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The structure and bond nature for the ground state of themidhomer have been investigated by means of
relativistic and nonrelativistic discrete-variational (DV@nolecular orbital (MO) methods. It is found that the
nonrelativistic calculation provides only less than half of theFJbond overlap population obtained by the
relativistic calculation for the monomer with tiia, geometry which was determined experimentally. Comparison
of the U-F bond overlap population and valence level structures betwee@ thend D3, geometries indicates
that the stability of thé3, monomer is almost equal to that of thig, one. Furthermore, it is confirmed that an
intermediate structureCg,) between the two geometries shows similar values of effective charge, orbital, and
bond overlap populations. This suggests that the energy barrier betwe®thed C4, geometries is very
small and the geometry of the ¥monomer is fluxional between th@&,, andDs, symmetries. This is consistent
with the previous results reported by the Hartré@ck method with relativistic effective core potentials [Wadt,
W. R.; Hay, P. JJ. Am. Chem. S0d.979 101, 5198]. The flexibility of the Uk structure originates from the
fact that the U 5f atomic orbitals, which play a major role in theRJbonding interactions, spread with wide
angular distributions of the electrons in hybridization with the U 6d atomic orbital.

I. Introduction structure of the UF monomer using the Hartred=ock MO
method with a relativistic effective core potential approximation.
They showed that the monomer wi@y, geometry is slightly
more stable, by about 1 kcal/mol (0.04 eV), than that W@ih
geometry in the presence of spiarbit interaction. The distinct
difference between the two structures is that the biBnomer

with C,, geometry has a permanent dipole while that ik
geometry does not. According to their report, the stabilization
energy due to the dipole interacting with the inert-gas matrix
was estimated to be less than 0.2 kcal/mol which corresponds
to a temperature of about 100 K. Since the above experiments

?r?\?eslﬁivatzzogol?/;lzsannggrrgle:r? Sazct?g%(égﬁ;nﬁﬁzxe’ Si?if)rilkj%en have been carried out at less than 20 K,@ggeometry could
9 y P . q not convert to thdz, geometry but remained in the matrix. In

geometry of the monomer has been determined to be a square- o .
: . . gas phase at room temperature, it is possible for the UF

pyramid of the C4, symmetry with the U-F(axial) and

U—F(equatorial) bond lengths of 2.00 and 2.02 A, respectively, geoonrg(r;t?; to I?%\:ﬁ atﬂgthaegogveeoT:ét\;)gigclﬁ\JN@zr;th:rr]éhi'rg;y have

ang(;/vs,l;? g:ﬁj Féﬁ)éfg r%;gr(tzzu?;g'ﬂ;ﬁgli::ﬁg:;?a;n d concluded that the structure of the JfRonomer is fluxional

Dirac—Slater molecular orbital (MO) calculations for ¥ith between theCs, and Dy geometries.

i . Why does the uranium atom have such a flexible bond against
the experimentally determined structuredaf symmetry. They . .
L - the change in geometry? They showed that both geometries
revealed the relativistic effects on the electronic structure but

did not discuss the relativistic effects on the chemical bonding Ei}lzizlr:gft reoqvl:gévglujsli?;ﬁ;g'tiﬁigroeggﬂgg ir:‘dtrt]c;te(;lr?ri\ﬁrg]}/ ’
for the U monomer. On the other hand, Wadt and May P q P 9

performed MO calculations for the geometry and electronic the quxpnaI structure of the 'H. 'onomer. .
The aim of the present work is to answer the above question.

*To whom correspondence should be addressed at Applied Laser In order to discuss the flexible bond of the &fonomer, we

Chemistry Lab., The Institute of Physical and Chemical Research (RIKEN), €xamined the relation between the geometry and bond nature
2-1 Hirosawa, Wako, Saitama 351-01, Japan. Tel: 81-48-462-1111. Fax: of UFs using the bond overlap population. The bond overlap

The Uk monomer is a nascent product in the molecular laser
isotope separation (MLIS) of uranium. Understanding its
chemical properties is not only of importance for the develop-
ment of the MLIS but also of interest in the relativistic effects
on the chemical bonding of the monomer. Unfortunately, there
have been only a few experimenrital and theoreticél reports
on the electronic structure and atomic configuration of the
monomer to date.

