, Argonne National Laboratory Report
ANL-4545, Sept. 1950, p. 9; See also Chap. 5, N.N.E.S. Vol.14A
"The Actinide Elements'', 1954,

ZSW, H. Zachariasen and H. A. Plettinger, Argonne National Laboratory
Report ANL-4515, Sept. 1950, p. 33.
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29R. E. Connick, J. Chem. Soc. (Supplementary issue 2, S49): S235.

The known oxidation states of the lanthanide and actinide elements are
summarized in Table 4, The similarities of the two series are apparent as
are the differences resdlting from the more ready oxidation of the actinide
group. The uncertain or unusual states are designated with parentheses;
possible states with oxidation number less than III are omitted where

metallic or possible metallic bonding character is involved.

Table 4. Oxidation states of lanthanide and
actinide elements,

Lanthanide elements:

Atomic number 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

Element La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Oxidation States 2 2 2
33 3 3 3 3 3 3 3 3 3 3 3 3 3
4

Actinide elements:
Atomic number 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Element Ac ThPa U Np Pu Am Cm Bk Cf E Fm Mv

Oxidation states

3 (3)

4
5

3 32 3 3

—
| W
e

3 3
4 4

(

joo o W

oM o W

o U s W
=

5
6

Some of the oxidation states shown in Table 4 are observable only under
drastic conditions so that their inclusion here may be misleading. On the
other hand to list only those states which are stable in aqueous solution also
has short-comings since the existence of an aqueous ion, besides being limit-
ed by the ionization potentials of the electrons, is affected by the specific
chemical processes of hydration and complex formation and is arbitrarily
confined within the limits of its oxidation and reduction by water. The most

stable oxidation states of the actinide elements are underlined in Table 4
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to show the variation in their stability in going across the series.

6. Crystallographic data - isostructural series, Table 5 shows the

crystallographic radii of the tripositive and tetrapositive ions of the actinide
elements. The radii of the tripositive lanthanide ions are shown for compari-
son, As the number of electrons in the f shell increases there is a regular
contraction of the ionic radius in both series; in the rare-earth series this

is referred to as the ''lanthanide contraction’. The extensive studies of

Zachariasen and his co-workers30’ 31

on the crystal structure of the heavy
element compounds have shown a large number of isostructural series of

compounds. The facts are summarized in Table 6.

3OW, H. Zachariasen, Phys. Rev. 73, 1104 (1948); Numerous papers in

Acta Cryst. 1948-1955; J. Chem. Phys. £_€>=,= 254 (19438).
31Wn H. Zachariasen, Chap, 18, N N.E.S. Vol. 14A "The Actinide Elements',
1954,

Theé large number offisostructural series and the closely-similar and
regularly varying crystal radii indicate a smooth transition in going up the
series, a transition most easily explained by the steady filling of an inner

shell of electrons.
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5f Electrons

10

11

12

13

14

Table 5.
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Crystal radii of lanthanide and actinide element ions

Lanthanide Serie s1

Element

La+3
Ce+3

Pr+3

Radius

0.
0.

0.

. 061

. 034
. 013

. 995
.979
. 964
. 950
.938
.923
.908
. 894

. 881

869
858

848

Actinide Series

Element Radius AO Flement Radius Ao

Act3 1.1 Tht? 0.99
(Th™>) (1. 08) patt 0.96
(Pa*3) (L. 05) utt 0.93
ut3 1.03 Np 0.92
Np+3 1. 01 put? 0.90
pu*3 1. 00 Am*? 0. 89
Am+3 0.99

1D. H. Templeton and C. H. Dauben, J. Am.

Chem. Soc. ﬁ, 5237 (1954).

2W. H. Zachariasen, Chap. 18 N.N. E.S.,
Vol. 14A "The Actinide Elements', 1954,
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TABLE 6

UNIT CELL DIMENSIONS FOR ISOSTRUCTURAL SERIES IN THE ACTINIDE ELEMENT

THE DIOXIDES, XOZ CUBIC

SYMMETRY

comPoUNDs!

THE TETRACHLORIDES, XCly
TETRAGONAL SYMMETRY

THE TRICHLORIDES, XCl.

3

HEXAGONAL SYMMETRY

Campound Cell Dimension, & Compound Cell Dimension, & Compound Cell Dimension, &
2 N < a B
T™ho, 5.597 + 001 TRCl, 8490 %.001 7.483 % .001 Accl, 754502 456 .02
P20, 5,507 + .002 PaCl,  8.377.004 7.482 % .004 :
uo, 5.468 & .001 ey, 8.303 % .001  7.483 £ .001 ucty 7443 5,003 4321 % 003
Npo, 5.436 % ,001 NpGl,  8.27£.01  747x.00 NpCl, 7.420 2 .010 4282 + .005
®u0, 5,397 « .001 Puct, 7.395 2 001 4.246 % .001
Amoz 5.376 & .001 (2) AmCl] 7.38 .01 4.25 £ 01
€mo, 5.372 & .003 (2)
THE TRIFLUCRIDES, XF, THE TETRAFLUORIDES, XF,!%
HEXAGONAL SYMMETRY MONOCLINIC SYMMETRY
Campound Cell Dimeusions, & c Cell Dimensions, &
a < a 3 ¢ B
AcF, 4.20 .01 7.55 .02 THE, 1.0 11.0%. 8.6+ .1 126° £ 1°
ur, 4.146 £ 003 7.348 = .004 uF, 1282 & .06 10.74 £ .05 8.414.05  126°10" & 30'
Nij 4.116 = ,001 7.288 = ,004 Npl'-‘t 12.69 £ .06 10,64 @ 05 8.33 % .05 |Zﬁ°10‘ = 30!
Bur, 4.095 5 .001  7.254 & .001 Pur, l2.00 4,06 10.57 £.05  8.28%.05  126%107 = 30'
AmE;  4.0674.001  7.225 % .002 (3) amE,® 2.9 10.47 5.20 126% £ 1°
CmF, 104,00 7.22%.024)
THE HEXAPOSITIVE COMPOUNDS, IHE HEXAFLUORIDES
Na(XO,) (C,H;0,); XF,
CUBIC SYMMETRY ORI HOMBIC DYMMETRYV
Compound el Dimensions Compound Cell Dimensions
Uraniom 10,692 # .001 a W -
Neptunium 10,680 & .002 A 9.900 % .002 8,952 £.002  5.207 x.002
Plutonium 10.664 # .002 npFg () 9.92 = .02 8.99 £ 02 S22 4 .02
Americiom  10.6!7) pur, 1 isostructucal
THE SESQUIOXIDES, X,0,
HEXAGONAL FORM CUBIC FORM
Compound Cell Dimensions, & Compound  Cell Dimensians, &
a < a
4c,0, 1) 408401 6.30 % .02 P01 103 o
Pu,0, 18 1840 2,004 5.957 + 006 Am,0, 3 1103201
Am,0, " 3817« 005 5971+ 010 cm,o,® 11005 .02

MU-10922



-20-

THE THI PROMIDES, ” Xbr,
ORTHOKHOMBIG - Pubr, TYPE

HEXAGONAL FORM - UCl3 TYPE

Comp! Cell Di L3 Compound Cell Dimensions, &
a ¢ a b ¢
AcBr, 8.08 2 .04  4.69 £.02 pNpDr 1267+ .05 412203 9.7 % .04
UEX‘] 7.942 = ,002 4.44] £ ,002 F’\.ll_’)r3 12.64 £ .05 4.10 £ ,03 9.15 = .04
anBl‘z 7.933 % .005 4.391 % .005 /\lr\].h’3 12,6 £ .1 4.1) = .04 9.12 £ .05
THE TRI 10BIDES, X1, THE OXYCHLOKIDES, XOC! THE OXYBROMIDES, XOPBx
ORTHORHOMBIC - PuBr, TYPE |ETRAGONAL SYMMETRY
Compound Cell Dimensions, & Compound Cell Dimensions, & Compound Ceft Dimensions, A
a b e a c ] R
uty 14.01 4 .06 4.32+£.03  10.01 £ .05 acocit® 42502 7.08 £.03 acoBr(® 4282 02 7.4 .03
Nel, 14.03 £.06  4.30%.03  9.95 4 .05 puoct!® 4012 £.002 6.782 1 010 PuoBr'® 4022 4004 7,371 2 .011
Pal, 14.03 % .06 4.30 £.03  9.92 .05 amoct3 400 .01 6.78 + .01
Ami, 14.0 + .1 4312.,05  9.9s.1
! Unless other wise indicated data are taken from W. H, Zachariasen, Chap. 18 N.N.E.S., Vol. 14A, "The Actinide Elements" 1954,

L. B. Asprey, F. H, Ellinger, S, Fried and W. H. Zachariasen, J. Am. Chem. Soc, 77, 1707 {1955).

D. H. Templeton and C. H. Dauben, J. Am. Chem. Soc. 75, 4560 {1953).

L. B. Asprey and F, H. Ellinger, Atomic Energy Commission Declassified Document, AECD-3627.

W. H. Zachariasen, Acta Cryst. 2, 388 (1949).

L. B. Asprey, J. Am, Chem. Soc, E, 2019 {1954).

" L. B, Asprey, 5. E. Stephanson and R. A, Penneman, J. Am. Chem. Soc. 73, 5715 (1951).

