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November 9, 1948

PARb.1.i'lGE ~1'IC SUSCEPTIBILITIES MID ELECTRONIC STRUCTURES

OF AQUEOUS CATIONS OF ELE~1ENTS 92 TO 95

. "-'

Jerome J. Howland and lis 1vin Celvin

Radiation Laboratory and Department of Chemistry
Univer~ity of California, Berkeley, C~lifornia

ABSTR.:.CT

I~gnetic susceptibilities per gram atomic weight of elements 92 to

95 in most of their oxidation states were measured on 0.1 ml of solution which

was 0.007 to 0.09 ~ in heavy element. The values obtained (all paramagnetic)

in c.g.s. units x 10
6

were: U(IV), 3690; Np(VI), 2060; Np(V), 4120; Np(IV),

4000; Pu(IV), 1610; Pu(III), 370; llm(III), 720.

The results could be interpreted only on the basis of electronic

confir-urations 5f
n

, even though susceptibilities were generally lower than

the theoretic"'.l values and lower than expedmental values for corresponding

lanthanide cations. The lower values should be expected as a result of the

Stnrk effect produced by fields of anions Rnd of water dipoles. Failure

of the Russell-Saunders approximation to the coupling be~leen electrons may

account for some of the error in the theoretical calculations. Wider mul-

tiplet splittinv in the actinides accounts for the fact that the sus-

ceptibilities of Pu(III) and ~m(III) are many-fold lower than those of

Sm( III) and Eu (III) respective ly •
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PARAMAGNETIC SUSCEPTIBILITlm AND ELECTRONIC STRUCTURES

OF AQUEOUS CATIONS OF ELEMENTS 92 TO 95

Jerome J. Howland and Melvin Calvin

Golid uranium compounds have been studied by numerous inves-

Radiation Laboratory and Department of Chemistry
Universi ty of California, Berkeley, California

Chemical and physical properties and theoretical calculations have

indicated that elements of about atomic number 90 and higher constitute

a series in which the 5f orbitals are beinG filled(l). These heavy elements

have been called actinides (2) in analoFY to the name lanthanides for the

rare earth elements. It was of interest to determine whether corresponding

actinide and lanthanide aqueous cations have the same electronic configura-

tions even though the actinide concept does not necessarily require that

they be identical.

Electronic configurations can be determined unequivocally perhaps only

from a study of optical spectra which may require years of work. If, how-

ever, an atom has its electrons in question (i.e., those in addition to the

inert gas structure) in inner orbitals, then the electrons may be electro-

statically shielded from neirhboring atoms to the extent that the atomic

axis of angular momentum is free to be oriented by an external magnetic

field. Then the bulk magnetic susceptibility of a solution of such atoms

can be deduced from quantum numbers of the ~round state of the electronic

configuration. Sometimes the converse, deduction of ground state quantum

numbers from the susceptibility, will yield a unique answer. This was true

for the lanthanide tripositive ions which have as outer configurations

4fl-145s25p6

Susceptibilities of U(IV) and U(III) solutions have been reported by

Lawrence (3) •
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tirators(4). At room temperature the susceptibility of U(IV) solutions

.~ and salts approximates the theoretical value derived from the spin angular

momentum of two unpaired electrons with no contribution from orbital an~ular

momentum. Since this type of calculation was successful in accounting

for the susceptibility of the first row transition element ions which have

partially filled 3d electron orbitals, the observed susceptibility of

U(IV) was usually interpreted as evidence for a 5d 2 electron configuration.

This deduction completely ignored 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 cal-

culations. Hutchison and Ell iott (5) have interpreted their recent measure­

ments on uranium (IV) salts to indicate a 5f2 structure.

Shortly after plutonium became available, Calvin(6) measured the

susceptibilities of dilute PU(VI), Pu(V), Pu(IV), and Pu(III) solutions with

the expectation that they might closely parallel those of Pr(Ill) through

Sm(IlI) if the actinide ions also had fn electronic configurations. The

measurement of Pu(V) was very crude because of the instability of that

state (7) . The results for the other three plutonium oxidation states were

sufficiently accurate, but there was no close agreement with expectations

of particular elec~ronic structures. Some of the electrons had to be 5f,

however. 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 isotope of curium would rapidly decompose the water of its aqueous

solution, experiments with this material were not attempted.