The geometry of the UFmonomer, which was formed by

81;43[2?\"4702- E-mail: jonoe@postman.riken.go.jp. population and valence level structures of the monomer with
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UFs The molecular wave functions were expressed as linear combinations
of atomic orbitals obtained by numerically solving the Dire&later

or Hartree-Fock—Slater equations in the atomic like potential derived
from the spherical average of the molecular charge density around the
nuclei. Thus the atomic orbitals which are employed as basis functions
were automatically optimized for the molecife.

Two-center charge densities are partitioned into one-center (atomic)
charges by means of the Mulliken population anafysisthe self-
consistent charge (SCC) meth¥dyhich was used to approximate the
self-consistent field. According to the population analysis, the bond
overlap populatiorPg(k,l) for the diatomic molecule consisting of k
and | atoms is defined by

C4v

Figure 1. Schematic illustration 0€,, (U—Fax = 2.00 A, U-Feq =
2.02 A, Ry—U—Feq= 101°) andDan (U—Fax = 2.00 A, U-Feq= 2.02
A, Fa—U—Feq = 90°) geometries, which were experimentally and
theoretically determined, respectively, for the ddfonomer. Pa(k.l) = ZZZN(i)CirkCisl<¢rk|¢sl> @)
relativistic effects in the framework of Slater's exchange e
potential approximation, this method is suitable for the study In €q 1,i means theith molecular orbital and\(i) denotes the
of the chemical bonding of molecules containing heavy afbfs, ~ occupation number of electrons in tile MO. The quantitie€* and
In the present paper, computational procedures of the Dv- Cis represent the coefficients of normalized atomic orbigaisand¢.
HFS and DV-DS methods are briefly described in section II. of the k and | atoms |n_the linear combination of thege atomic orbitals
. - S for the ith MO, respectively. In the case of polyatomic molecugs,
We demonstrate in section Ill that the relativistic effects are g given as a sum of all pairs of atoms by
very important for the chemical bonding of the molecules
containing heavy elements such as uranium from the results of Pg= ZPB(M) (3)
one-electron energies, orbital components, and bond overlap .
populations for the valence level structure of the;dfonomer Since the Mulliken populations somewhat depend on the choice of
with the C4, geometry. In section IV, we compare the bonding  pasis sets, we used the same basis set (J7fsF, 1s-2p) for both
stability between theC4, and D3, geometries on the basis of geometries of UFmonomer. Consequently, comparison of Mulliken
the results obtained using the Mulliken population analysis.  populations of similar systems or a given molecule in the same basis
set is valid and useful for understanding chemical propefties.
Il. Computational Details Molecular geometries of the fnonomer were assumed to 88,
and Dz, geometries with their bond lengths taken from experimental
(U—Fax = 2.00 A, U-F¢q = 2.02 A, Ry-U—Feqangle= 101°)! and
theoretical (U-Fax = 1.99 A, U-Feq = 2.02 A, Ry—U—Feq angle=
90°)° results, respectively. The symbolsqFand Ry denote the
equatorial and axial fluorine atoms in ti@&, and D3, geometries as
shown in Figure 1. As the spin function is included in eq 1, spin is
coupled with spatial angular momenta, which leads to half-integral
angular momenta. Although the normal point group symmetry satisfies
the correlation of the electronic states obtained from integral angular
omenta, this cannot be applied to the case of half-integral angular
momentum states. In order to overcome this problem, Bethe introduced
the idea of double group symmefi§.After that, Slater applied double
groups to solve the DiraeSlater Hamiltonian for the study of the
relativistic effects in molecules and soli#fs.In the present study, the
C4, andDg;, point symmetry groups reduce to t8g* and Dsy* double
groups in the DV-DS calculations, respectively. Symmetry orbitals
corresponding to irreducible representations of these double group
symmetries were constructed from the atomic orbitals using the
N projection operator methdd. The DV-DS and DV-HFS calculations
g; nggggrPP?hBeS:étEr? é??éh%?fgi: 1091 91, 719. were performed using the Slater exchange paranetefr0.7 for all
(9) Onoe, Ji; Tékeuchi, K Nakamatsu, H.; Mukoyama, T.; Sekine, R.: the atoms and using 6000 DV sample points, which provided a precision