J. L. Hoard and J, D. Shoupe, in The Chemistry of Uranium, N.N.E.§., Div. VIII, Vol. 5, p. 439, McGraw-Hill

Book Co., Ine,, N.Y, 1951,

W. H. Zachariasen, U. S. Atomic Energy Commisaion Report MDDC-1151.

I. Malm and B. Weinstock Paper, paper P/733, Peaceful Uses of Atomic Energy-Proceedings of the Geneva Conference.

United Nations, August 1955,
W. H. Zachariasen, Acta Cryst. 2, 388 {1949).
D. H.
D. H.
W. H. Zachariasen Report CK-1530.

W, H, Zachariaaen, Acta Cryst, 1, 265 {1948).

Templeton and C. H. Dauben, J. Am. Chem. Soc. 75, 4560 (1953).

Templeton and C. H. Dauben, University of California Radiation Laboratory Report UCRL-1886, July 14, 1952.
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7. The metallic state, The metallic state has been prepared for the
=

elements thorium through curium. The properties of this series of metals

do not correspond to those of the 5d elements, hafnium {element 72) through
platinum (element 78). On the contrary the resemblance of the chemical
properties of the heavy element metals to those of the rare-earth element
metals is quite close., All are highly electropositive and to about the same
degree. One notable resemblance to the lanthanide metals is the low density
of americium metal (11.7) relative to its preceding neighbors which is pre-
cisely the situation with the metallic state of its homologue europium which
has a low density with respect to its preceding neighbors. A comparison

with tungsten, rhenium, osmium, and iridium shows no such analogy.

8. Ion-exchange behavior, Striking similarities in the chemical behavior

of the aqueous tripositive ions of the lanthanide and actinide elements are
found in ion-exchange behavior. The very difficult problem of the separation
of the rare-earth fission product elements was solved on the wartime
Plutonium Project by adsorbing the aqueous ions on top of a column of
cation-exchange resin and then selectively elating the elements with a
complexing agent such as ammonium citrate buffered tc a suitable pH. 32

The effect of smcll differences in complex formation and of small differences
in resin adsorbability, both effects presumably influenced by small differen-
ces in hydrated ionic radii, are superimposed in this method with the result

that neighboring lanthanide elements can be separated from each other.

When the chemical similarities of the tripositive lanthanide and actinide
elements became apparent, it was oniy natural that the ion«exchange method
should be applied to the latter. Cunningham, Tompkins, and Asprey33 first
used the ion-exchange method te perform a separation of tripositive amer-

icium from curium.,

3ZSymposiu,m on Ion Exchange, J, Am. Chem. Soc. 69, 2769-2881 {1947)

3'3B, B. Cunningham, E. R. Tompkins, and L. B. Asprey, unpublished work

- (1947).

When the column elution behavior of the two series is compared, the

analogy even to details is striking with some eluting agents. Figure 3

shows elution curves for linthan.de und actinide element ions. In both
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cases the mixture of elements was adsorbed on a short column of Dowex-50

cation exchange resin and eluted selectively with lactic acid buffered to a

suitable pH.

Figure 3. Elution of trace concentrations of tripositive actinide elements
(upper curve) and tripositive lanthanide elements (lower curve}
from Dowex-50 cation exchange resin with ammonium lactate
eluting solution. Figure reproduced from S. G. Thompson, et al,
J. Am. Chem. Soc. 76, 6229 {1954). -

A remarkable analogy can be seen in the spacing between the californium -
berkelium = curium - americium group and their rare-earth homologues
dysprosium = terbium - gadolinium-- europium. These spacings reflect
the relative changes in ionic radii wl?lich presumably determine the relative
separations in the ion-exchange adsorption method. It can be concluded,
therefore, that the same sequence of changes in the ionic radius is encounter-
ed on filling the 5f electron shell as occurs on filling the 4f shell; therefore,
it seems clear that curium represents the midpoint in the actinide transition

series of elements in view of its pecsition analogous to gadolinium.
b. Physical Evidence

9. Absorption and fluorescence spectra in aqueous solution and crystals.

The absorption spectra of aqueous ions of uranium, neptunium, plutonium,
and americium show very sharp absorption bands; similarly, adsorption of
light in crystal compounds of these elements occurs in very sharp bands.
This situation is very reminiscent of the lanthanide series where the absorp-
tion is ascribed to electronic transitions involving the 4f electrons. It is
believed that the upper and lower states in these transitions belong to the
same configuration 4f™ and differ only in their electronic coupling to different

L. or S values. 36, 37

For an ion with only one 4f electron, such as ceriumi(III)
or with thirteen 4f electrons, such as ytterbium(III), no such transitions are
expected and none are found. The sharpness of the transition is due to the
shielding of the 4f electrons by the 5s and 5p electrons. In the absorption
spectra of crystals extra lines due to the Stark effect of the crystal field

were observed. The literature in this field is quite extensive, both in
experimental studies and theoretical calculations and correlations. Enough is
known to be sure of the essential correctness of the interpretation on the basis

of 4f
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electrons, but many details are not satisfactorily explained. A brief review
is given by Yost, Russell, and Garner38 where references to the pre-1946

literature may be found.

305 Freed, Phys. Rev. 38, 2122 {1931).

37J. H. Van Vleck, J. Phys. Chem. 41, 67 (1937).

38D. M. Yost, H. Russell, Jr., and C. S. Garner, '""The Rare-Earth
Flements and Their Compounds'', John Wiley and Sons, Inc., New York,

1947.

It seems highly likely that the sharp absorption spectra of the actinide
elements is due to the presence of 5f electrons. A number of details may
be cited in support of this view. In both series the absorption spectra
undergo similar simplification as the middle of the two series is approached,
that is, as the elements gadolinium and curium, <with their seven 4f or 5f
electrons, are approached. This may be explained qualitatively as being
due to the increased stability of the ground state with respect to the first
excited state, leading to energy differences which correspond to absorption
in the ultraviolet region. Curium (III) exhibits no apparent absorption in
aqueous solution at wave lengths above about 3200 R Similarly, gadolinium

shows no absorption at wave lengths above about 2800 .

The homologous ions americium(III) and europium(III) have analogous
absorption peaks at 5000 R and 4000 R, res pectively, and show striking
similarity even in their fine structure. The aqueous-solution absorption
spectra of tri-positive uranium, neptunium, and plutonium show many sharp
absorption peaks in the visible region. Solutions of these ions are highly
colored. Sharp absorption bands undoubtedly involving 5f electrons have
also been found in aqueous solution for the other oxidation states of pluto-
nium and neptunium. The absorption spectra of the transuranium eiements
will be found later in this article under the discussion of the individual
elements. Gruen39

spectra of Np07+ and Pu02++ and has concluded that the SfZ configuration

has carefully analyzed the very similar absorption

is involved. In the case of neptunium{VI} which contains only one 5f electron
no such absorption bands are expected and none are found. Absorption
spectra similar to each other are observed for the aqueous ions of the iso -
electronic series uranium (IV) = neptunium(V) = plutonium{(VI) where the

configuration is presumably 5f° and for the isoelectronic series uraniumiIIl)
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neptunium(IV) - plutonium(V) where the electron configuration is presumably
5f3, 40

Jyfrgensen40a applied the Condon«-Shortley40b theory of interaction
between a pair of electrons in different coupling schemes to calculate the
expected transitions for the 5f'Z configuration, The calculated values were
in good agreement with many of the absorption peaks observed in solutions
of uranium (IV). J@rgensen concludes that the configuration must be 5f2
beyond the emanation shell; 6d2 electrons should show broad band absorption
and seem to be ruled out clearly. Jygrgensen also discussed systems with
three or more f-electrons and compared the theoretical predictions with

absorption spectra of various actinide ions in aqueous solution.