Expe rimen ta1

Ma~netic susceptibility measurements were made on 0.1 ml samples which

were of the order of 0.01 M in heavy element by use of a bifilar suspension
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method developed from one described by Theorell (8). Adivided glass

.~ capillary was suspended as shown in Pig. 1. The actinide solution was

in the left oompartment; distilled water was in the right. The capillary

moved a distance of the order of 0.1 cm when the current through the magnet

coils was 40 amperes. (Field strength directly between the pole faces was

about 17,000 Gauss.)

The horizontal force on the capillary is very nearly equal to the com-

ponent of its weight in the direction of movement

F = w oos(900 - g) = w D/L (1)

where w is the weifht of the capillary, e is the small angle through which

the fibers rotate, and D is the horizontal displacement which was observed

in a microscope equipped with a travelinr cross hair. One scale division

-5on the knob corresponded to a distance of 8 x 10 em or to a force of

-76 x 10 gram on 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. Table 1 gives average displacements

for 40 amps. only.

The molar susceptibility, -~, of a substance equals ImIH where 1
m

is

the marnetic moment of a mole of the bulk material and 11 is the magnetic

field stren~th. The total force acting on a long cylinder of cross section

A and whose axis passes through an inhomogeneous field is

F = )C ~ A (H2
2

- H
1

2 )/2000 (2 )

where M is the molar conoentration and HI and H
2

are the field strengths

on the ends.

Equation (2) would hold only for a perfectly cylindrical sample; it

was used only for estimation of the field strength from the displacements

of nickel chloride solutions. Susceptibilities of other substances were
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calculated on the assumption that molar susceptibility was proportional

to D;11 if w, A, HI and Hz are held constant. The displacement was

measured for each actinide solution in the same compartment and at the same

marnet coil current as was done for a standard nickel chloride solution.

Correction for diamafnetism of the solvent and of the anions and for non-

uniformity of the capillary was made by subtraction of their experimentally

detennined displacement. If the molar susceptibility of nickel chloride

o -6. (9)
at 20 C is taken as 4436 x 10 c. g. s. un~ts , then

"It = 4436 x 10-
6

D' !NiCl !(~ D'NiCl ) (3)
2 2

where D' is the displacement after application of the correction.

The actinide solutions could be prepared with at least 99% of the

element in the desired oxidation state by the proper choice of anion. The

U(IV) solution was prepared by dissolution of weighed, distilled UC1
4

in

oxygen-free hydrochloric acid solution. The last step in the preparation

of the neptunium, plutonium, and americium solutions was dissolution of a

hydroxide which had been precipitated with ammonium hydroxide. The plu-

tonium 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/min./mg. were taken

as 7.90 x 10
5

for Np(10) and 3.36 x 109 for An(ll) if n thin sample is

mounted on platinum and a counter geometry of 50% is used (52.0~ of the dis­

integrations are counted(12). 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 prop~rtionately. The quantity

of neptunium or plutonium which was not in the desired oxidation state was

checked by measurement of the characteristic optical absorption maxima (13)

on a Beckman spectrophotometer.
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The 0.03920 Mnickel chloride solution which served as magnetic standard

.~ was prepared by dissolution of 0.2301 f. of nickel rod (Johnson ~~tthey and

Co., 99.97% Ni) in 5 ml of refluxing 10 ~ HC1. After the solution had been

diluted to 100.0 ml, the excess HCI concentration was found to be 0.360 M.

Although the measured displacements were reproducible to about one

scale division, the uncertainty in the molar susceptibilities is about 2%
-6or 30 x 10 units, whichever is larger, because of the inaccuracy in de-

termination of actinide concentration and because of the presence in the

solutions of an unknown amount of diamagnetic ammonium ion. The large

ne~ative displacements listed for some examples of solvent only in the rear

compartment are due to non-uniformity of the glass capillary. These large

subtractions do not increase the percent error if the fross displacement of

the actinide solution is positive.

