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PARAMAGNETIC SUSCEPTIBILITIES AND ELECTRONIC STRUCTURES 7

OF AQUEOUS CATIONS OF ELEMENTS 92°70'95

(1 ) O DA

~ Jerome J. Howland and Melvin Calvin

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

ABSTRACT
Magnetic susceptibilities per gram atomic weight of elements 92 %o
95 in most of their oxidation states were measured at 20°C. on 0.1 ml of
solution which was 0.005 to 0.09 M in heavy element. The values obtained
(21l naremacrnetic) in e.m.u. x 108 ware: U(1v), 3690; Np(VI), 2060; Np(V),
4120; Np(IV), 4000; Pu(IV), 1610; Pu(III), 370; Am(III), 720. '

The results oould be interpreted only on the basis of electronic con-
figurations 5fn, even though susceptibilities were generally lower than
the theoretical wvalues and lower than experimental values for corresponding
lanthanide 4fn cations. The lower values should be expected as a result
of the Stark effect produced by electric fields of anions and of water
dipoles. Failure of the Russell-Saunders approximation to the coupling
between electrons may account for some of the error in the theoretical

calculations. Wider multiplet splitbing in the actinides accounts for

the fact that the susceptibilities of Pu(III) and Am(III) are many-fold

lower than those of Sm(III) and Bu(II1) respectively.
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PARAMAGHFTIC SUSCERPIBILITY
OF AQUEOUS CATIONS OF ELEMENTS 92 TO 95
(1)

Jerome J. Howland and Melvin Calvin

Radiation Leboratory and Department of Chemistry
University of California, Berkeley, California

Chemical and physical properties and theoretical calculations have
indicated that elemenﬁs of about Z = 90 and higher constitute a series in
which the 5f orbitals are filled as Z increasses. These heavy elements |
have been called actinides in analogy to the name lanthanides for the
rare earth elements(z). It was of interest to determine whether corres-
ponding aqueous cations of actinide and lanthanide elements have the same
outer electronic oonfigurations even though the actinide concept might not
require that they be ldentical.

If an atom has its electrons in question (i.e., those in addition %o
the inert gas structure) in inner orbitals, the electrons may be electro-
statically shielded from neighboring atoms to the extent that the magnetic
susceptibility of a solutbion of suoch atoms can 5e deduced from quantum
numbers of the ground state of the electroniec configuration.b Sometimes
the converse, deduction of erround state quantum numbe}s from the suscep-
tibility, will yield a unique answer. The method was successful for the
lanthanide triéositive ions which have as cuter confirurations 4f1-145825p6-

Susceptibilities of U(IV) and U(III) solutions were reported by
Lawrence(S). Solid uranium compounds have been studied by numerous inves-
tigators(é)._ At room temperature the susceptibility of U(IV) solutions
and salts approximates the theoretical value derived from the spin magnetic

moment of atoms with two unpaired electrons. Since this type of calculation

was successful in accounting for the susceptibility of the first row transi-
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tion element ions which have partially filled 3d electron orbitals, the
observed susceptibility of U(IV) wes usually interpreted as evidence for
a 5d2 electron configuration. This deduction was inconsistent with the
fact that the observed susceptibilities of cations of heavier transition
elements (those with partially filled 4d or 5d orbitals) are generally
many-fold smaller than the "spin only" calculations, and later studies of
general properties of U, Np and Pu made 64 configurations improbable.

(5)

Hutechison and Elliott have interpreted their recent measurements on

uranium(IV) susceptibilities on the basis of a 5f2 structure.

Shortly after plutonium became available, the susceptibilities of dilute

Pu(v1), Pu(V), Pu(IV), and Pu(III) solutions were measured(e) with the ex-

pectation that they might closely parallel those of Pr(III) through Sm(III)

if the amctinide element ions also had £ electronic configurations. The
measurement of Pu(V) was very crude because of the instability of that

(7)

state . TFor the other three plutonium oxidation states there was no
close agreement with expectations of pértiqular electronic structures.
More actinide elements which exist in one or more oxidation states could be
used in the present study. Since the alpha activity of the available iso-
tope of curium would rapidly decompose the water of its aqueous solution,
experiments with this material were not attempted.
Experimental

Magnetic susceptibility measurements Weré made on 0.1 ml samples which
were of the order of 0.01 M in heavy element by use of a bifilar suspension
method developed from one described by Theorell(g). A divided glasgs capil-
lary was suspended as shown in Fig. 1. A solubion was in the lef't compart-

ment; distilled water was in the right. The capillary moved a distance of

the order of 0.1 om when the current through the magnet coils was 40 amps.
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(Field strength directly between the pole faces was about 17,000 Gauss. )
The horizontal force, F, on the capillary very nearly equals wD/L
where w is the weight of the capillary, L is the fiber length, and D is
the horizontal displacement which was observed in a microscope equipped

with a traveling cross hair. One scale division on the knob corresponds

to a distance of 8 x 107° om or to & force of 6 x 107 gram if the load

- is a 0.5 gram capillary.