Absorption spectra of crystals are somewhat sharper than solution spectra.
The absorption spectrum of solid americium trichloride contains sharp lines
of the order of 1 to 5 A° wide even when the measurements are made at room
temperature,. 41 This sharpness ranks with the finest ever observed, and, in
fact, only the spectrum of tripositive europium ion is comparable. The
absorption spectrum of the latter originates from a ground state 4f6 (7F0)
configuration; it seems likely that the ground state of tripositive americium
also contains six 5f electrons. The absorption spectra of crystalline uranium
tetrachloride, ‘wfanium trichloride, neptunium tetrachloride and plutonium
trichloride also have sharp lines suggesting rather strongly that transitions
take place between upper and lower states in which the 5¢% configuration is

. 41,42
preserved.

It has been pointed ou’c43 that one difference between the absorption
spectra of the actinide as compared to the lanthanide ions is that the relative
intensity of absorption is much greater for the principal bands of the former
than for the equivalent bands in the latter. In the case of the tripositive ions
the intensity of absorption is as much as ten times as great for the trans-
uranium elements. The transuranium element ions of higher charge show
even more intense absorption, as much as one hundred times as great as for
the tripositive lanthanide ions. These observations are in line with many
other lines of evidence which suggest that the 5f electrons are much less
shielded than 4f electrons and hence are much more readily influenced by

the external environment.
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9D, M. Gruen, J. Chem. Phys. 20, 1818 (1952).

4OR. Rohmer, R. Freymann, A. Chevet, and P, Hamon, Bull. Soc. Chem.

France, 1952: 603.

403¢ K, Jdrgensen, Dan. Mat. fys. Medd. 29, (1955) No. 7.

4ObE. U. Condon and G. H. Shortley, "Theory of Atomic Spectra®,

Cambridge Press, 1935,

#0¢;. K. Jfrgensen, Dan. Mat. fys. Medd 29 (1955) No. 1L,

418. Freed and F. J. Leitz, Jr., J. Chem., Phys. I_L 540 (1949).

42K. M. Sancier and S. Freed, Brookhaven National Laboratory Report,
BNIL.-1008, 1951.

4:3R. Sjoblom and J. C. Hindman, J. Am. Chem. Soc. 73, 1749 (1951).

Fluorescence is well known in a number of rare-~earth ions., This

fluorescence is almost certainly due to the presence of 4f electrons although
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the complexities in interpretation of the details are very great. Fluorescence
has been observed by Gruen and <:0=vvo-rkers44 in mixed crystals of americium
trichloride and lanthanum trichloride. The fluorescence is weakly self-
excited at room temperature due to the radioactivity of Am241 and is strongly
excited by irradiation with a mercury lamp. Many of the lines correspond
exactly with lines found in the absorption spectrum and are interpreted as
representing transitions from excited electronic states to the 7FO level

of the ground state multiplet. A comparison of the fluorescence spectrum

of americium(III) and its lanthanide homologue, europium(Ili), shows the
difference that transitions from only the two lowest-lying electronic levels
above the7F0 ground stafre are observed in the americium case whereas
transitions from five relatively low-lying excited electronic levels are in-
volved in europium., The wider spacing of the americium levels is in

agreement with magnetic susceptibility data to be discussed later.

L4
4’D, M. Gruen, J. G. Conway, R. D. McLaughlin, and B. B. Cunningham,
unpublished results, January 1956.

Fluorescence has also been observed44 in'mixed crystals of plutonium
trichloride and lanthanum trichloride. The fluorescence is weakly self-

excited and is brought out strongly upon irradiation with a mercury lamp.

10. Magnetic susceptibility data - theoretical considerations. The presence

o ——
of unpaired electrons in the heaviest elements should and does lead to

paramagnetism. This magnetic behavior is expected whether the unpaired
electrons are in the 5f or the 6d shell; quantitative measurements of magnetic
susceptibilities of compounds of the heaviest elements should in principle
lead to the resultant magnetic moments in units of Bohr magnetons and dis-
tinguish between possible electron configurations. The considerable amount
of experimental data now available, in general, lends rather strong support
to the actinide concept, but quantitative agreement of theory and experiment
have not been achieved because of compleXities in the situation which make
prediction of the magnetic moment from the electron configuration more
difficult than in the case of the lanthanide rare-earths., As is the case for
other lines of evidence, the situation is not conclusive for the early members
of the series. Nevertheless for the elements neptunium and plutonium the
magnetic evidence provides some of the strongest evidence for the actinide

concept.
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The usual approximate approach is to calculate a molar susceptibility

from the well-known expression:
X = NgZBZJ(J + 1) /3kT {10.1)

where N = Avogadro's number

g= Lande splitting factor = 1" SS+ 1)+ T+ 1) = LIL + 1)
2J(J + 1)

Bohr magneton = eh/2rmc

B
J=L + S = total angular momentum of atom
k = Boltzmann constant

T = absolute temperature

The value of J is taken from the ground state term value calculated
according to Hund's rules,45 Russell-Saunders coupling is assumed and
out of the possible terms allowed by the Pauli principle, Hund supposes
that the one of highest multiplicity, i.e greatest value of 25 1+ 1, lies lowest
In those cases where sleveral values of L are possible w th the same multi-
plicity the greatest L consistent with this S is chosen. The minimum
possible J lies lowest when the 5f electrons are less than seven in number:
the maximum possible J lies lowest when more than seven f-electrons are

present. The predicted ground states for the members of the series are:

12 2,3 3,4 4.5 5,6 6,7 7.8
8,7 6 10,5: 11 4 12,3 13,2
56°('F), 517 Hg b 5f (518), 56 ("5 o) 5T TCHg) 5£7(°F, ) and
st (ls),
45

F. Hund, Z. Physik 33, 855 (1925).

The equation 10.1 is, strictly speaking, applicable only to gaseous ions
and furthermore, it neglects a small diamagnetic term. All experimental
measurements for the heavy elements are made not on gaseous ions but
on solutions or crystals. The justification for the use of equation 10.1 is
the one applied previously to the rare-earths, namely, that the inner shell
of electrons are shielded from the effects of the solution or crystal en-
vironment by the s2 and p6 electrons in the next shell. This is nearly
completely true for the lanthanides; it must be regarded as an approximation

for the heavy elements.
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It is possible also to calculate thecretically the magnetic susceptibilities
expected for unpaired electrons in the 6d shell. In doing this one usually
assumes that the orbital contribution to the ma gnetic moment is quenched
by field effects within the crystal or solution or by Heisenberg exchange
forces. This leads to a '"spin-only' value for the magnetic susceptibility
given by the expression:

X NB2 ‘
m = [4S (S +1)] {10. 2)
where S is the vector sum of the electron

spins of the unpaired electrons.

The calculated molal susceptibilities for 6d™ electron configurations, where
nis 3 or greater, are much too high to agree with experimental measure-
ments on actinide element ions, The calculated values for one, two, and
three unpaired 6d electrons are 1245, 3333, and 6250 respectively in c. g. s.
units x 10°. Experimental values for ions with one, two, or three unpaired
electrons frequently fall between these values and the ones given by
equation 10.1. In such cases the decision between 5% or 64" configurations
is not simple and requires more detailed experiments and analysis with
suitable evaluation of all factors which may contribute to quenching of the
orbital contribution of f as well as d electrons. Some of these factors will

be mentioned in the following review of the experimental data.