Results and Interpretation

Observed displacements and susceptibilities are given in Table 1.

In Pif.. 2 experimental X of the actinide cations are compared with simple

theoretical Xj for the lowest energy quantum states of the

n n-l ./
confi~urations 5f and 5f 6d. The experimental ~ follow

electronic

configurations fn to a significant degree, thourh not as closely as had been

found for most of the lanthanide cations (14). The susceptibility of Am(III)

is much higher than the theoretical value of zero, but that is also true of

the corresponding lanthanide ion, Bu(lII). It will be discussed in a

following section of this paper.

The ground states of the cations whose susceptibilities are plotted in

Fi~. 2 must be presumed to be those on which the theoretical curve B was

based, i.e ...

1 through 6.
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VVhile the atomic quantum numbers of a state may be those which are ex-

n
pected for a definite confi~uration, f , the state can belong partly to

another configuration of the same parity (Le., "oddness tl or "evenness tl
).

(16)
This was shown theoretically by Condon ,and it accounts for a number of

anomalies in spectra of complex atoms. Susceptibility measurements can

show only that the ground state has certain L, S, and J quantum numbers;

identification of the state with a configuration has become customary, but

it is only an approximate concept.

To the extent that quantum states of complicated atoms can be at-

tributed to a single electronic configuration, the known aqueous cations of

uranium and hirher elements must have as the outer part of their ground

confifurations, 5f
n

6s
2

6p6 (n 5f electrons which are More or less inside the

configuration for the inert gas element 86).

Approximate Nature of Theoretical Calculations

The simple theory of atomic structure as related to ma~netic suscep-

tibility is frequently inadequate. A few of the complioetions which may

be important in the actinide cations should be mentioned. ~uantum statis­

tically the susceptibility is given by the relation(15)

','( = 1m No .2:'dWi /?H exp (-Wi/kT)

H H ~ exp (-Wi/kT)

where Nr is Avo~adro's number and the summations are over all energy levels,

W.. Usually it is sufficient to consider levels up to about 10 kT. Just
1

how these levels depend on H is not always known. If the W. are simply
1

the Zeeman levels from an isolated (on the energ~' scale) J state of a free

atom, their energies might be assumed to be

Hi - w~ = Hg0M

where ~ = eh/4rrmc and 11 = J, J - 1, --- -J. Then the first two terms of

series approximations for each of the 2J + 1 terms of the numerator and of
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the 2J + 1 terms of the denominator of equation (4) rives for the summation

If the orbital and spin anrular momenta of the several electrons are coupled

according to the Russell-Saunders scheme (LS coupling)

~ = [3J(J + 1) + S(S + 1) - L(L + 1)1 /2J(J + 1) (7 )

. '-'"

Equations (6) and (7) were used to calculate the theoretical points of

Fig. 2. The ground state of a confi~uration was assumed by application of

Hund's rule s. This ca lcula tion c:ives the "free atom" susceptibility. The

limited arreement of th(~oretical and experimental susceptibilities indicates

that each paramarnetic atom interacts with other surrounding atoms as well

as with the external magnetic field. Since most of the surrounding atoms

are diama~netic, the interaction is probably elec~rostatic in nature.

Penny and Schlapp have attempted to calculate the effect of crystal

electric fields on the ma~netic susceptibility of iron group compounds and

rare earth salts(18,19). Qualitatively it is a Stark splitting which is

of the order of kT whereas the .Geeman splittinr is small compared to kT.

(20 )
Althou~h the calculations are not perfected it is clear that the summa-

tion (4) can be much smaller than its evaluation by equation (6). For

solutions of paramagnetic ions the same picture can be used qualitatively

to describe the effect of electric fields of neighbor anions and water

dipoles. The magnetic susceptibility of an actinide cation should be

expected to be lower than its correspondinr lanthanide ion since the less

perfectly shielded f electrons of the former are more vulnerable to electric

fields. Complex ion formation will not in itself affect the susceptibility

unless the f electrons are involved directly in chemical bond formation.