The one-electron Hamiltonian in the DiraBlater MO method is
expressed as

H = caP + mc + V(r) @

wherec, P, m, a, 8, andV(r) denote the velocity of light, the momentum
operator, the mass of an electron, the Dirac matrices, and the sum of
the Coulomb and exchange potentials, respectively. The exchange
potential used here was expressed in the same manner for nonrelativisti
calculations, because relativistic corrections in the exchange potential
are negligible in the valence region which is related to chemical
bonding!® The computational details of the nonrelativistic and
relativistic calculations have been described elsewtfefe. It has been
confirmed that electronic structures obtained with the nonrelativistic
and relativistic Xt methods agree with each other for molecules
containing light elements such as Gfd Sk,'2?2where the relativistic
effects are negligible.

Kim, B.-I.; Adachi, H.J. Chem. Phys1993 99, 6810. of less than 0.1 eV for valence-electron energy eigenvalues. The charge
(10) Onoe, J.; Takeuchi, K.; Nakamatsu, H.; Mukoyama, T.; Sekine, R.; distribution was taken to be self-consistent when the difference in orbital
Adachi, H.Chem. Phys. Lettl992 196, 636. populations between the initial and final stages of the iteration became

(11) Onoe, J.; Takeuchi, K.; Nakamatsu, H.; Mukoyama, T.; Sekine, R.; |ess than 0.01.
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70, 89. R : :
(12) Onoe, J.; Sekine, R.; Takeuchi, K.; Nakamatsu, H.; Mukoyama, T.; lll. Relativistic Effects on Chemical Bonding of the UFs
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(16) Pershina, V.; Sepp, W.-D.; Bastug, T.; Fricke, B.; lonova, GJ.V.
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Table 1. Bond Overlap Populations between Uranium and Fluorine Table 2. Orbital Populations of Valence Atomic Orbitals and
Valence Orbitals Obtained Using the Nonrelativistic and Relativistic Effective Charge on Uranium and Fluorine Atoms forsnd Uk
DV-Xa Calculations for UE with C4, Geometry

orbital population

bond overlap population

atom orbital rel nonrel Ug rel

Feq Fax U 5fs 1.81 3.80 (57) 1.24

nonrel U +0.63 +0.11 5f71 1.24 1.27

rel U +1.43 +0.36 6512 1.99 1.98 (6s) 1.99

6Pz 1.98 5.72 (6p) 1.98

in 5f-electron systems, we examined the bond overlap popula- 6ps2 3.90 3.88

tions Pg) of UFs (C4,) using the nonrelativistic DV-HFS and 6 0.67 1.34 (6d) 0.77
LN . . L 6052 0.90 1.06

relativistic DV-DS calculations, becauBg is a good indicator 7S 0.08 0.04 (7s) 011

of the strength of covalent bonding. Table 1 shows the bond 7pu2 0.10 0.18 (7p) 0.11
overlap populations between the uranium and fluorine atomic Tpar 0.16 0.18
orbitals for the two calculations. It is found that the nonrela- eff charge +1.16 +0.94 +1.39

tivistic calculation provides less than half of the bond overlap Feq 251 1.93 1.95 (2s) 1.94

populations obtained by the relativistic calculation for both 2pur 1.78 5.24 (2p) 1.78
U—Feqand U-Fy interactions. This indicates that the relativ- 2Psi2 8.52 3:52
. . . . eff charge -0.23 —0.19 —0.23

istic calculation should be used in the study of the chemical

bonding in actinide compounds. Fax 2512 1.92 1.94 (2s) 1.94

In order to investigate the contribution of the U 5f atomic ;&Z %:;g 5.25 (2p) 31.5728
orbital to the U-F bond formation, thés values between the eff charge —0.23 —0.19 —0.23

uranium and fluorine valence atomic orbitals were examined
via the nonrelativistic and relativistic calculations. In the

relativistic case, it is found that the U-5F 2s,2p interactions . . . . .
(Ps = 1.11) contribute significantly to the £F bond as well the increase in the U 5f orbital population. Other valence orbital

as the U6e-F 2s,2p onesRg = 1.66). On the other hand, the populations of the uranium atom slightly change in the opposite
nonrelativistic calculation shows that the U6 2s,2p interac- direction. Consequently, the d?ffergnces in the U qnd F eﬁeqtive
tions (Ps = 1.49) mainly contribute to the tF bond formation charges between the nonrelativistic and relativistic calculations
while the U 5f atomic orbital plays a minor rol@g = 0.35). arise from the change in the U-5F2p charge transfer. This