11. Magnetic susceptibility data - experimental studies. Calv:ln46 has
fram——nut

measured and compared the magnetic susceptibilities of ThS and CeS,
analogous compounds which might be expected to possess two magnetic
electrons; similarly he measured and compared the magnetic susceptibil-
ities of Th283 and Ce253 in which the metallic ion might be

expected to possess one magnetic eiectron. Both cerium compounds are
paramagnetic to an amount consistent with the presence of unpaired 4f
electrons. The thorium compounds are not paramagnetic. This is most
reasonably interpreted as indicating the presence of 6d rather than 5f
electrons in thorium. In the sulfides the interatomic distances are so small
that the magnetic d electrons on neighboring thorium atoms can pair to form

a metallic bond. Dawson and D'E ye47 have similarly found ThZSe3 to be

slightly diamagnetic,
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Howland and Calvin48 have measured the magnetic susceptibilities of
the cations of uranium, neptunium, plutonium, and americium The results
are presented in Figure 4 together with curium data of Crane and Cunningham
to be mentioned later. >0 The qualitative similarity of the actinide curve
with the lanthanide curve is interpreted as evidence for the 5" electron
configuration for the magnetic electrons. The fact that the experimental
effective magnetic moments are generally lower than the theoretical values
(given in the figure title) is interpreted as resulting from a Stark effect
produced by electric fields of anions and of water dipoles. Partial failure
of the Russell-Saunders approximation could also account for some of the
discrepancy. Crane, Wallman and Cunningham49 made measurements on
solid AmF3 and obtained for the molar susceptibilities, 1040% 300 at 2.950

K, 1290 £ 300 at 199° K and 1740 + 300 at 77° K in c. g.s. units x 1064 Graf,
49a

Cunningham and co-workers me asured the susceptibility of americium

metal and obtained a value of 1600 £ 250 x 10=6 c.g.s. units at 300° K.

46M. Calvin as reported in E. D. Eastman et al, J Am. Chem. Soc. 72,

4019 (1950) and 72, 2248 {1950). ""‘

7J., K. Dawson and R. D'Eye as reported by Dawson, Nucleonics 10, {(9)
39 (1952). m

8J. J. Howland and M. Calvin, J. Chem. Phys. 18, 239 (1950}.
49W. W. T. Crane, J. C. Wallmann and B. B. Cunningham, University of
California Radiation Laboratory Report, UCRL =846 (1950).
49aPL Graf, B. B. Cunningham, et al, University of California Radiation
Laboratory Report UCRL-3280; submitted for publication, J. Am. Chem.
Soc. {1956},

SOW,W., TCrane and B. B. Cunningham, University of California Radiation
Laboratory Report UCRL-1220 (1951).

Figure 4. Molar magnetic susceptibilities of some actinide and lanthanide
ions. The values of the susceptibilities given by the simple
theory at 20°C are 2730, 5420, 5540, 3040, 300, 0, 27250,
multiplied by 107~.{Data from Ref. 48, 49, 50).

Crane and Cunninghan?ohave ‘m easured the molar magnetic susceptibility

3
26,500 + 700 x 10 ~.c. g s. units at about 20° C which is a very large

(=]

of solid CmF, in 10 mole percent solid La]:"3 and have found the value to be
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value in good agreement with the value expected for the ground state term

8
51/2

lanthanide homologue gadolinium(III) is striking {see Figure 4).

in curium(IIl). The similarity of curium(IIl) in this respect to its

Sharp departures from the theoretical susceptibilities occur in both .
series for the ions with 5 and 6 unpaired electrons. The7FO ground state
term for europium(IlIl) and for americium(IIl}) should lead to zero magnetic
moment; instead, the rather high values listed in Figure 4 are found. The
theoretical value for the H5 - ground state term for samarium(III) and
plutonium(IIl) is 300 x 10 units, The discrepancy in the case of samarium
and europium was resolved completely by Van Vleck and Frank51 who
showed that the multiplet splitting in these cases is comparable to kT;
equation 10.1 above is based on the assumption, not previously stated, that
multiplet splitting is large compared to kT, i.e., that only the ground state
term contributes to the magnetism. When allowance is made for the con-
tribution of other terms of the multiplet, good agreement is obtained with
experiment., This correction is unimportant for the other lanthanide ions.
In the case of plutonium(IIl) and americium(IIi} the analogous calculation
has not been made but the lower values of the susceptibilities of these ions
presumably indicate wider multiplet splitting in the actinide ions.,
Preliminary‘interpretation of the fluorescence spectrum of americium bears

out this deduction. 44

SlJ, H. Van Vleck and A. Frank, Phys. Rev. 34, 1494, 1625 (1929).

Another consequence of the Van Vleck and Frank theory is that the

susceptibility for samarium should pass through a temperature minimum

in the neighborhood of 400° K; such a minimum has been observed experi
mentally. Elliott and Lewis52 made measurements on PuF3 and PuZ(CZOA};)ij
9HZO from 76-300° K. Dawson, Mandléberg and Lewis53 extended measure -
ments on PU.F3 and PuCl3 up to about 600° K and found a minimum in the
susceptibility-temperature curve at about 500-555° K. This is good qualita-
tive evidence that plutonium(III} has the electron configuration 5f5,

Susceptibility measurements have been made on a large number of

54-69

uranium({IV) compounds by many authors. The results lie in the range

3,200 to 3,800 x 10“’6 units (at room temperature)} which is closer to the 6d2
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spin=only value of 3333 than to the limiting 5f2 value of 5,390, The behavior
of the susceptibility of U(SO4)Z° 3. ZéHZO and of U(CZO4})2° 5H,O over a wide
range of temperature, however, caused Hutchison and Elliott™” to conclude
that uranium(IV) was isoelectronic with praseodymium(III}. They also
concluded that the crystal fields produce more pronounced perturbing

effects on uranium(IV) than on praseodymium(III). On the other hand the
magnetic measurements of Dawson and Lister™ on UO‘2 and uranium
tetrafluoride diluted with diamagnetic thorium tetrafluoride are interpreted
by Dawsonsg to indicate the configuration ()d2 for uranium(IV}. Similarly,
Trzebiatowski and Selwood58 feel that their measurements on solid dilute
solutions of uranium dioxide in diamagnetic thorium dioxide are best in-
terpreted in terms of 6d electrons in uranium(IV) since the value at infinite
dilution corresponds to complete quenching of the orbital contribution;
similar experiments by Dawson and Lis‘cer69 and Slowinski and Elliott68
lead to the same result. This seems reasonable since uranium is in just
the region where the energy difference between the 5f and 6d levels seems
to be within the range of chemical binding energies; however, since the
argument for the 6d'2 configuration is based on the observed quenching of
the orbital contribution to the magnetic moment the possibility of this

occurring with 5f electrons should be studied further,

52’1'\]', Elliott and W, B. Lewis, Abstract 90, reported at the 118th meeting

of the American Chemical Society, Chicago, Illinois, September 1950;
Report AECD-29100 (1950).

53J., K. Dawson, C, J. Mandleberg, and D. Davies, J. Chem. Soc. 2047
(1951).

54W, Sucksmith, Phil. Mag. 14, 1115 (1935).

55C, A. Hutchinson, Jr. and N. Ellictt, J. Chem. Phys. 16, 920 (1948);
Phys. Rev, 'Z_.:_%_, 1229 (1948). —-

56R. Lawrence, J. Am. Chem. Soc. 56, 776 (1934).

57J° K. Dawson and M. W, Lister, J. Chem. Soc. 2181 (1950).

58W., Trzebiatowski and P. W. Selwoc;d, J. Am. Chem. Soc. 72, 4504 (1950).

59J., K. Dawson, J. Chem. Soc. 2889 (1951); 1185 {1952).

60N, Elliott, Phys. Rev., 76, 431 (1949).

613’. K. Dawson, J. Chem. Soc. 429 (1951).
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L. Sacconi, Atti accad. naz. Lincei, é_, 639 (1949).

H. Haraldsen and R. Bakken, Naturwissenschaften 28, 127 (1940).
H. Bommer, Z. anorg, Chem. gﬂ, 249 (1941).
N

. Elliott, 1.,. Corliss and Y. Delabarre, Brookhaven National Labora- *
tory Report BNL-39 {AS-3) p. 47, December 1949,

66R. Stoenner and N. Elliott, J. Chem. Phys. 19, 950 (1951).