Each solution was measured several times at magnet coil currents of
20, 30 and 40 amps. in order to establish that susceptibilities were always

independent of field strength.

The molar susceptibility,jx., of a substance equals Im/H where Im is
the mapgnetic moment of a gram atomic wéight of the bulk material and H is
the magnetic field stren~th. The total force mecting on a long cylinder of
solution with cross section A and whose axis passes through an inhomogeneous
field is

wD/L = F = .X_n_aA (sz - le)/zooo (1)
where M is the molar concentration and Hl and Hz are the field strengths on
the ends of the solution.

Equation (1) would hold only for a homogéneous cylindrical sample; it

was used for rough estimation of the field strength H, from the displacements

2
of nickel chloride solutions. Susceptibilities of other substances were
calculated on the assumption that the displacement was proportional to

:K:M if w, A, H1 and H2 were held constant. The displacement was measured
for each actinide element solution in the same compartment and at the same
magnet coil current (*0.2 amps.) as was done for a standard nickel chloride

solution. Correction for diamagnetism of the solvent and of the anions

and for non-uniformity of the capillary was made by subtraction of an
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experimentally determined displacement. If the molar susceptibility of
nickel chlorlde at 20 C is taken as 4436 x 10 -6 CegZegs e.m.u.( ), then
for any cation

A= 4436 x 1076

D! l’fmmz/@ D'Nimz) (2)
where D' is the displacement af'ter application of the correction.

The U(IV) solution was prepared by dissolution of weighed, distilled
UCl4 in oxygen-free hydrochloric acid solution. The last step in the pre-
paration of the neptunium, plutonium, and americium solutions was dissolu-
tion of a hydroxide which had been precipitated with smmonium hydroxide.
The plutonium concentrations were based on a weighing. The neptunium
and americium solutions were assayed by measurement of the rate of alpha
particle emission of a small aliquot. The specific activities in
counts/hin./hg. were taken as 790 for Np(lo) and 3.36 x 106 for
Am(ll) if a thin sample 1s mounted on platinum and a counter geometry of
"50%" is used(lz). These values are said to be probably better than ~ 5%
If better specific activities are reported at a later date, the magnetic
susceptibilities-should be corrected proportionately. The quantity of
neptunium or plutonium which was not in the desired oxidation state was
shown to be less than 1% by measurement of the characteristic optical

(13)

absorption maxima on a Beckman spectrophotomster.

The 0.03920 M nickel chloride solution which served as magnetic standard
was prepared by dissolution of 0.2301 g. of nickel rod (Johnson Matthey and
Co., 99.97/4 Ni) in 5 ml of refluxine IO.M HCl. After the solution had been
diluted to 100.0 ml, the excess HCl concentration was found to be O.360|¥.

Althourh the measured displacements were reproducible to about one scale
divisién, the uncertainty in the molar susceptibilities is about 27 or

-6 . . \
30. x 10 units, whichever is larger, beocause of the inaccuracy in deter-

mination of actinide element concentration and because of the presence in
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the solutions of an unknown amount of diamagnetic amronium lon. The
large negative displacements listed for some examples of solvent only in
the rear compartment are due to non-uniformity of the glass capillary.
These large negative §ubtractions do not increase the percent error‘if the
gross displacement of the actinide solution is positive.

Results and Interpretation

Some tvpical data are given in Table I. In Fig. 2 experimental X of
the actinide element cations are éompared with simple theoretical ‘Rﬁ
for the assumed ground quantum states of the electronic configurations 5
and an_lﬁd. The experimental )( follow the )%.for configurations T
to a significant degree, though not as closely as had been found for most of
the ianthanide cations(lé). The susceptibility of Am(III) is much higher
than the theoretical value of zero, but that is also true of the corres-
pondingllanthanide ion, Eu(III). It will be discussed in a later section
of this paper. The susceptibilities of the cations are, of course, dependent
upon the anion to a secondary degree(5).

The ground states of the cations Np(VI), Np(V), Np(IV), Pu(IV), Pu(III),
and Am(III) were condluded'tovbe those on which the theoretical curve B
was based, i.e., 2F5/2, 5H4, 419/2, 514, 6H5)2, and 7FO respectively as n
is 1 throush 6.

