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ABSTRACT

‘Quasi-relativistic SCF X-a calcuiations have been
carried out for the octahedral 5fl complexes Palvng,
UVXE(X =F, Cl, Br,'i) and NpVIFG. The 5f - 5f excitationi
energies calculated using the transition—staté'methéd agree
wéll with the available absorption speétra. Ioﬁic effects
appear to dominaté the trends observed in thévf—orbital

ligand field splitting.
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INTRODUCTION

| Although ab-initio calculationsdof MLN complexes have
been carried out extensively for the situation in.which M is
a-transition metal or main group element, 1 lanthanide and
‘actinide complexes have been somewhat neglected. Such calcu-

lations are computationally difficult for traditional LCAO

. schemes, although the multiple scattering X-o (MSXo) method

~is capable of solving such a problem without undue cost,
even when relativistic effects are included. The X-o me thod

has been applied to the neutral species Ur 2 2-6 4 7

57 UF6,-- ucl,
4,5 and Pur 4,5

NpFG, 6° ! Cons1derable success was obtained in

their agreement With photoelectron and absorption spectra.

In the present study, quasi-relativistic SCF X-a calcula-

2-
6 14
UXE(X =P, Cl, Br, I] and NpFG;'-The study of such series has

. . L 1
tions were. carried out on a series of 5f complexes: PaX

aided the interpretation of the electronic structnre in terms
of parameters commonly-used in inorganic chemiStry; In this
case, the main object of study was the nature of the 5f ligand
field splitting relative to the OXidation state of the metal
ion and to the halide ion. PreViously, only the relative extent
of 0 and = type ligand—f—orbital interactions has been discussed
in terms of the semi- empirical angular-overlap model

-As a test of the SCF X—a,calculations, 5f » 5f excitation
‘energies were determined to compare withiavailable experimental

result_s.9-ll

N



COMPUTATIONAL DETAILS

The calculations were performed using a version of the
MS X-o routine described by Slater,12 modified, in the Dirac-
Slater framework, td include relativistic effects. The Dirac—
Slater MO model has previously been solved for a numbér of
pdlyatomic systemé, using the discrete variational method.4
The cdmputatiqnal effort necessary, however, is substantial
vbut may be reduced considerably by cdnstraining the potential
to muffin-tin form. This allows’theiuseyof the efficient
scattered-wave (SW) formalism either via a Green's function
technique13 or by means of the eiiminatian method.14 The
resulting secular equation for the orbital energies-si is»of
the same form as in the nonrelétiviStic SW formalism:15

Yoy s |

det|G (e) -# “(e) &
j ol p o0

=0

The'propagators qu(e) describe the scéttering of the waves

in the region of constant potential from sphere p to sphere q;
they only depend on the muffin-tin geometry. The scattéring
factors;dp(e) characterizerthe phase shift experienced by a
wave on reflection at sphere p; it is a function of the loga-
rithmic derivétive of the large compénent of the wave function
evaluated at the sphere bqundary.l4’15

In this study we use a nonperturbative self-consistent

approximation to the SW treatment of the relativistic X-o



model that should be well-suited for MO calculations of very
iarge molecules. 'The'chémically relevant information is
contained in the energies and wave functions of the valence
shell molecular orbitals. Core levels do not participate
directly in the formation of chemical bonds and reﬁain well-
localized in the vicinity of a nucleus. The SW model with
its underlying muffin—tin geometry fékes advantage’ of this
fact in that it confines core levels to one atomic.sphere,
thereby freating them essentially as in atomic problems. For
atoms, of course, thé solution of- the Dirac—SLater model is
well-established.l6 |

In order to simplify the relativistic SW problems for
valence shell MQfs,'we briefly analyée the maghitude of
various_relatiVisticveffects_for'sudh orbitals. The spin-.
orbit splitting in moleéules is usually smaller than in
isolated atoms, and at most A1 eV for MO's with bonding
eneréies less than ca. 20 eV. This has to be compared to
errors in the orbital energies due to thé ﬁuffin—tin form of
the potential, which ﬁay be up to aboutithe same siZe. The
mass-velocity correction and the'Darwin»shift”of MQ énergies
may be 10 times larger.  They affect the wavefuhction where-
ever the“quahtity'

g = —5 (e - V()
2c” -

'is large, i.e., inside the atomic muffin-tin spheres., 1In



the interSphere'region where |e - V(r)| < 4 a.u. these rela-
tivistic effects are completely negligible: |[q]| < 10_‘4