67N. Elliott and W. B. Lewis, U. S. Atomic Energy Commission
Document, AECD-=2910, 1950.

68E. Slowinski and N. Elliott, Brookhaven National L.aboratory Report,

‘BNL. -1199,

69J. K. Dawson and M. W. Lister, J. Chem. Soc. 5041 {1952).

A number of measurements have been made on plutonium(IV) compounds

48,70, 71 Dawson has

in which four unpaired electrons may be expected.
evidence that the paramagnetic electron-exchange interaction contributes
materially to a lowering of the susceptibility, He made measurements on
plutonium tetrafluoride and plutonium dioxide diluted with the isostructural
diamagnetic compounds thorium tetrafluoride and thorium dioxide, respec-=
tively, and found susceptibilities increasing with dilution, with the -
extrapolated values at infinite dilution for room temperature {3020 x 1046)
corresponding essentially to the value predicted (3010 x 10a6)) for the

configuration 5f4w

The neptunyl ion contains one unpaired electron and the plutonyl ion

contains two., Several measurements of the magnetic susceptibility of

72,73

compounds such as sodium neptunyl acetate and sodium plutonyl

aceta’ce74 have been carried out. Detailed theoretical analysis of Elliott75
and of Eisenstein and Pry‘ce76 has shown that the susceptibility is strongly
influenced by the special properties of the linear [ O-Np-0] +2 and

[ O-Pu-0] +2 ions and that the measured low values for the susceptibility
are completely consistent with the presence of 5f electrons. This
theoretical analysis modifies previous interpretations ef the data on these

. 77,78
ions,

70J. K. Dawson, J. Chem. Soc. 1882 (1952).

71N. Elliott, W, B. Lewis, Paper 90, Symposium on '"The Chemistry of
the Actinide Elements', American Chemical Society Meeting, Chicago,
September, 1950,
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72D. M. Gruen, Argonne National Laboratory Report ANL-4469, June (1950).

73D. M. Gruen and C. A. Hutchison, Jr., J. Chem. Phys. 22, 386 (1954).

74J, K. Dawson, Atomic Energy Research Establishment Report AERE
C/R-876 (1952).

"SR, J. Elliott, Phys. Rev. 89, 659 {1953),

76.]., C. Eisenstein and M. H. L. Pryce, Proc., Roy. Soc. (A}, 229:

20 (1955).

77J, K. Dawson, Nucleonics 10 (9) 39 (1952).

78J, K. Dawson and G. R. Hall Paper, "Peaceful Uses of Atomic Energy -
Proceedings of the Geneva Conference', P/440, August, 1955, United

Nations.

Predictions of the theory76 regarding anisotropic susceptibility in
single crystals have been confirmed by paramagnetic resonance experi-

79, 80

ments. The presence of a single 5f electron in Npoz'l'Z and of two

5f electrons in Pu02+2 may be considered to be definitely established,

Gruen, Malm and Weinstock81 measured the magnetic molal suscepti-
bility of crystalline plutonium hexafluoride and found the value 290 x 10~
at 295° K and 330 x 10°° at 81° K. This small, relatively temperature-
independent susceptibility is surprising since other compounds that are
isoelectronic with PuFé(U+4, NpOZ, and Pu02+2) have susceptibilities of
magnitude 3000 - 4000 x 10 =~ at room temperature that are strongly
temperature dependent. It seems likely that the two non-bonding electrons
in Pu]:"6 unlike those in U+4, Np02+1, and Pu02+2 have paired spins and

that the electronic ground state is non-degenerate.

79B. Bleaney, P. M. Llewellyn, M. H. L. Pryce, and G. R. Hall, Phil.
Mag. {__1_5_, 773, 991 (1954); éé_, 992 (1954).

SOCD A. Hutchison, Jr., and W. B. Lewis, Phys. Rev. 95, 1096 (1954).
81D. M. Gruen, J. G. Malm, and B. Weinstock, unpublished results cited
by B. Weinstock and J. G. Malm, paper P/733, "Peaceful Uses of
Atomic Energy - Proceedings of the Geneva Conference', August, 1955,
United Nations.

In summary, the interpretation of experimental data has shown that

the predictions of the actinide concept are borne out in the following ions:
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6 2

’ 2,
> 1 puo, T (sl

i Put(56%); Put¥(se®); oo,
0

+Z(5f Jo In the case of U+4 ({two unpaired electrons)

Ccm3(567); AmT (58

NpO,**(5¢'} and UO,
and U+3 (three unpaired electrons ) many workers have interpreted the

data in support of 6d electrons, but a final decision has not been made. In
the case of Th'*'3 {one unpaired electron}) and Th"'2 {two unpaired electrons)
the evidence strongly favors a 6d assignment, These results are consistent
with the chemical evidence in indicating that the 6d and 5f levels are of
equivalent energy in the first few elements of the series, but that the

f electron levels definitely lie lower once these elements are passed. The
magnetic evidence is perhaps the most definite in showing the presence of

f electrons in neptunium and plutonium.

12, Spectroscopic data. Spectroscopic data yield detailed information

on the electron configurations of the lowest-lying states for the gaseous

atoms for a few of the actinide elements. Such data lends strong support

to the actinide concept. Kiess, Humphreys, and I_,au.n81a observed the
spectra of uranium under arc and spark excitation and catalogued 9000

lines in the UI spectrum with accurate wavelengths and estimated intensities
for the region 2900 X to 1,000 ﬁ With the aid of well resolved Zeeman

patterns the authors determined that the lowest lying term was 5L6
[~
(5f36d17sz',;\, Other important low-lying terms are '“K"5(5f36d7s2)) and

7I\/Ié(5f36d27s> with the three 5f electrons appearing throughout. Schuurmans

and co-workers confirm this analysis of Ul and provide an analysis of the
UIl spectrum. The lowest-lying term is419/2(5f37sz)° All important low

levels are ascribed to configurations with three 5f electrons; namely

(5f37szj(5f36d7s) and (5f36d2) .  The important terms are 41, 6L5 6K, 61\/[9

and 61, Additional work on UIl has been carried out by McNally and

84, 85 and by van den Bosch. 86 The information which has been

Harrison
deduced by the analysis of these workers is extensive, but a complete anal-
ysis of the exceedingly complex spectra of uranium will require much
additional work. The present analysis is very strong evidence for the
conception of uranium as the third actinide element analogous to neodymium
in the rare-earth series. The term analysis of neodymium spectra
however, leads to somewhat different results for the ground state terms.

2(®1). In NAII the

Iand *1) and 4r%5a(°LOk);

In NdI the only ground state term identified was att6s
6

low-lying levels and configurations are 4f46s(

the ground state term is 17/20
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81aC. C. Kiess, C., J. Humphreys,and D. D. Laun, J. Research Nat.

Bur. Standards, 37, 57 (1946); J. Opt. Soc. Amer. 36, 357 (1946).

82p, Schuurmans, Physica 11, 419 (1946).

83P, Schuurmans, J. C. van den Bosch, and N. Dijkwel, Physica 13,
117 (1947). -

84.1. R. McNally, Jr., and G, R. Harrison, Report Y-340 (1949}.

853, R. McNally, Jr., Phys. Rev. 77, 417 (1950).

863'., C. van den Bosch, Physica 15, 503 (1949); Phys. Rev. 80, 100 (1950).

87W, E. Albertson, Astrophys. J. 84, 26 (1936).

In the case of thorium, two groups of investigatorsss’ 89

have interpreted
the spectrum of Th(II) due to singly ionized thorium atoms. The
lowest-lying energy states belong to (6d7sZ)), (6d27s), and (6d3)) electron
configurations. A set of prominent low -1ying states, however, are
attributed to the configurations (5f7sz) and (5£6d7s).

Additional observations on the gaseous Th"'2 and Th+3 spectragoa94

show that 6d and 5f electrons are close in energy. For example, the
ground level of Th(III) is 3F2(6d2}) while the level 3H4f(5f6d) lies only 809.9
90

=1
cm ~ above.

In the case of the transuranium elements the results from uranium spectra
have been used, in lieu of additional information, to make predictions concern-
ing the expected electronic configuration for the neutral gaseous atoms. 95
More recent experimental information has necessitated changes in these
configurations which reflect a closer similarity to the corresponding lan-

thanide elements than had been expected.

