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Abstract: The theory of the isotopic enrichment factor is extended to include hyperfine splitting and the nuclear
field shift. It is shown that hyperfine splitting is an order of magnitude too small to explain the anomaly in the
238/23 separation in the U(IIB-U(VI) exchange reaction. The “anomalous mass effect” in this reaction and the
related U(IV)}-U(VI) exchange reactions are shown to be related to the nuclear field shift of the electron energy
levels. Calculations of the effects of these shifts exactly reproduce theexdh staggering in the U(IMMU(VI)
exchange reaction and the separation factors for the-esxn nuclei. In the U(I\V)-U(VI) exchange reactions the
nuclear field effect is three times as large as the absolute value and of opposite sign to the vibrational energy term.
It is the nuclear field shift which leads to a preference of the U(IV) for the heavy isotope in each of these exchange
reactions. A revision of the reduced partition function ratios of uranium ions in solution, which takes into account
the nuclear field shift, is presented.
Background

Isotope shifts in the electronic spectra of atoms and molecules

are well-knownt2 There are two types of shifts: (1) the mass
shift, which results from the coupling of the motion of the nuclei
and the electrons, and (2) the field shift, which results from the

difference in nuclear sizes and shapes of isotopes. Only the
implications of the mass shift on isotope chemistry have been
considered to this date. Conventional wisdom has been that

the mass shift is either small or does not differ significantly

from one chemical species to another. Within this appraisal
the mass shift has been largely neglected in isotope chemistry.

A major exception has been the work of Wolfsberg ef4l.,

logarithms of the reduced partition function ratios of two chemi-
cal species is just the logarithm of the isotope fractionation fac-
tor. The field shifts do not scale wiiM/M2.  Since vibrational
isotope effects in the heavy elements scale WikWM?2, an
anomalous mass effect in isotope chemistry may be a signature
of the effect of field shifts on isotope chemistry. When the
guantum effects related to molecular vibrations are not small,
i.e. E(vib) = KT, one may encounter anomalous mass effects.
The conditions when such anomalous mass effects may occur
have been studied in detaiind need not concern us in this
ork.

Specific enhancement 8#°U over and above a lineaiM

who have evaluated the mass shift in the quantum mechanicaldePendence has been found in the chemical exchange reaction

approximation for diatomic hydrides and water. Generally they
find that the correction to HD fractionation factors is of the
order of 1%,; larger effects are found in diatomic hydrides with

of uranium between different oxidation states, cf. Table 1. Fuijii
et al?10and Takeda et dt have found theé®38J/23%U isotope
fractionation factor in the U(IVW)-U(VI) exchange reaction to

large electronic angular momenta. It thus requires experimentsP€ 1.9x 10~ larger than a linear interpolation between the

of high accuracy and a detailed knowledge of the usual
vibrational factors that contribute to isotope fractionation to
detect the isotope mass shilgog e.2 The mass shift scales
with 6M/M2 and thus becomes negligible for the isotope
chemistry of elements witd > 40.

Isotope shifts up to 1 cnd have been found in the atomic
spectra of the heavy elementsA shift of this magnitude to
the ground state of an atom or molecule adds (subtracts) 5
1073 to the logarithm of the isotopic reduced partition function
ratio at 300 K. Recall that the typical values for the logarithm
of the isotopic partition function ratio at 300 K are 0.01 for
80Sef8Se and 0.002 for3&8U/23U.87 The difference in the
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238/238J and238U/234U separation factors at 300 K, cf. Figure

1. The reaction studied is the exchange of UgM)s U(VI)

on an anion exchange resin. TH&J concentrates in the U(1V)
species. Thé38J/23% separation factor is 1% 1074 at 300

K. Similar but less detailed studies have been reported by
Dujardin et a*?in the U(lll)—U(IV) exchange. Here the excess
separation factor is &% 1074, which is 22% of the?38J/23%U
separation factor. This anomalous mass effect has been
attributed to the nuclear spin 8%2U.°
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Table 1. Enhanced®™U Isotope Separation Factors in Uranium
Chemical Exchange Reactions

exchange reaction €(235-238)

U@y —u(v)®  23.0x 10
U(IV)—U(VI)>  13.0x 10

€(235-238) — 1.5¢(236-238)

5x 104
1.9x 104
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Figure 1. Plot of the logarithms of thé*U, 233, and 3% isotope
separation factors V&, € = In[(Z3U/'U)v)ad/ (3U/'VU)viyesin], @S @
function of the isotope massy, as reduced to 308 K* See, however,
Tables 4 and 5 and the text.