(¢ = 137 a.u.). The solution of the Dirac-Slater equation

is therefore restricted to the interior of the atomic spheres.;6
The SW problem in the intersphere region is then identical to
the nonrelativistic treatment except for the use of scatteringi

factors tt?(e)calculated from the large component of the

wavefunction inside the atomic spheres. A similar but mbre
formal treatment, with applications mainly to atoms, has
recently been presented by Wood and Boring.l7

This approximation has the chemical appeal of reducing
to the nonrelativistic treatmeﬁt whene&er the atomic number 2
is small (z < 56), or when c is made very large deliberately

6 a.u.). The same irreducible representations may be

(c v 10
used as in the nonrelativistic case, and double groups
necessary in the SW solution_of the Dirac-Slater-eduatidh for
molecules can be avoided. Spin-orbit spiittings have to be
éstimated using perturbation theory. The resulting errors
will be tolerable since they are of the same size as those
from tﬁe muffin-tin moael.

The protactinium, uranium, and neptunium core electron
charge densities were derived from relativistic calcul_ations.16
The interatomic distances used in the calculations (Table 1)

18,19

were taken from structural studies when available, or

20

by reference to ionic radii tables. The muffin-tin radii

(Table 1) were chosen as follows: An SCF X-a



calculation of UF6 was performed, and the sphere radii were
adjusted to give the best overall agreemént with the Discrete
Variational X-a calculation of Koeiling etAal.4 To obtéin

this agreement the U and F spheres were overlapped. _The U
sphere radius was held constant at this value, while the

other ligaﬁd radii were chosen to touchlan imaginary sphere
corresponding to a 10%‘reduction'in.the U sphere fadius.."The
10%.overlap of the U sphere correspondé approximately to that
present in the UF6 calculation. The same ligandlraaii weré,
then used for calculations on NpF6 and Paxéf. In»these caseé,
the metai radiiiwere chosen to give a 10% overlap. In all |
cases, the outer sphéie was chosen to touch the ligand spheres,
and for the anionic species a Watsoh sphere of the same

radius was used. This carried a charge of +l1 for ng and

+2 forvPaxg-.

The atomic exchange scaling parameters, o, were taken
21,22

\

from values tabulated hy Schwartz, or extrapolated from

them.

®pa,u,Np 0.69208, 0.6920, 0.6916;

aF,Cl,Br,I = 0,73732, 0.72325, 0.70606, 0.70008
Extramolecular and intersphere scaling paraméters wére obtained
by averaging the atomic parametérs. Core electron densities
for Pa, U, and Np ([Xe]4fl4) were frozen at their atomic values

as were the F([He]), cl([Ne]), Br([Ar]), and I([Kr]) electron

densities. All other electrons were considered fully in the



!

SCF Calculations,tspin-orbit coupling being neglected. The
- X-o one-electron energies found in the calculations are shown
in Figure 1, and the electron charge within each muffin-tin

sphere is presented in Table 1.

DISCUSSION

An apprdpriate>test for.the calculatiqns presented
hers is to sompare the calculated 5f - 5f excitation enérgies
with corresponding absorption spectra. Table 2 shows this
comparison' and it can be seen that the agreement between
theofy and experiment is fémarkably good. The excitation
énergies were calculated usiﬁg the transition-state procedure
of Slater.12

The trend in the calculated ligand field splittings
observed in Figure 1 follows that found experimentally and
that expected‘from'the spectrochemical séries, i.e.,’
F >cCl” > Br >1I . Also, the order Np®t > u°* > palt,
"expected on purely ionic grounds is observed. In the MS X-a
scheme a charge'fractioh analysis of each of the orbitals can
reveal the relative o and contributions in each of the spheres.