The greater proximity of a negative radical in a complex could, however,

accentuate the Stark effect.
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Sin00 the example of Np(VI) is essontially a one-electron caso, the

complications to be mentioned later are not possible, and the lowering of

the susceptibility from the theoretical ~XJ must be due to the Sta.rk splitting.

It is lorical to conclude that the Stark effect will be the most important

sinrle complication tending to lower the susceptibility of all of the ac-

tinide cations.

n . . (14)
Ground quantum states of the 4f conflfuratlons wore deduced by Hund

from rules which are correct for relatively lifht elements in which it is a

rood approximation to derive atomic states from the states of individual

electrons by means of the L3 or Russell-Saunders coupling model. For elo-

ments of very high atomic number the Lo coupling eprroximation does not

give the order in which the various J states fallon the energy sca.le. It

. (21,22)
has been observed in the spectra of gaseous uranlum that the multi-

plet splittinr is wider than the separation of the centers of gravity of

L8 sta.tes--the opposite of the situation for food L8 couplinp'. The experi-

mental g's are fairly close to gLS' however. The spectra also show that

the lowest levels of neutral uranium belong to the configura.tion 5f36d7s 2•

It is interesting to see whet happens to the J levels a.s the spin-or-

bital interaction approaches the limitin~ case of jj couplinr. Column 2

of Table II lists some J states which should lie very low in tho configura­

1-6tions 5f • The state listed first lies deepest according to Hund's rules

234for L8 coupling. For 5f , 5f , and 5f the state listed second was selected

because it belon~s both to the next L3 group and to the lowest group of

jj coupling states. In the cnse of 5f6 the two lowest J states of 7F were

selected because the spacing be~veen J = 0 and J = 1 would be only 1/21 of

the total Multiplet splitting according to the Lande interval rule. The

6 5
H5/ 2 state of 5f becomes more isolated as jj coupling is approached. The

relative importance of the probably second lowest states is not known at
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the present time. Their theoretical / / s e.s calculated according: to

equation (6) should be avera!1'ed with the X/s of the lowest state accord­

ing to the s tatis ti ca 1 fac tor (2J + 1) exp (-Iv'J/kT).

The two theoretical ~J's for each ground state of the S~ configura­

tions diverge as n increases from 2 to S. Since the two :X~J' s differ

directly as gLs 2 and gjj2 differ, the experimental )',of Pu(III), the exam­

ple of 5f
5

6Hs/ 2
, shows unambiguously that ~ is much nearer to gLS than

to g ..• This is consistent with previously mentioned results for the
JJ

~aseous uranium atom.

Equation (6) is sometiMes not adequat8 even for an atom which has none

of the complications mentioned above. For each low energy J state of

Sm(III) ~nd Eu(III) it was necessary(23) to use u more complete equation

~ Vleck(15)for .A. J which had been derived by Van from considerations equi-

valent to taking the Zeeman splittinl1' to the second order terms in H

+ N~2
6(2J + 1) '"

f(J) + f(J + 1) i (8)
h V(J - 1; J) h'''~ J + 1; J )(

For sufficiently hrge h,/'s Gquation (8) reduces to equation (6) except

thQt when Sand L are large and J is small, the second term is extremely

large.

In the examples PU(lII) Rnd ~m(III) the susceptibilities are ~reater

1/ 6 7than theoretioal JC' / s for HS/ 2 and F
O

(Note the crossin{! of curves ;..

and B in Fir. 2.) as obtained with equation (6). The second term of equa-

tion (8) must be significant in low lying states of both of these cations.

L.lso the 7F state must lie low enough in .,>m(III) to be well populated,
1

though much less so than in Eu(III) where the multiplet splitting is narrower.