In this paper | report calculations of the nuclear spin effect
in uranium exchange reactions. | show that it is a negligible
effect. Then | consider evidence for the field shift, particularly
with respect to uranium isotope exchange, where there are th
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Table 2. Hyperfine Splitting in23%U3* 16.17
Fa Me

1PAE (cm™)

3.754
2.661
1.727
1.025
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aF is a state label, but not a quantum numbler.

amplitude and its change with isotopic substitution. It is a
smaller correction for isotope effects in the heavy elements and
cannot be a significant factor in the enhan@étl) separation

in redox reactions. The nuclear mass shift is estimated to give
a correction of 1x 1075 to In (s/$)f at 300 K for a shift of
three mass units to a hydrogen like atom of mass 250. Thus
the correction from InKgoe e to In o for uranium isotope
chemistry is negligible.

Nuclear Spin Effect

In the absence of any hyperfine splitting or a symmetric
splitting of a degenerate ground electronic energy of a poly-
atomic molecule, the nuclear spin introduces a multiplicative
factor Qns to the molecular partition function. Within this
approximation

Q=[]+ 1) @)
J

ewherei,— is the spin of thgth nucleus in the molecule. Since

most extensive data available on isotope chemistry and spectral, cjear spins are conserved in chemical reactions, the contribu-

shifts for a heavy element. The implications for the general
isotope chemistry of the heavy elements follow.

General Considerations
Consider the isotopic exchange reaction

A'Y +AX = A’X + AY 1)

where A and Aare the heavy and light isotope of the element
A, and X and Y represent polyatomic groups. The logarithm
of the complete isotope fractionation factar= (A/A")ay/(A/
A')ax, for this reaction is

Ino=In oy + In K, + In Kgog e + IN K + In Ky (2)

where

In o = In (s/S)I(AY/A'Y) — In (s/S)T(AX/IA'X) (3)

is the BigeleiserMayer® approximation to the logarithm of
the separation factor and (‘$fss the reduced partition function
ratio. The correction terms are the anharmonic vibration
correction Kanp, the correction to the BornOppenheimer
approximation, the isotope mass shigbe,g), the nuclear spin
effect Knr), and the nuclear field shift effectkf). The
anharmonic correctidf and the correction to the Born
Oppenheimer approximatiér? have been treated both analyti-
cally and numerically by Wolfsberg and co-workers. The
correct calculation of IrKann leads to corrections to Ing of

the order of 1% for D/H exchange reactions. The magnitude
of the anharmonic correction depends on the vibrational

(13) Bigeleisen, J.; Mayer, M. G.. Chem Phys 1947, 15, 261.
(14) Wolfsberg, M Advances in ChemistrySpindel, W., Ed.; American
Chemical Society: Washington, DC, 1969; Vol. 89, p 185.

tion of In Kys to In a is identically zero in the absence of
hyperfine splitting or in the case of symmetric splittitrg.

It is not possible to calculate Ky for either the U(lII)-
U(IV) or the U(IV)—U(VI) exchange reactions. As an illustra-
tion of the magnitude of the nuclear spin effect we can calculate
In Ky for the hypothetical U(III3-U(VI) exchange and compare
the result with the sum of the excess fractionation factors given
in Table 1.

51 + 23Bu(vi) =238 + 2V

For reaction 5 we have

Kt = [2*(Qud/*AQug1U(IIN)/
[HQn 0 QugIU(VI) (6)

In eq 6 the producQys is replaced by the quantum suigw,
exp(—AEw/KT), where there is hyperfine splitting. In the
absence of hyperfine splitting, U(VIRxs is given by eq 4.
The hyperfine splitting ir?333* has been determined by
Hutchison et al®17 From their analysis of the EPR spectrum
of a dilute solution of33UCl; in a single crystal of LaGlthe
hyperfine levels of the ground electronic stdtg,,, compared
with that of 238J taken as zero, are given in Table 2. The
electron spin of 8" is 1/,; the 233U nuclear spin ig/y; the nuclear
spin of238J is 0. The ground electronic state $PU3T is split
into 7 doublets with quantum numbevk = +1, +2, +3, +4
and two singlets with quantum numbeévs = 0,0. K¢ can be