This means that the U 5fF 2s,2p overlap populations for the change is attributed to the_large energy diff_ere_nce betw_e(_an_the
nonrelativistic case are about one-third of those for the Y 5f and F 2p atomic orbitals due to the indirect relativistic

relativistic one. The relativistic U 5f atomic orbital is expanded effbe.ctlin. VéhiCh tk;]e relativi(sitich%ontraction Off tEe innir-shel.l
in comparison with the nonrelativistic one and can overlap much ©" Itals induces the upward shiit in energy of the U 5t atomic
more with the F 2s,2p atomic orbitals. The antibonding orbital. Indeed, the one-electron energy, which represents the

interactions are attributed to the U 6s;é 2s,2p interactions. ~ /9envalues of atomic orbitals in a molecular potential, of the
In the nonrelativistic calculations, th values of the U 6sF nonrelativistic U 5f atomic orbital in the Ufnolecular potential

2s,2p and U6pF 2s,2p antibonding interactions ar®.45 and was —7.79 eV, while those of the relativ?stic U o "’!”d U
—1.20, while they are-0.29 and—1.16 in the relativistic case. ~ 2172AOS were—6.86 and—6.07 eV, respectively. The increase

The large decrease in the U-68 2s,2p antibonding interactions 1N the U Sf orbital energy effectively causes the U-52p

is due to the U 6s orbital contraction. Both relativistic charge transfer, because the one-electron orbital energy in the
. 0 X g

contraction of the U 6s atomic orbital and relativistic expansion Xomethod’is equal to the negative electronegativity. Namely,

of the U 5f atomic orbital increase the bond overlap populations. the higher energy of the relativistic U 5f orbital results in the
This relativistic increase in the bond strength has also been 2rger amount of electron transfer.
discussed for UE® Consequently, the relativistic calculation
is important for the study of the electronic structure and chemical
bonding of UR, although there has been a report on a
nonrelativistic X scattered-wave calculatidh. The relativistic In order to compare the bond nature ofdlfetween theC,,
calculation demonstrates that not only the U 6d atomic orbital and Dan geometries, we examined the valence level structure
but also the U 5f one effectively contributes to the-B of UFs for both geometries. Tables 3 and 4 show the one-
bonding. electron energies and orbital components for each valence MO,
Table 2 shows the orbital populations of the uranium and where the double group notatioy™was first used by Bethe
fluorine valence atomic orbitals and the effective charges on when he introduced the idea of the double group symnfétry.
both atoms for the nonrelativistic and relativistic calculations. It was found that the electronic structure of 4J®ith Dap
It can be seen that the effective charges on the ligand fluorine geometry is very close to that of Ykith C4, geometry with
atoms of Uk are equal to those of WFn the relativistic respect to the one-electron energies and orbital components. For
calculations, which is consistent with the result of a previous example, the one-electron energy80 eV) and atomic orbital
report> On the other hand, the nonrelativistic calculations components (U 5f 94%) of the highest occupied molecular
provide smaller effective charges and the amount of electron orbital (HOMO), 3@, for the UFs monomer withC4, geometry
transfer from the uranium neutral atom to the ligand fluorine is very close to those (one-electron energ$.72 eV; atomic
atoms is smaller than that for the relativistic calculation. The orbital components, U 5f 90%) of the HOMO, i for the
decrease in the negative charges on the fluorine atoms is mainlymonomer withDs, geometry. From a comparison of the other
due to the decrease in the F 2p orbital populations. The decreaséMOs between both geometries, the valence level structures for
in the positive charge on the uranium atom is mainly due to both geometries are almost equivalent.

a Reference 9.