Thus the same discrepanoies with simplest theory that were important in

Sm(III) e.nd in Eu(III) oan be detected in Pu(III) 8.nd Lm(nI), but they are
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smaller and are nearly hidden by other complic~tions which are common to

nll of the actinide ions. The analogy is shown clearly in Fig. 3 where

experimental susc8;;tibilities of lanthnnide and actinide cations are com­

pared directly.
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Table I

o
Susceptibilities at 20 C from Average Displacements

for 40 l empere tliagnet Coil Current

lit. te ria 1 in
Rear Compart.

CapiIle, ry 2B, 0.577 g

Displacements
D D'

-" 6/--' x 10
egs emu

0.36 M HCl
0.0392 ~ NiC1

2
in 0.36 1:1 HCl

0.50 M HCl
0.0492! U(TV)

-
in 0.5 MCl

0.20 M HCl
0.0140! Np(V) in 0.2 M Cl

0.20 M H SO
0.0160!:! ~p(1v) in 0.2 ! HS0

4
-

0.50 M H SO
0.0924 ~2Np(VI) in 0.5 ~ H.:io4-

Capillary 9£, 0.420 g

0.36 IvI HCl
0.0392 ~ NiC1

2
in 0.36 MHCl

0.50 M Hel
0.0600 ~ Pu(TTI) in 0.5 M Cl-

0.50 M H SO
0.0507 lfPu(IV) in 0.5 ~ H80

4
-

Capillary IlL, 0.518 g

- 240
+1060 1300 44368.

- 270
3690

b
+1088 1358

- 240
4120

b
+ 191 431

- 237
+ 241 478 4000

- 283
+1139 1422 2060

30
+ 991 1021 4436

a

30
+ 99 129 370

89
+ 389 478 1610

0.36 M HCl
0.0392 ~ NiC1

2
in 0.36 MHCl

0.50 M HNO
0.0908 ~ L~(III) in 0.5 !! N0

3
-

+ 131
+ 999 868

+ 156
+ 483 327 720

aM~~netic standard, ref. 9.

bpu(VI), which has the sr,me number of electrons as U(IV) and NP(V), has
a .t-xl06 of 3540, ref. 6.
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Table II

Theoretical Susceptibilities of Possible Low Energy

States of Actinide Ions

Assumed Possible Theoretical )L-J's Theore tical 1.-'.1' s
Electronic Low Ener/!,y L8 Coupling jj Coupling

Configura tion States 20°C 20°C

5fl 2 2730 2730F5/ 2

5f
2 3 3

5420; 1130 6210; 1870H4 J F2

5f3 4 4 5540; 1210 7680; 273019/ 2; G5/ 2

5f
4 5 5

3040; 280 6210; 187014 ; G2

5f5 6
300 2730H5/ 2

5f6 7F . 7F o· 1900 O· 1900
0' 1 , ,

5f6d 3H . 3G 5420; 28604' 3
2 4 4

8950; 55405f 6d KU / 2 ; 19/ 2

5i6d
5 5

9070; 5670L
6

; K
5

5f
4

6d
6 6

5730; 3130L11/ 2 ; K9/ 2

5f
5

6d 7 7
1350 ; 320K

4
; 1

3
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Fig. l.--Appara.tus for measuroment of ma[!netic susceptibility: A,

[!lass fibers, 0.005 x 140 cm; B, glass capilla.ry, 0.2 x 16 cm; C, magnet

pole fa.ces, 2.5 em diam.; D, mirror and microscope; E, ma.gnet polo pieces,

15 cm diam.

Fig. 2.--Comparison of ma.gnetic susceptibiliti~s of actinide cations

with theoretical susceptibilities: A, experimental; B, theoretical for ground

n n-1states of 5f ; C, theoretic~l for ~round states of Sf 6d.

Fi~. 3.--Comparison of experimental magnetic susceptibilities of lan­

thanide and actinide cations e.t 20°C. The values for the lanthanides were

calculated from some of the "effective mal'netic moments" compiled by Yost,

Russoll and Gp rner(24). The point for 61(111) is the theoretical cal­

culation by Van Vleck and Frank(23).
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