(%)
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Table 3. Nuclear Spin Effect in a Uranium Isotope Exchange
Reaction

233 (111) + 28U(VI) = 2aU(1Il) + 23U (VI)

Table 4. Comparison of Relative U(IV)U(VI) Fractionation
Factors at 433 K with Relative Field Shifts in the 5027 A Line in U
|

eless
Kit = [238(0ne00)/22(On) (11T 28(Qnee) 22X Qnge)](VI eleass
i = QG ARG DI Qe A Q00N V) isotope pair field shift 433 Kexp¢ 433 Kitheor 308 K theor

23 =1 = 23 = —

) Q=176 =2 UIN Qe = 3guee — AT 236-238 0599  0.568& 6 0.576 0.562

UMV Qus=1;0e=1 UNMV)  Qus=8,g=1 535238 1 1 1 1
In Knf(300K) = 1.4 x 1075 234-238 1.194 1.142 4 (1.142) 1.109
233-238 1.561 1.51% 6 1.519 1.492

.~ — , -
calculated from the levels given in Table 2 and the degeneraciesYorlf 'ri%é\gv.' F|)_| ilégﬁolflfj“swf.t.selp Q_t%r'n;\?afgﬁgis'ﬁclﬁ nltgggPlrlizségN; W

given in Table 3. We find for reaction 5 Idys = 1.4 x 10°° ¢Nomura, M.; Higuchi, N.; Fuijii, Y. In pressi See Table 5 in this

at 300 K. We can compare this value with the value ©f [  paper.®Values in parentheses in this and succeeding tables have been
(235-238) — 3/,¢(236-238)], which is equal to & 104 (cf. ggsed a§3lnp_ut parameterf in the calculations. The absolute field shift
Table 1). Rigorously an experimental value for the UHI) U — #U is 0.4098 cm”.

U(VI) exchange is not simply the sum of the U(HY(IV) and
the U(IV)—U(VI) values, since the U(IV) solutions are not the | 28 Rajnak and Freld have calculated the electron densities at
same in the U(II-U(IV) and U(IV)—-U(VI) experiments.  the nyclei of the transuranic elements. They show a one-to-
However, numerous experiments have shown that different one correlation between the electron density and the field shift.
complexing agents, pH, and other variables do not change théthe |argest shifts are found when the number of valence s
U(IV) —U(VI) separation factors by more than>2 10741849 electrons decreases in the transition. There is a smaller effect
The calculated value of Iy = 1.4 x 10°°is atleast an order 4 gpposite sign associated with a decrease in the number of f

of magnitude smaller thas(235-238) — %,¢(236-238). Since  gjectrons. This is due to the screening effect of the inner-shell
238 has no nuclear spin, IKns should be equal te(235-238) f electrons on the valence s electrons.

— 31,¢(236-238), if there are no contributions other than nuclear £ the exchange reaction 1, ks is equal to
spin to Ina. — In ap.

the ground state o®%U | is 1.2 cnT? lower than that of38U

. . In Ks = (KT) " {[E°(AX) — E°(A'X)] —
Nuclear Field Shifts [E°(AY) — EXAY)]} (7)

We review first some qualitative features of the nuclear field ) o ) ) ]
shift and show their relevance to the anomalous mass effectsE” iS the minimum in the ground electronic state potential
in the isotope chemistry of uranium. The nuclear field shiftis €nergy. Since the ground level of the light isotope lies lower
a displacement of the ground electronic energy of an atom or than that of the heavy isotope, each term in eq 7 is positive.
molecule due to the differences in nuclear sizes and shapes ofl N€ field shift will lead to a preference of the heavy isotope
isotopest20-22 The shift caused by an odd (neutron number) for the chemlcal species with the smallest number of s
nucleus is generally not midway between those of the even electrons mthe bonding or vale'nce.orbltaI.The valence state
isotopes of next higher and lower atomic mass. The odd neutronWave function of the free U@" ion is a 24-electron problem.
isotope level is displaced toward the next lower even nucleus The molecular orbitals are built from the atomlc_conﬁgurat_lons
(odd—even staggering). Contrary to zero-point energy effects, U~ (5°656p%6d") and 2 O(2&2p").%° A population analysis
e.g. vibrational zero-point energy and the nuclear mass effect,of the lowest valence molecular orbitals has 5.8 of the six atomic
the electronic energy of a light isotope lies lower than that of S Orbitals involved in bonding orbitaf8. The electron density
a heavier isotope. This is a consequence of the smaller size0f the hydrated and complexed uranylion, U(VI), at the uranium
and larger surface charge density of the light isotope comparednucleus is larger than can be expected for the hydrated or
with that of a heavier isotope. The magnitude of the shift is a complexed U(IV) ion. Thus the field shift will lead to a
product of two factors: (1) the electron density at the nucleus Preference of* for the U(IV) species, in agreement with
and (2) the charge, size, and shape of the nucleus and the chang@xPe€riment. - The oddeven staggering found in the atomic
of the latter two between isotopes. spectra 6U | is mirrored in the isotope separation factors for