While the atomic quantum numbers of a state may be those which are ex-
pected for a definite configuration, fn, the state can belong partly to
another configuration of the same parity(ls). Susceptibility‘measu;ements
can show only that the ground state has certain L, S, and J quantum numbers;
identification of the state with a configuration is a useful épproximate
concept.> To the extent that quantum states of complicated atoms can be

attributed to a single electronic configuration, the known aqueous cations

of uranium and higher elements must have as the outer part of their ground
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configurations, 5fn6s26p6 (n 5f electrons which are more or less inside
the confipuration for the inert gas element 86).

Approximate Nature of Theoretical Calculations

The factors which account for the limited accurecy of our theoretical

caloulations should be mentioned. Quantum statistiomlly the susceptibility

(15)

is given by the relation

X . -.Iin. _ —1119 gpw.l/sﬁ exp (—Wi/kT)
BB Sexp (W /km)

where NO is Avogadro's number and the summations are over-all quantum

(3)

states of energies %%. If the energy levels are dimply those resulting
from -the Zeeman splitting of an isolated (on the energy scale) state of a
free atom, their energies might be assumed to be
0
“W " = (4)
w N He M

1
where 8 = eh/4rmc and M = J, J=1, --= -J. Since 2HgBJ<<kT(4)

equation (3)
yields

X = Ngzsz(J + 1)/5k‘l‘(17) (8)

- If the anpular momenta of the several electrons are coupled according to

the Russell-Saunders scheme (LS coupling)
g = {8J(J+ 1)+ 8(s+1)-L(L+1))/20(+ 1) (6)

Equations (5) and (6) were used to calculate the theoretical points of
Fig. 2. The ground state of a configuration was assumed by application of
Hund's rules. The limited agreement of theoretical and experimental sus-
ceptibilities indicates that each paramagnetic atom interacts with other
surrounding atoms as well as with the external magnetic field. Since most
of the surrounding atoms are diamagnetic, the interaction is probably elec-
trostatic in nature.

Penny and Schlapp attempted to calculate the effect of crystal electric
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fields on the magnetic susceptibility of iron group compounds and rare

(18,19) | Qualitatively it is a Stark snlitbing which is of

earth salts
the order of kT whereas the Zeeman splitting is small compared to kT.
Although the caloculations are not perfected(zo), it is clear that the
summation (3) can be much smaller than its evaluation by equation (5).
Similarly in solutions the eléetric fields of neighbor anions and water
dipoles will lower the magnetic susceptibility of an actinide element cation
compared to its corresponding lanthanide ion since the 65f electrons of
the former should be outside the wvalence shell more often than are the 4f
electrons in the latter. Since Np(VI) is essentially a one-electron case,
the complications to be menfioned later cannot be important, and the 25%
lowerine of the susceptibiliby from the theoretical TKJ must be due to the
Stark splitting. It may be assumed that the Stark effect is the most impor-
tant single complication tending to lower the susceptibility of all the acti-
nide element cations.

Ground quantum states of the 4fn configurations were deduced by Hund(l4)
from rules which are cofrect for atoms of small Z in which case it is a
good approximation to derive atomic states from the states of individual
electrons by means of the LS or Russell-Saunders coupling model (vanishingly
weak spin-orbit interaction). In the spectra of gaseous uranium(zl’zz)the
multiplet splitting is wider than the separation of the centers of gravity
of LS states. By definition this is strong spin-orbit interaction. The
experimental g's of icw lying states of the 5f56d7s2 configﬁration of
uranium are fairly close to €19’ however.

It is interesting to see what happens to the énergy levels as the
spin-orbit interaction increases and the interelectronic interaction
approaches the limiting case of jj coupling. Columm 2 of Table III lists

some states which should lie very low in the configurations 5f1—6. The
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state listed first lies deepest according to Hund's rulcs. For 5f2, 5f3,
and 5f4 the state listed second was selected because 1% belongs both to the
next group according to LS coupling and to the lowest group of jj coupling
states. The ground state of 5f5 or of 5f6 becomes more isclated as jj
coupling is approached. In the case of 5f6 the two lowest multiplets of
7F were selected because the spacing between J = 0 and J = 1 would be only
1/21 of the total multiplet splittine according to the Lande” interval rule.
The relative importance of the probably second lowest states is not known

7
at the present time except that F, must be significently populated in

1
Am(III) at 20°C.

Theoretical,lfJ's for each ground state of the 500 configurations
were calculated for both coupling approximations, and the two results di-
verge as n increaées from 2 to 5. Since the two TXJ'S differ directly
as gLSZ and gjjz differ, the experimental X of Pu(III), the example of
5f5 6Hs/2, shows unambiguously that g 1s much nearer to 8 5 than %o gjj'

This is consistent with previously mentioned results for the gaseous
uranium atom.