IV. Comparison of Bond Nature betweenC,, and D3y
Geometries

(29) Maylotte, D. H.; Peters, R. L. St.; Messmer, RGkhem. Phys. Lett. (30) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
1976 58, 181. Molecules; Oxford Univ. Press: New York, 1989.
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Table 3. One-Electron Energies and Orbital Components for Each Valence MO oWl C,, Geometry

U (%) Feq (%) Fax (%)
MO energy (eV) 5§ 5f;2 6S2 6Pz 6Pz Bk 60k TSz TPz TPz 252 2Pz 2Pz 282 2Pw2 2Pa2
32,7 —4.70 17.9 68.3 0.1 1.5 0.1 0.2 105 1.6
3L, —4.75 41.4 425 0.1 0.6 0.2 3.5 9.7 2.0
40,6 —5.42 73.6 4.3 0.1 2.7 1.0 6.8 0.4 0.2 0.7 5.9 0.2 4.2
30,7 —5.80 78.8 155 0.6 0.7 0.3 3.2 0.9
29,7 —8.66 3.9 1.3 75 0.4 43.8 24.1 19.1
396 —8.94 0.6 1.0 0.1 6.0 0.3 0.3 0.1 0.1 0.3 0.1 16.3 447 0.1 27.2 2.8
386 —9.38 31.7 68.2
376 —-9.72 0.2 1.4 0.1 0.1 0.1 1.1 0.3 3.4 56.0 0.4 37.1
28,7 —-10.21 5.0 7.5 0.3 16.7 44.0 26.5
36,6 —10.24 6.1 6.4 0.3 0.1 0.1 27.7 37.8 16.9 4.7
27,7 —-10.37 4.9 6.9 0.6 0.9 0.1 27.2 594
356 —10.68 0.8 13.2 0.1 0.1 0.4 1.2 0.1 0.4 0.4 0.7 415 387 2.2 0.3
34,6 —-10.71 2.5 2.8 0.4 0.2 1.4 0.6 0.5 0.2 21 281 604 0.1 0.8
26,7 —10.73 16.9 2.9 0.6 0.3 1.1 0.3 105 63.0 4.3
257 —10.95 0.7 0.7 0.2 2.2 125 0.3 0.3 156 29.2 38.2
336 —10.99 0.2 4.1 0.2 2.8 8.0 0.9 0.3 18.0 24.2 0.6 40.8
326 —11.05 5.6 1.9 0.4 8.8 0.2 1.2 0.1 9.2 326 1.1 39.0
24,7 —-11.26 0.9 1.7 2.4 8.2 21 470 377 0.1
237 —-11.37 1.5 0.9 8.4 3.6 20 120 715 0.1
22,7 —21.66 0.3 0.1 66.6 0.1 0.2 2.7 23.2 3.3 3.1 0.4
3l —21.94 0.2 0.1 72.2 0.7 0.3 2.0 10.2 1.4 2.0 9.0 1.1 0.8
30,6 —27.30 1.1 197 19.7 0.5 1.6 2.3 52.2 22.8
296 —28.65 0.3 0.4 1.0 0.2 0.4 3.1 81.6 0.3 0.6 12.0
217 —29.03 0.2 0.3 3.2 4.7 90.6 0.4 0.7
286 —30.08 0.3 0.3 0.2 18.2 1.7 1.0 29.9 0.4 0.6 459 0.7 1.0
20,7 —30.31 0.7 0.4 22.1 0.1 0.3 73.8 1.3 1.6
276 —33.82 0.2 77.4 77.4 0.1 0.2 15.6 0.3 2.1 3.9 0.1 0.6

aHOMO.

Table 4. One-Electron Energies and Orbital Components for Each MO gfwith D3, Geometry