Isotope shifts have been measured in the atomic spectra oftN® Various uranium isotopomers. Field shifts in the 5027-A
233 |,23 234 | 24 239 |, 25 and 238U 123 compared wit?38U |26 line of atomic uranium are given in Table 4 for the isotopes
vapor. There are extensive data8®J 1.27 The shifts for235U 2, 2, 2, and?*U with reference tg*U. There is a
I are in the range of ©0.9 cnT™. It has been estimated that one-to-one correlation of the U(IVMU(VI) fractionation factors
with the field shifts. Shifts in the range 0.28.50 cnT! were
found in many of the absorption lines in £8U0,Cl, compared
with C2280,Cly, apart from those associated with the
molecular vibrations of the U®" ion.32 This is of the order
of magnitude which will account for the enhanced isotope
separation factors observed for the odd isotci$&s$ and232U.

For a quantitative calculation of the field shift effect on a
chemical exchange equilibrium, we require data on the zero-
point energy shifts of the two chemical species. Although these
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CompoundsNNES 111-2, McGraw-Hill Book Co., Inc.: New York, 1949;
Appendix I, Table 4 (see also p 78).



Isotope Chemistry Related to Nuclear Size and Shape

J. Am. Chem. Soc., Vol. 118, No. 1367996

are not known individually, there are enough spectroscopic dataTable 5. Contributions of Vibrational Effects (liw) and Field
and fractionation experiments to permit quantitative calculations Shifts (InKs) to the U(IV)~U(VI) Isotope Separation Factors at

of the separation factors for the U(IV¥J(VI) exchange. For
this exchange reaction

2U3Vv) + 28UV = Z8uav) + E2uv) (8)

Ina = Ina,+ KN Y EE-ZE)UVI) —
(¥ - PEIUAV)} (9)
if one neglects anharmonic and nuclear spin effects.

Ina = In (s/SFUIV) — In (s/HFUVI)  (10)

WINIMAX 1 is an excellent approximation to lng.3334

, om,
In g = (1/24)@/'(-[) m X

(W,(IV) VUL ) — Wy(VI) V2UL) (11)

wherem, is the mass of theth uranium isotope andim, = (My3s

— m). VUQy) and V2UQwy are the mean values of the
Laplacians of the potential energies of the U(IV) and U(VI)
species, respectivelyW(1V) and Wy (V1) are finite polynomial
modulating coefficientg334 In the harmonic oscillator ap-
proximation (72U s just the force constant in Cartesian
coordinates. The quantitiéd; and V2U are isotope indepen-
dent. The term I scales a®m/(mimp3gT?). We now show
that the termsE°® — E®') scale as the field shift for the respective
isotopes in any spectrum of the element. The field shift in any
level ig0-22

OT ~ |y(0)]*C (12)

where|(0)|2is the electron density at the nucleus and is isotope
independent within the BornOppenheimer approximatio

308 and 433 K

308 K 433 K
In ag In Ks Ina Inoy  InKss Ina
isotope pair x 10* x 100 x10*0 x10* x10* x 10
236-238 —5.02 12.32 7.30 —2.54 8.76 6.22
235-238 —7.56 20.56 (13.00) —3.82 14.62 10.80
234-238 —10.12 24.54 1442 —-5.12 17.46 12.34
233-238 —12.70 32.09 19.39 —-6.43 2283 16.40

and the experimental data cited above we derive the values
= 1.075 and (1/24§(K)?(b/238) = (—5.615 x 1(P)K? With
these parameters we have calculated the ratios/@gs and
the absolute values af at both 308 and 433 K. The ratios
elexss at 433 K are compared with the experimental values in
Table 4. Inasmuch as our calculated ratios are in quantitative
agreement with the 433 K experimental values, we could have
obtained the identical values of the parametarand b by
combining the experimentaps4ez3s ratio with another ratio at
433 K. In that case we would have arrived at the parameters
andb without any assumption of the temperature coefficients
of the ratios and would have obtained the exact literature value
for €235 at 308 K.