Bquation (5) depends on thé validity of equation (4) for the Zeeman
splitting. For éach low energy state of Sm(III) and Eu(III) it was necessaf§23)
to use & more complete equation for ?CJ which had been derived by Van
Vleck(IS) from considerations equivalent to taking the Zeeman splitting
to the second order terms in H. He obtained equation (5) with the following

added on the right:

2 o
NB i r(9) +  £(J+ 1) )
6(2J + 1) Lh-z/(J = 1: 4J) hzf(g ++1; J) (5a)

where £(7) = [(8 + L + 1)% - 4% | Erzv— (s ) 0%y

For sufficiently large hiy~'s this addition is neglirible except that when

extremel
S and L are large and J is small the f/h 1 terms arq/lgiggim f% the examples



UCRL~206
(Revised) :
Page 12 |

Pu(III) and Am(III) the susceptibilities are greater than theoretical

X4's for 6H5 /p ond 7FO as obtained with equation (5). The f/hvterms

must be significant for low lying states of both cations. While the ;

7F1 state must be well populated in Am(III), it is much less so than in

BEu(III) where the multiplet splitting is narrower. Thus the same discre-

pancies with simplest theory that were important in Sm(III) and in Bu(III)
can be detected in Pu(III) and Am(III). The analopy is shown clearly in
Fig. 3 where experimental susceptibilities of lanthanide and actinide
element cations are compared directly.
Acknowledgement
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Typical Data; Displacements of Capillary

for 40 Ampere Magnet Coil Current

Material in Displacement Suscept. 6
Rear Compart. D D! g.m.u. x 10
0.36 M HC1 ~030 a

0.0392 M NiCl, in 0.36 M HC1 +991 1021 4436

"0.50 M HCL ‘ - -030

0.0600 M Pu(III) in 0.5 M Cl +099 129 370

0.50 M H,S0 - _ -089

0.0607 M Pa{IV) in 0.5 M HSO, +389 478 1610

aM’agnetic standard, ref. 9.
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Table II
Molar Susceptibilities of Actinide Element Cations

at 20°C in Aqueous Solution

Cation Anion Cation Suscgpt.
in Solution in Solution e.m.u. x 10
U(Iv) 0.5 Mc1 3690°
Np(VI) 0.5 M HSO4- 2060

Np(V) 0.2 M C1° 4120°
Np(1IV) 0.2 M Hso4' 4000°
Pu(IV) 0.5 M HSO4- 1610
Pu(11I) 0.5 M C1° 370
Am(I11) 0.5 M NOS' 720

®For Pu(VI) (same number of electrons as U(IV) and
Np(V)) susceptibility is 3540 x 10-6, ref. 6.
Pror U(II1) (same number of electrons as Np(IV)),
susceptibility is 4340 x 10~6, ref. 3,
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Theoretical Susceptibilities of Possible Low Energy

States of Actinide Ions

Assumed Possible Theor. X .'s Theor. X 's
Elect. Low Energy LS Coupl. jj Coupl.
Config. States 20°¢ 20° ¢
1 2
5f 1?5/2 2730 2730
5£° 5y ; Sp 5420; 1130 6210; 1870
4’ 2
3 4 4
5f 19/2, G /2 5540; 1210 76803 2730
5¢% 514; 5G2 3040; 280 6210; 1870
5 6
5¢ Hs/2 300 2730
58 7F0; 7F1 0; 1900 0; 1900
564 334; 3G3 5420; 2860
2 4 4 |
58764 K1 /28 Tg/s 8950; 5540
3 5. 5
5176d Lgs K 9070; 5670
4 6 6
5f 64 Lll/%, Kg/? 57303 3130
5£°6d ks 1 1350; 320
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Fig. l.--Apparatus for measurement of magnetic susceptibility: A,
plass fibers, 0.006 x 140 om; B, glass capillary, 0.2 x 18 om; O, magnet

pole faces, 2.5 om diam.; D, mirror and microscope; E, magnet pole pieces,

15 om diam.

Fig. 2.~-Comparison at 20°C of magnetic susceptibilities of actinide
element cations with theoretical susceptibilities: A, experimental; B,
theoretical for ground states of an; C, theoretical for ground states of

58 Leq,

Fip., 3.-~Comparison of experimental magnetic susceptibilities of lan-
thanide and actinide element cations at ZOOC. The values for the lanthanides

were caloulated from some of the "cffective magnetic moments" compiled by

Yost, Russell and CGarner (The Rare Earth Elements and Their Compounds.,
Wiley, New York, 1947, p. 14.). The point for 61(III) is from the theoreti-

cal calculation by Van Vleck and Frank (See ref. 23).
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