U (%) Feq (%) Fax (%)
MO energy (eV) 5fz 5fzz 6Sy2 6pyz 6psz 6k 60k 7Sz TPy TPz 252 2Pz 2Pa2 2Su2 2Pw2 2Pa2
25,8 —4.68 61.3 16.8 0.4 1.8 0.1 0.1 6.7 31 98
26,7 —4.93 0.4 86.7 26 50 28 21 0.5
25,7 —5.53 725 94 2.2 0.3 6.23 04 85 01 04
21, —5.72 820 8.0 0.8 0.9 04 6.0 1.9
24,4 —8.76 38 07 7.1 0.5 149 404 01 241 85
20,9 —8.83 05 0.6 65 0.2 0.4 0.1 499 263 15.5
23, —9.69 02 05 1.4 1.3 04 41 735 01 18.6
19,4 -9.77 44 16 18.7 34.0 41.3
24, -9.77 0.7 45 16.5 38.3 26.0 14.0
23, —10.49 83 99 30.8 50.9 0.2
22,9 —10.53 1.0 47 01 03 7.3 0.2 0.3 19.0 377 242 53
18, —10.53 24 44 02 58 1.6 0.1 02 7.7 434 33.8
218 -10.77 111 87 04 09 0.5 04 07 0.1 272 151 06 52 292
22,7 —10.81 38 29 05 0.1 02 07 14 159 360 09 132 245
17,9 —10.97 28 6.6 05 38 1.9 1.6 10 16 414 38.8
20,8 —10.98 7.7 3.9 01 0.2 3.9 1.1 0.6 0.9 221 152 28.8 15.6
16,9 -11.31 1.7 03 48 119 108 229 47.7
21, —11.34 1.7 6.3 9.1 0.2 184 140 02 467 35
20,7 —11.47 1.8 11 6.8 0.1 16 41 291 23 48 483
19, —21.68 03 01 66.6 0.4 2.6 57 08 14 172 27 22
15, —21.91 0.1 715 1.0 0.2 21 196 26 21 0.7
18,5 —27.27 0.8 196 0.1 2.0 2.3 53.3 22.1
19, —28.60 06 09 09 0.1 02 29 815 03 06 120 0.1
18, —29.21 01 01 o01 3.2 46 0.3 111 01 01 793 03 06
14,4 —30.00 01 03 194 1.9 0.5 755 11 15 0.1
17,5 —30.43 08 03 09 217 0.8 258 05 0.7 472 08 08
16,5 —33.87 76.7 0.2 0.2 97 02 14 103 02 12

aHOMO.

When two of the k; atoms in theDa, geometry (see Figure  for the Cs, and Dsn geometries in terms of bond overlap
1) are slightly rotated by9toward the other & atoms, the E populations between the uranium and fluorine atoms.
atoms are slightly rotated by 1bpposite to the fixed &atom Table 5 summarizes the results of the bond overlap popula-
and theD3, geometry converts to th€s, geometry through the  tions, orbital populations, and effective charges on the uranium
Covgeometry. Since these geometries are similar to each otherand ligand fluorine atoms for these structures, together with
the barrier of the transition between tBg, andDs, geometries previous theoretical results Since the bond overlap population
through the G, geometry is expected to be small. In order to of 1.79 for theC,, geometry is almost equal to that of 1.77 for
confirm this prediction, we examined the stability in bonding theDs, geometry, the two geometries are essentially equivalent
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Table 5. Comparison of Orbital Populations, Effective Charges of
Uranium and Fluorine Atoms, and Bond Overlap Populations
betweenC,,, Ds, and G, Geometries Compared with Those of a
Previous Study

orbital population

present study previous study
atom orbital C4,,a Dghb Cz\,c CA,,Jd Dghb
U 5fs2 1.81 1.86 1.82 f 1.97 1.94
5712 1.24 1.18 1.26
65112 1.99 1.99 1.99 S 2.18 2.18
6p1/2 1.98 1.98 1.98 p 6.31 6.30
6ps12 3.90 3.90 3.89
6a/, 0.67 0.69 0.66 d 1.18 1.20
605/ 0.90 0.91 0.89
7s12 0.08 0.08 0.09
Tpue 0.10 0.10 0.09
P31 0.16 0.16 0.16
eff charge 1.16 1.15 1.17 2.36 2.38
Feq 2512 1.93 1.93 1.93 S 1.94 1.93
2P 1.78 1.78 1.78 p 5.54 5.55
2p3p2 3.52 3.53 3.52
effcharge  —0.23 —-0.24 -0.24 —0.48 -0.46
Fax 2512 1.92 1.93 1.93 S 1.94 1.94
2P 1.78 177 178 p 554 5.53
2pap 3.53 3.51 3.52
eff charge -0.23 —-0.21 -0.22 —-0.48 —0.47
bond overlap  1.79 1.77 1.79
population

aU—Fax=2.00 A, U-Feq=2.02 A, Ry—U—Feq= 101°.1 D U—Fy
=1.99 A U-Feq=2.02 A, Rx—U—Feq= 90°5 cU—Fa= 2.00 A,
U—Feq=2.02 A, Ry—U—Feq= 90°, Feq—U—Feq= 102°. (intermediate
betweenC,, andDap). ¢ U—Fax = 2.00 A, U-Feq = 2.00 A, Fy—U—
Feq = 100°.5