The ratiose/ez35 at 308 K differ from those at 433 K by 3%
or less. The present values of the 308 K ratios are to be
preferred to earlier values which assumed them to be the same
as the 433 K values. Thus, the absolute values of the separation
factors given previously, which were derived from the 433 K
ratios and the 308 K ratid$;!*and the values shown in Figure
1 of this paper are to be replaced by the values given in Table
5 for the absolute values of the isotopic separation factors at
308 K.

In Table 5 we also give a breakdown of the total fractionation
factor, Inq, into the vibrational term, I, and the field shift

is a nuclear property, constant for all energy levels of an atom €ffect. For each of the isotopes, not just those of odd mass,

and for all molecular species of the elemef@.is a property

the field shift effect, InKss, is approximately three times that of

of the reference isotope and one of its isotopes. Each isotopethe Vibrational effect, Iro. For the U(IV)-U(VI) exchange

has its value ofC. The difference in field shifts of the ground
states of U(VI) and U(IV) is

OE°U(VI) — SE°U(IV) =
{1(0)PU(VI) — [p(0)PU(IV)}
[p(0)/*(U 1)

OT(U 1) is the field shift in a selected line in atomic uranium
referred t?, e.g. the 5027-A line. Equation 9 can, therefore,
be written

ST(U )

(13)

om
In a, = (hdkT)fsa + (1/24)Q*L/k'|')2m 5 é 8b (14)

fs is the field shift of the 5027-A line for theth isotopomer
with respect t?®8J anda is the field shift scaling factor is
the difference in the weighted Laplacians of the potential
energies of U(IV) and U(VI), cf. eq 11.

We have evaluated the parameta@ndb in eq 14 from the
field shifts given in Table 4, the experimental ratig4e3s =
1.142 at 433 K, and the absolute valuesgf; at 308 K= 13.0

the field shift and vibrational effects are opposite in sign. The
positive sign for InK;s is in accord with the larger number of s
electrons and smaller number of f electrons in the valence shell
of the uranyl ion, U(VI), compared with the hydrated-complexed
U(IV) ion. The negative sign for lig shows that the bonding

of the uranium atom in the uranyl ion, with a triple bond to
each of the two oxygen atoms, is stronger than the hydration
and complexing of the U(IV). This is contrary to conclusions
arrived at in the past which neglected the field shift effeét.
The greater stability of the uranyl ion (aqueous) compared with
the hydrated uranous idfi, while not necessarily a direct
measure of bond strength, also favors a larger value of the mean
force constant for the uranyl ion.

In Table 6 we show the failure of either a simple mass or
field shift scaling as compared with eq 14 to reproduce the
experimental data.

Equation 14 along with the parameters used in Tables 4 and
5 does not reproduce the temperature dependence reported for
239Y/23 in the U(IV)—U(VI) exchange’ The calculated
temperature dependence with temperature independent force
constants is smaller than that reported. Recent experimental

x 107435 This procedure assumes that the temperature data indicate that revisions of the older data in this direction

dependence of,35 is given by eq 14. With this assumption

are in order?

(33) Bigeleisen, J.; Ishida, T. Chem Phys 1968 48, 1311.

(34) Lee, M. W.; Bigeleisen, . Chem Phys 1978 68, 3496.

(35) Florence, T. M.; Batley, G. E.; Ekstrom, A.; Fardy, J. J.; Farrar, Y.
J.J. Inorg. Nucl. Chem 1975 37, 1961.

(36) Katz, J. J.; Seaborg, G. T.; Morss, L. Bhemistry of the Actinide
ElementsChapman and Hall: London, New York, 1986; Vol. 2, p 1315.
(37) Fukuda, J.; Fuijii, Y.; Okamoto, M. Naturforsch 1983 38g 1072.