23 the intersphere charge

Following the work of R8sch et al.,
dénsity is divided between the metal (1 part) and ligand
spﬁeres (6 parts) and the charge density in the outer sphere
is given to the ligands. Table 3 shows the fesults of this
charge fraction analysis for the anti‘bondingz4 and bonding

tia and tha orbitals and the nonbonding a., orbitals that

2u



cbntain.the»f electron. Although the absolute numbers are
probably not'meaningful, thé relative‘values should bé’v
qualitatively correct.

;’The following trends are apparént_on comparing thé
relative ligand contribution to the antibonding brbitals, or
the metal contributions to the bonding orbitals. The fluoride
lcompleies areithe most ionic in each of the various ionic
groups, and the'iigand contribution increases as the halide
ion becomes heavier. Within axparticulér halide-complex~series,
the heavier the metal ion (and the lesser the total ionic
charge).the”greater the ligand cbntribution; In partiéular,
NpF6 appears to be thé‘moét_covalent complex in the entire
: hexahalide'sefies.

Considering only the tiy antibdndiné orbitals, the

‘percentage of ligand ¢ bonding increases from 17.4% (UFg)
2-. 2-
6 6

m bonding component in the tlu antibonding orbital increases

2=
6

and 7.8% (PaF. ) to 26.6% (ng) and 12.7% (PaI. ). The ligand

6
and PaIé_. For the antibonding tzu'orbital (where only

from 2.3% and 2.6% in UF P

and PaF. to 5.5% and 3.9% in UI

bonding with the f orbitals can occur), the ligand © bonding

increases from 8.5% and 4.8% for UFg.and-PaFgf to 11.6%
and 6.2% for UI_ and Palgf; h

The increase in both ¢ and nubohding'as the halide
becomes heaVier is substantial.  However, it is small when
compared with the dramatic decrease in the f orbital splitting

as the ligand is changed from F_ to I  (see Table 2). These



results suggest that the f orbital splittings of these
hexahalide complexes are dominated by ionic effects with a
lesser contribution from covalent bonding. It apnears that
~the decrease in ionic effects due to changes 1n bond length
outweighs the galn in covalent bondlng on- descendlng the
halogen series. |
Another measure of the covalent/ionic nature of the -
complexes can be found in the gross atomic charge ass1gned
to the metal and llgand as. shown in Table 4, ;Thls is-
| equivalent to a Mulliken population analys;s in the LCAO scheme.
The pattern obtained here is-different from,that discussed
previously considering only»the'f.orbitals. vClearly, NpF

6

is the most covalent but PaFg—‘appearsgmore covalent than

UFE. However, if the bonding is mainly ionic then these

results are consistent, i.e., the greater the charge on the'
complex as a whole the.smaller the charge on the central ion.
Since the F ion is the smallest'and least polarizable halide
ion, an overall charge on the complex will result in more
charge being-placed on the centralvmetal ion. There appears

to be little difference for the other halide ions.

SUMMARY

This paper has described a systematic study of the 5f

ligand field splitting in the 5£L complexes PaIVX§—, vag
(x = F, Cl; Br, I) and NpVIFG. A quasi—relativistic

MS X-a routine was used for this purpose."The trends observed



in the f orbital ligand field splitting appear to be

principally ionic in nature.
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TABLE II. 5f » 5f excitation energies; theoretical and

10-12

expefimental (c )
a2u t2u 42u 1u

calc exptl calc ‘exptl
PaFg_ 2381 3074 6979 7576
paClg* 1350 1634 4521 3507
PaBr’” 1218 1707 - 4104 2975\
Pa.” 944 - 1546 3424 2378
UF, 4148 4479 17130 11361
UClg 2294 2936 8658 6307
UBr, 2008 2935 7725 5310
UL, 1525 -- :5277' —-
NpF 5662 5619 18676 23117
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‘TABLE IV. Gross atomic charges

M L
Par.” © 0.11 -0.35
pac1’” 0.44  -0.41
PaBr.- 0.38 -0.39
PaT.” 0.39 ~0.39
UF, 0.68 -0.28
UClg. 0.96 . =-0.33
UBrg 0.86 -0.31
Urg 0.87 -0.30
NpPé. . 0.06 ~0.01
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Figure Caption

FPigure 1. Calculated one-electron energies for the Sfl

bhexahalide complexes.
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