88J. R. McNally, G. R. Harrison, and H. B. Park, J. Opt. Soc. Am. 32,

334 (1942); J. k. McNally, Jr., J. Opt. Soc. Am. §2, 390 (1945).
89T L. deBruin, P. Schuurmans, and P. F. A. Klinkenberg, Z. Phy51k
121 667 (1943); 122 23 (1944),

90 P. F. A. Klinkenberg, Physicaﬁ, 618, 185 (1950);
Mg, J. Lang, Can. J. Research, Al4, 43 (1946).
92

T. L. deBruin and P. ¥. A. Klinkenberg, Proc. Acad. Sci. Amsterdam
i?: 581 (1948).
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93T° L. de Bruin, P. F. A. Klinkenberg, and P. Schuurmans, Z. Physik

118, 58 {1941).

94P, F. A, Klinkenberg and R. J. Lang, Physica 15, 774 (1949).

PPW. F. Meggers, Science 105, 514 (1947).

Work on the Zeeman effect in plt.ltonium96 spectra indicated a prominent
6F(5f77s) state for Pull. An extended analysis by McNally97 showed that

the ground state of Pull was 8Fl/z(5f67sl) with 8F lying 2014. 7 cm "1
98

3/2
above. This ground state is identical to that of SmII, the rare earth
homologue of plutonium. One may predict that the ground state of Pul is

7F(4f66sz) by analogy to Sml.

A preliminary term analysis of the spectrum of americium by Fred and
7

99 establishes the ground state of AmII as 9S(4f 6sl) with the

splitting between the 9S and the 7S multiplet equal to 2498, 35 cm :.16 This

Tomkins

compares to 1669, 21 cmm1 for the same multiplet splitting in Eull. Hence
the ground state of AmlIis probably 88(4f7652)g similar to that of Ful.
98

The rare earth homologue of curium is gadolinium. The ground state
of GdI is 'D(4f '5d'6s%) and of GdII is OD(4f '5d'6s'). There are six
multiplets lying below 1,000 cm -1 and the highest two of these are inverted.

05 4e75at6sh
8 b4t 'salesh
85(4sT5al6s!)

g4 5atesh)
8D(4f75d16s) inverted
6D(4f75<:116s) inverted

The optical spectrum of curium has been observed100 but no term
analysis has been carried out. The isotope shift has been studiecil101 using
samples of Cm242 and Cm244, A shift was observed in 148 lines out of
182 recorded with shifts ranging up to 0.131 cmcl, For some lines the
shifts are opposite in sign to those of the majority. These observations
constitute qualitative evidence for an electronic configuration in curium

similar to gadolinium. The large isotope shift observed for several of

the actinide elements is believed to be associated with s1 and s‘2 electrons.
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Six multiplets near the ground state would explain why such a large per-

centage of lines show the isotope shift. Inverted multiplets could account

for the shifts in the abnormal direction.

90b. M. Griffin »ad I. R, McNally, Jr., J. Opt. Soc. Am. 45, 63 (1955}
971 R. McNally, Jr., J. Opt. Soc. Am. 45, 901 (1955).
98

H. N. Russell, J. Opt. Soc. Am. 40, 550 (1950).

99M. Fred and F. S. Tomkins,, J. Opt. Soc. Am. A’ﬁi 824 (1954).

1OOJ. G. Conway, M. F. Moore and W. W. T. Crane, J. Am. Chem. Soc.
Zé_, 1308 (1951).

101.1. G. Conway and R. D. McLaughlin, J. Opt. Soc. Am. 46, (1956).

Thus the recent work on plutonium, americium, and curium suggests
that these elements are following a pattern similar to samarium, europium,
and gadolinium. The succeeding actinide elements in lieu of any experi-
mental information other than chemical information, are shown in Table I,

Section 2, with electron configurations analogous to the rare earths.

Figure 5 is a periodic chart of the elements with the elements above

actinium grouped as an actinide series.

Figure 5. Periodic chart of the elements.
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B. THE INDIVIDUAL ELEMENTS

I. NEPTUNIUM (ELEMENT 93)
a. History of Neptanium

13. The transuranium elements before the discovery of fission. Not

long after the discovery of the neutron Fermi" realized that the bombardment
of uranium by neutrons might be expected to lead to the production of one or
more radioactive isotopes of uranium which would decay to form atoms of
element 93, This prediction was eventually proved to be correct and it is

now known that Np239

can be produced by the following sequence when uranium
is irradiated with slow neutrons.

238 4239, 239 _23.5 min. 239

U“"® (n, y) ;U = Np (13.1)
When fast neutrons are used Np237 is produced via the sequence:
237 6,7 days 2
u?38 (n, 2n) U7, U R LI 37 (13, 2)

lE. Fermi, Nature 133, 898 (1934]).

These facts were not determined for many years, however, because between
1934 aad the time of the careful radiochemical experiments of Hahn and
Stratssma.nnZ published in 1939, it was not realized that nuclear fission occur-
red when uranium was bombarded with slow neutrons. Many of the fission
product activities were incorrectly considered to be transuranium element
isotopes. The situation was further confused experimentally by the belief
that element 93 should resemble rhenium, that element 94 should resemble
ciininm, =tc. A rather extensive literature developed on the "transuranium"
elements 93-96 in the peried immediately before the discovery of fission.

An historical account is given by Turner. 3 The interesting but confusing
experimental results which had become so difficult to understand from the
standpoint of known physics or chemistry were quickly and correctly inter-
preted in terms of fission product activities when the phenomenon of nuclear

fission was recognized.

ZO, Hahn and F. Strassmann, Naturwiss 27, 163 (1939].

3L A. Turner, Rev. Mod. Physics 1_2_.’ 1 {1940).




Figure 5

: 2 weom

H He
10080 4.003
3 ot | & e |5 semon 6 camson| 7 wiwoce |B onwee] 9 romwc [0 weow

Lt | Be | B C N 0 F Ne
6.940 s.013 10.82 1z.00 14008 16.000 19.00 20183
W soowe |12 waswetn |13 s @ oo {15 ecsmona |18 mwrun |17 cwowme |16 amaow

Na | Mg | Al S|P | S |C | A
22.99. 2432 26.98 20.09 30975 32066 | 3m.4s7 30044
19 rominoe |20 cocom |21 scoun |22 rrewm |23 oo |20 comomow |25 wmsaneie |26 won| 27 comr |28 wom | 29 30 wwe|3 owuue]32 cowee| 33 amowc |34 soeow |39 ot |36 seow

K | Ca|Sc |Ti | V |C | Mn|Fe |[Co Ni |Cu|Zn|Ga |Ge |As | Se | Br | Kr
300 | 4008 | 4496 4790 | so09s 52.01 5494 5.5 $8.94 58.69 5354 6538 6972 72.60 74.91 7896 | 79018 3.80-
37 wveimn |38 sraowwe | 39 vrim |90 timcomen | 41 wawow | 42woursoen [[43 TecuCra] 44 mutuewom| 98 moona| 46 sarsoue | 47 W@ cowon] 45 mewe| 80 Tm| 81 awmwowt [52 reconn |53 voowt |84 weren

Rb{Sr | Y |Zr | Nb | Mo | Tc | Ru | Rh | Pd Cd i In|Sn|Sb|Te! I | Xe
e5.48 8763 | 8ae2 a2z 929| 9595 389t 101t 102.81 1067 107880 | w24t uere | naro 12176 12761 12881 133
55 cosum |56 samun] 771 T2 w73 s | 78 twenten |75 ey |76 owun [ TT e |78 manen | 79 80 wemonr |81 tuncwa| 82 1600[85  wewrn ([  rocwonl|[@3  asrawnt ||| racon

Cs | Ba |La-lul Hf | Ta | W | Re |.Os | Ir | Pt | Au|Hg | TI Pb | Bi | Po | At | Rn

13291 3736 785 | 18095 183.92 186.31 902 192.2 195.23 2006t | 20439 | 2072 | 20900 | 21000 210 222