(38) Fujii, Y.; Haruno, Y.; Niguchi, N. Private communication.
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Table 6. Comparison of U(IV}-U(VI) Isotope Fractionation UO2T(H20)s%° and Inag given in Table 5. There are no values
Factors,e = In a, at 433 K Calculated on Different Bases for In Kgs for reactions which involve Ug*(crown complex),
10% NOUFs, and U(lll) aqueous and therefore it is not possible to
isotope pair  exp  mass efféct field shift  this papet give In (s/9)f values for these compounds.
236-238 6.2 6.1 6.2 6.2 Summary
235-238 10.8 9.2 10.3 10.8 . . .
234-238  (12.3) (12.3) (12.3) (12.3) It is shown that the nuclear spin effect is an order of
233-238 16.4 5 16.1 16.4 magnitude too small to account for the “anomalous mass effect”

in the 235-238 U(II)—U(VI) exchange reaction. By com-

* Calculated from the 234238 separation factor and the ratios of ;s of the general features of the known nuclear field shift

€eleass P Calculated from the experimental ratigsderzs at 433 K and

the experimental value ahss at 308 K. with the anomalous fe_aturgs_of the U(MY(VI) and U_(III)— _
N . . U(IV) exchange reactions it is shown that nuclear field shifts
Table 7. Reduced Partition Function Ratios,*llf (s/s)f), of must be considered in the isotopic chemistry of the heavy
Uranium Compounds at 300 K elements
species Table 9 in ref present As a consequence of the nuclear field shift, a nucleus with
U022+ crown complex 10 an odd number of neutrons will behave in chemical exchange
UOZ** crystal 1% 11 reactions as though it has a smaller atomic mass. The nuclear
88\2/2)* aqueous §§34 1122 y field shift leads to a concentration of a heavy isotope into the
aqueous : hemical ies with the small lectron densi h
U0 (HoO)e.oLn 1820 1520 ﬁuileucs? species with the smallest electron density at the
UO2(H:0)s 20° 20 : i )
UFs(g) 20 20 From the experimental ratio of the 23238 U to 235-238
NOUFRg(soln) 36 U separation factor at 433 K and the absolute value of the-235
U(Ill) aqueous 53 238 U separation factor at 308 K in the U(WY(VI) exchange

aBigeleisen, JBulletin Research Laboratory for Nuclear Reactors reaction we .have derived the rat'los of th.e 2.%5 and 233 .
Tokyo Institute of Technology, Special Issue 1, Tokyo, 1992; p 24. 235 separation factors at 433 K in quantitative agreement with
b Bigeleisen, JJ. Inorg. Nucl. Chem 1972 34, 2505.¢ O, T.; Kakihana, experiment. The separation factor consists of two terms: (1)
H. J. Nucl. Sci Technol 1989 26, 298.¢In (3/s)f (UO**(H;0)s) — the conventional zero-point energy effect and (2) the nuclear
In 0o. ©Oi, T.; Kakihana, HZ. Naturforsch 1989 443 399. field shift. The nuclear field shift term is opposite in sign from
the vibrational term in the U(INJU(VI) exchange and ap-
proximately three times as large as the absolute value of the

function ratios, RPFRs, start with calculations from spectro- concentration of thé*U in the U(IV) species in this exchange

scopic datd® When such data are not available, the separation reaction.

factor of a spec_ies with another species with known RPFR has Acknowledgment.
been used to give the RPFR of the unknown RPFR. We have  ;ichison Jr.
previously cautioned against this procedlmence it assumes 2333+ and for an interesting discussion of the present problem.

that Ina is given by eq 3, which relates Imo to the RPFRS. | 554 thank Professor Yasuhiko Fuijii for sending me Figure 1
The proper procedure is to use eq 2 combined with eq 3 10 (ynnyplished) and data on the 23838 U(IV)—U(VI) exchange
obtain the unknown RPFR. This requires a knowledge of the ,iar 1o publication. During this exchange | was informed that
correction terms. For the heavy elements the principal correc- pyofessor Fujii had independently come to the conclusion that

tion _is In Kfs, the _field shift effect. In_TabIe 7 we correc'g a8  anomalous mass effects U and23%U in the U(IV)—U(VI)
previous compilatiohof RPFRs of uranium compounds, which o) change reactions were related to nuclear-asdn staggering.
explicity had a caveat that those RPFRs were valid in the

absence of the nuclear effects discussed here. The only revisedA954076K
entry is for U(IV) aqueous, based on the value of In'j&fer (39) Oi, T.; Kakihana, HJ. Nucl. Sci Technol 1989 26, 298.
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