in bonding stability. Even in the orbital populations and the
effective charges on the atoms, t@g, geometry differs little
from theD3sn geometry. In a comparison of the present results
with previous ones, it is found that the populations of ligand
fluorine atomic orbitals are similar. In contrast, those of
uranium atomic orbitals, especially the U 6d and U 5f atomic
orbitals which are affected by the indirect relativistic effect, are
quite different. This discrepancy may be due to the relativistic
effective core potential approximation used by Wadt and Hay.
We next examined the electronic structure ofsW#th the
Cyy intermediate geometry (two.—U—Feqbond angles in the
Dsn geometry are reduced from 120 to Ipbetween theC,,
and D3z, geometries. Table 5 shows the results for the
intermediate geometry along with those for g, and D3y,
geometries. The effective charges on the equatorial and axial
fluorine atoms are-0.24 and—0.22, respectively, and that on
the uranium atom ist1.17. The bond overlap population of
the Gy intermediate geometry i$-1.79. These values are
almost equal to those of th®&,, andD3, geometries. In addition,
the one-electron energies and orbital components for the C
geometry are similar to those for the other geometries. These
findings suggest that the energy barrier betweenGheand
Dan geometry is very small and both geometries are intercon-
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fluxional structure of the UEFmonomer qualitatively. Studies
on the difference in theoretical energies) between theC,,
andDg, geometries for other pentafluorides such ag’5#and

PR have been reported:3* The AE values for Sk and Pk

are estimated to be 0.90..57 and 0.180.21 eV, respectively.
On the other hand, thAE for UFs is reported to be 0.04 eV.
Thus, it can be seen in terms of energy thats U$ more
fluxional between the two geometries than the other pentafluo-
rides. This fluxional geometry originates from the fact that the
U 5f atomic orbital plays a major role in the-tF bonding and
has a wide angular distributions resulting in the flexibility of
the bond angle in hybridization with the U 6d atomic orbital.
This cannot be explained in the framework of nonrelativistic
calculations, because the U 5f electrons play a minor role in
the chemical bonding in the nonrelativistic case.

Finally, we evaluated the first ionization potential (IP) of the
UFs monomer with theC,, experimental geometry using Slater’s
transition metho# and obtained an IP value of 9.8 eV. The
present result provides almost the same value as that of 9.7 eV
reported by Roseand Fricke!, who examined the k) geometry
of the U monomer using the DV-DS method, and is in
reasonable agreement with the experimental value of 11.29 eV.

V. Summary

We performed relativistic and nonrelativistic calculations for
the Ul monomer with theC,, and D3, geometries, using the
nonrelativistic and relativistic DV-¥ MO method. The fol-
lowing conclusions are obtained.

(1) On examining bond overlap populations between the
uranium and fluorine atoms, we found that the relativistic effects
are of great importance in the chemical bonding of molecules
containing heavy elements such as uranium. In particular, it is
interesting to note that the U 5f electrons mainly participate in
U—F bonding interactions similar to the U 6d electrons.

(2) We compared the structural stability of tBg, and D3y
geometries for UFin terms of the bond overlap population
analysis. The electronic structure of 415 almost constant even
with the bond angle variation from th&,, geometry to théz,
geometry through the £intermediate geometry. This supports
the conclusion of the previous study that thesURonomer
fluctuates between th€,, and D3, geometries. The origin of
the structural flexibility of the UF monomer is that the U 5f
atomic orbitals, which play a major role in+F bonding, have
wide angular distributions of the electrons in hybridization with
the U 6d atomic orbital.

Finally, the valence level structure consists of the 5f, 6s, 6p,
6d, and 7s atomic orbitals in uranium atom. This means that
s-, p-, d-, and f-electrons can patrticipate in the chemical bonding
of uranium compounds. Thus, hybridization of those atomic
orbitals gives rise to a variety of bond numbers in the
compounds, and in particular, that of the U 5f and U 6d atomic
orbitals leads to a bond flexibility against the change in
geometry.
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vertible. Consequently, the results of the present study agree

with the previous theoretical restlthat the gaseous WF
monomer fluctuates betwedly, and D3, geometries. Unfor-
tunately, it is difficult to confirm this theoretical prediction
experimentally at the present stage.

On the basis of the above results obtained by the bond overlap

population analysis, we attempt to interpret the origin of the
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