ITO‘ 105 los —
223 | 20608
57 wanmamas | 58 comum |39 phastooranon] 60 wcoorenss [ sroutrenm]] 62 sasnnw | 63  corarun | 64 cancumon | 65 66 oriatum |67  wouenw |68 crmaw |69 rawowu | 70, vriexmum | T Lurenom
Lanthanides | La | Ce Gd | Tb-! Dy | Ho | Er | Tm | Yb | Lu
3892 | 1303 15893 | 16246 | 164.94 1672 16694 | 173.04 | 17499
85 wcrnnell90  swon |[Sieaotactinon o7 u--zuu-mwmnm-]rw renmiun][[ Clusnoeumo]| 102 103
Actinides | Ac | Th | Paj U § Np|Pu ) Am|Cm | Bk || Cf | E | Fm | Mv
22704 || 232.05 §| 23104 || 23807 [ 23708 244 243 (248) 249 (254) (257) (259)
L2t ) 23] 22
o



-39

14. The discovery of neptunium - summary of known isotopes . Following

the discovery of fission and the realization that most of the activities produced
in the bombardment of uranium with slow neutrons were fission products
rather than transuranium elements a new search was begun for element 93,
The first certain identification of an isotope of this element was cdrried out
by McMillan and Abelson4 at the University of California in 1940; they found

39 formed as the decay product of the 23~-minute U239

produced from the bombardment of uranium with neutrons; U238(n, y}U239

the 2. 3-day isotope Np2

23;%;utes > Np239, MecMillan and Abelson chose the name neptunium
Es&mbol Np) from the planet Neptune which is the first planet beyond Uranus
in our solar system. McMillan and Abelson realized from their chemical
experiments that this first transuranium element was not eka-rhenium and

that it must be a member of a 5f transition series.

4E, M. McMillan and P. H. Abelson, Phys. Rev. 57, 1185 (1940).

When uranium was bombarded with deuterons in the Berkeley 60-inch

39

cyclotron 2.3 -day sz was produced by the (d, n) reaction, and in addition,

another isotope, 2.0-day Np238,was produced. > Much of the initial tracer

work on neptunium chemistry was performed with Np239

Z39=‘NpZ?’S mixture produced by

produced by neutron
irradiation of uranium or with the Np

deuteron bombardment of uranium.

The longest-lived isotope of neptunium and the isotope which must be re-
garded as the most important from the standpoint of chemistry is sz'37 which
has a half-life of 2.2 x 106 years. It was found by Wahl and Seaborg in 1942, 6
and is produced by the reaction

U238 (n, 2n)u?3’ NpZ2 (14.1)
6.75 days

The first isolation of a weighable amount of Np237 was carried out by
Magnusson and La Chapelle7 at the Metallurgical Laboratory in October,
1944, The operation of large nuclear reactors for the produc’tion of plutonium
has made it possible to isolate many grams of neptunium because it is
produced as a by-product by the (n, 2n) reaction, The cross-section for this
reaction is approximately one percent of the neutron capture cross-section

of U238,
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5G. T. Seaborg, A. C. Wahl, and J. W. Kennedy, Paper 1.4, N.N.E. S.,

Vol. 14B "The Transuranium Elements'', 1949.

6A. C. Wahl and G. T. Seaborg, Phys. Rev. Z}_p 940 (1948).

7L, B. Magnusson and T. J. LaChapelle, J. Am, Chem. Soc. 70, 3534

{1948); see also Paper 1.7 N.N.E.S. Vol.14B, "The Transuranium Elements',

{1949).

Neptunium=-237 has another significance in that it can be regarded as the
parent of the 4n+l radioactive series missing in nature. The other three
series, the thorium series (4n), the uranium - radium series {4n+2}, and
the actinium series (4n+3) are present in nature because the parent activities

Th232, U238g and U235, respectively, are sufficiently long-lived tc have

persisted through geologic time. The half-life of Np237 is about a factor of
ten too short for the survival of an appreciable fraction of the neptunium

which almost certainly was present at the beginning of the world.

It was predicted8 that very small amounts of Np'237 must be present in
nature due to its continuous production by the action of naturally occurring
fast neutrons wvia reaction (14.1}. Peppard and his co==workers9 have estab-
lished the existence of Np237 in Belgian Congo pitchblende in concentration

corresponding to a ratio of Np237 to U238 of 1.8 x lOalZ°

The 4n+l series is sometimes called the neptunium series by analogy

to the uranium and thorium series,

The neptunium series decay sequence is shown in Figure 6.

-

Np237 a ' _ pal33 B _ 233 a_ N
2.2 x10° years 27.4 days 1. 62 x 107 years
. _
71,229 a _ Ral2S 8 . A5 __a g2l A
7340 years 14. 8 days 10 days 4.8 min.

W \
2,2 min .,__.=B_,_._=,_> Bi209
0. 018 sec %} 3.3 hr stable
47 min 4 2 x1077 sec

Figure 6. Decay scheme of the neptunium series,lo’ H

217
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8G. T. Seaborg, Chem. Eng. News 25, 358 (1947).

9D, F. Peppard, G. W. Mason, P. R. Grey,and J. F. Mech, J. Am. Chem.
Soc. 74, 608l (1952).

]

‘OF., Hagemann, L. I. Katzin, M. H. Studier, G. T. Seaborg, and A.
Ghiorso, Phys. Rev., 79, 435 (1950).

11A. C. English, T. E. Cranshaw, P. Demers, J. A. Harvey, E. P.
Hincks, J. V. Jelley, and A. N. May, Phys. Rev., 72, 253 (1947).

A large additional number of neptunium isotopes have been prepared by
cyclotron reactions, These isotopes are listed in Table 7. The decay
scheme of those isotopes which have received most careful study are given
in Figure 7. Nuclear properties of the transuranium elements as a group

will be reviewed in Part C of this report.

Figure 7, Decay schemes of neptunium isotopes.
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Isctope and
Half-Life

NP237
2.2x106 Vi

238
2.1d

Np2 39
2.33d B"

240m
7.3m

240
63m

Type of
Decay

p stable

B
Y

EC < 1%
B-

Y

Energy (Mev)

43

.872(3. 1%), 4.816(3. 5%)
.787(53%), 4. 767(29%),

. 644(6.0%), 4. 589(0. 5%)

4
4
4.713(1.7%), 4. 674(3. 3%)
4
4

.52(0.02%)(Ref. 6)
.0297T, .0869%, . 145,.175,.200

(Ref. 6)

tmetastable tt1/2=3. 7x10-8sec.
.033 and . 076 levels in Np237
reached by Coulomb excitation. 11

.27, 1.25(Ref. 7)
.044, .1022,.927,.942, .986,

1.029(Ref. 7)

. 640, . 430, .330,.210(Ref. 8)
.3345,.3165, .2856%,.2777%,
L2731, .2546, .2284%, . 2264,
.2090%,.1818,.1061%, . 0678,
.0614%,.0573,.0494, . 0446

(Ref. 8)

+metastable t 1/2=1.93x10-sec.
fmetastable t 1/2=1. 1x10-9sec.

. 76(60/0), 1. 2.6(11‘70), 1. 59(31;‘70),
2. 16(52%)(Ref. 9)
. 56(63%), .90(26%), 1.40(10%)

(Ref.9)

-9

numerous(Ref. 10)

Method of

Production

daughter

Np237 n-y
U238 d-2n
y238 a-p3n
Np237 d-p

U238 g.n
U;gg a-pZn
U n-yp~

daughter y240

v238 ¢ _pn

UZ37
U238 (n-2n) g3

Disintegration:

Energies (Mev)

Q. =4.97

1“:5/2

QB— =1.30
Qrc=0. 12(calc.)
Qq =4.88(calc.)
Qﬁ——‘—O, T2

Qq =4.56(calc.)
I =1/2

Qﬁ-=2. 16

Q. =4.53(est.)
Qﬁ——-—-z. 05

Q. =4.42(est.)
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*For references to original data not given specifically here, refer to Hollander, Perlman and Seaborg,
"Table of Isotopes,'" Rev. of Mod. Physics, 25, 469 (1953) and to the compilations of the Nuclear Data
Group, National Research Council. T

*Disintegration energies (Q are revised values from R. A. Glass, S. G. Thompson, and G. T. Seaborg,
J. Inorg. and Nuc. Chem. l, 3 (1955).

*Placement of Np236m with respect to Np236 is not known.

R. W. Hoff, Ph.D. Thesis, University of California Radiation Laboratory Report UCRL-2325 (Sept.
1953).

R. J. Prestwood et.al., Phys. Rev. 98, 1324 (1955). _
R. W. Hoff et. al., University of California Radiation Laboratory Report UCRL-4517 (Dec. 1955).
T. O. Passell, Ph.D. Thesis, University of California Radiation Laboratory Report UCRL-2528 (1954).
J. M. Hollander, private communication (1955).
I.. B. Magnusson, et. al., Abstract A1l Bulletin of the American Physical Society, Volume 30,
Number 7 (Nov. 1955).
J. O. Rasmussen et. al., Phys. Rev. 99, 42 (1955), Phys. Rev. 99, 47 (1955).
J. M. Hollander et. al., University of California Radiation Laboratory Report UCRL-3222 (Sept. 1955). Phys,
J. D. Knight et. al., Phys. Rev. 91, 889 (1953). Rev., May 1, 1956,

R. M. Lessler, University of California Radiation Laboratory Report UCRL-2647 p. 54 (July 1954).
J. O. Newton, Nature 175, 1028 {1955).
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b. Chemical Properties of Neptunium

15. The oxidation states. Neptunium exhibits interesting and complex

chemical properties due to the existence of four oxidation states of roughly
comparable thermodynamic stability. These are the III, IV, V, and VI
oxidation states. In aqueous solution the ionic species, neglecting hydra-
+47 NpO+Z,

for neptunium in perchloric acid are given in Figure 8. Only slight

tion, are Np+3, Np and NpO+§. The formal oxidation potentials
complexing of neptunium ion species occurs in dilute hydrochloric acid

and nitric acid so that the same potential scheme holds for these acids
with but slight changes. In sulfuric acid and other strong complexing

media some of the potentials are markedly changed.

Figure 8. Formal Oxidation Potentials of12
Neptunium in Perchloric Acid

-0.677
l ++
Npo +1. 83 Np+3_-0.155 Np+4 -0.739 N O+2 1.137 NpOZ‘
' =0.447 —
-0.938

The potentials of the couples in basic solutions are quite different

because of hydrolysis reactions but no reliable data are available.

The oxygenated ion NpO',"Z2 resembles UO+22 and I—“"U.O‘*_Z‘2 . This
structure, as well as the NpO‘"i"Z1 structure, is very stable and persists
throughout a wide range of acidity; it is modified only when hydrolysis
occurs in solutions of low acidity. This type of ion may be considered
unique to the actinide elements and probably results from a special
type of hybrid-bond formation involving 5f orbitals.

Oxidation-reduction reactions involving interconversion of Np+

and Np+4t are rapid because only an electron transfer is involved. A
similar situation holds with respect to the NpOZ - NpOEZ couple.

Interconversion of members of these two groups such as oxidation of
N[:f"4 to NpOz involves the breaking or making of Np-O bonds so that.

such reactions can be quite slow. The study of the kinetics of these
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reactions constitutes an interesting and important part of neptunium

chemistry.

Tables 8 and 9 summarize thermodynamic data for the aqueous ions

of neptunium.

Table 8. Values of AF, AH, and AS at 298° Kin1.0 M HClO for
Oxidation Reactions Involving Ncptumum Ions.

Reaction AF. ) AH 1 AS
kcal mole kcal mole o i
+3 4= - +4 ,
N H" 2 N 1/2H 3.58 =5.7 =31.2
Plag) + B = Nejuq) + I/2H,

+a A NpOH ¥

17. 04 35.6 62.3

NpO%, ag + H' ——— NpOJ (aq) + 1/2 H,
—

26,23 28.1 6.4

Table 9. Partial Molal Heats and Free Energles of Formation for
Neptunium Ions in 1.0 MHClO at 298° K.

Reaction B F

kcal mole = kcal mole’
o -+ +3
Np~ + 3H — —>Np"(aq} + 3,/2H2 (g) -126. ¢ -126.3
Np° + 4H —— Np+4(aq) + -2 H, (g) -132.6 -122.7
Np°© + 2H,0(1) + HF >NpO,"(aq) + 5/2 H,(g) -97.0 -105. 7
Np® + 2H,O(1) + 2H' >NpO,*%(aq) + 3H, (g) -68.9 -79.5

12D.‘Cohen and J. C. Hindman, J. Am. Chem. Soc. 74, 4682 (1952)
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16. Absorption spectra. The aqueous ions of neptunium are colored;

neptunium(IiI), pale purple; neptunium(iV), yellow-green; neptunium(V)
green-blue, and neptunium(VI), pale pink inl MHCIOLL and dark yellow in
1M HZSO4,

and near -ultraviolet. These sharp bands are believed to arise from for -

These ions have sharp absorption spectra in the visible

bidden transitions in the f-shell as was mentioned in Section 9. Figures
9 and 10 show the spectra for the neptunium ions in 1. 0 molar perchloric
acid. The spectra for neptunium(III), neptunium{IV}), and neptunium{V}
are sufficiently different that spectrophotometric analysis can be used to
identify the oxidation state of a neptunium solution or to determine the
composition of a mixture of states. Neptunium(VI} does not show any
absorption in the visible; this is expected since it has only one unpaired

electron.

Figure 9. Absorption spectra of the neptunium(lIl) and (IV) ions in
1. 0 M HC1O,: — T Np(III), --~--=- Npi{Iv+{ From
Sjoblom and Hindman.

Figure 10. Absorption spectra of neptunium(V) and (VI}ionin 1.0 M

HC1O,: ——p—nr Np(VI), ===-=== Np(V). Sjoblom and
. 4 13
Hindman.

17. Neptunium(III} in aqueous solution. Neptunium(III) is unstable in

aqueous solution in the presence of atmospheric oxygen. However in the

presence of an inert atmosphere neptunium can be reduced to neptunium (III)
at a mercury pool cathode, Alternatively neptunium can be reduced by
hydrogen using a platinum-black catalyst. 13 Neptunium(III) resembles
plutonium(III} but very little quantitative information is available on its

reactions.

1?)R. K. Sjoblom and J. C. Hindman, J. Am. Chem. Soc. 73, 1744 (1951).

18. Neptunium(IV) in aqueous solution. Neptunium (IV) may be pre-

pared by the reduction of aqueous solutions of neptunium(V) or (VI}; in

the presence of oxygen no neptunium(IIl} is found. The reduction to
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neptunium(IV) is slow in many instances unless: (1) elevated temperatures
are used, (2) a catalyst such as Fe(Il) is added, or (3} the (IV) state is
stabilized by complexing. Some reagents which are used are potassium
iodide and hydrazine in 5 MHCIl, hydroxylamine or sulfur dioxide in1 M
sulfuric acid, and stannous ioh inl MHCI in the presence of iron{II}

catalyst.

Neptunium(IV} in 1 M nitric acid is unstable with respect to oxidation
by nitrate; in1 M HCl or 1 MHCIO4

by atmospheric oxygen., In all three solutions, however, the rate of

it is unstable with respect to oxidation

oxidation is slow. In sulfuric acid neptunium{IV} is quite stable because of
complex formation. Complexes are also formed with fluoride, phosphate,
oxalate, and acetate ions. Complexing of the (IV) state is more pronounced

than that of the other oxidation states.

Disporportionation (self-oxidation and reduction) of neptunium{iV} is

quite negligible. This is in contrast to the situation in plutonium chemistry.

19. Neptunium(V) in aqueous solution. Neptunium is unique among the

actinide elements in having a stable pentapositive state in aqueous solu-
tion. Uranium(V) is extremely unstable and prepared only with difficulty.
Plutonium (V) is an important aqueous oxidation state of that element but
in acidic solution it is unstable toward disproportionation (self-oxidation-
reduction to higher and lower oxidation states). Neptunium(V) by contrast
is stable in an uncomplexing acidic medium until very high acidities are

reached. The disproportionation reaction can be written

[ Np(IV)] [ Np(VI} 1
[ Np(V)1°

2Np(V) =———————> Np(IV) + Np{VI). K= {19. 1)

The value of the equilibrium quotient, K, has been determined by Sjoblom
and Hindman13 for a variety of acid 