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Abstract: A study on the Ug monomer and dimer was carried out within the density functional method. The
U—F distance in the UfFmonomer was optimized at different levels of theory, pointwise, assuming octahedral
geometry, (1) by using an all-electron basis for both U and F in a nonrelativistic calculation; (2) by using a
relativistic effective core potential (RECP) on U and nonrelativistic effective core potential (ECP) on the
fluorines; and (3) by using RECP on the U atom and an all-electron basis on the F atoms. Atomization
energies of 23.11, 33.92, and 35.66 eV were obtained at the three levels, respectively. Relativistic effects
lead to about a 50% increase in the atomization energy. For thelidter, the potential energy curve, as a
function of the intermolecular YU distance, was computed at level 2, and the rotational barrier between the
two monomers was determined. Similar calculations were performed on the correspondingpBEciEs.
Comparisons are made with experiment and other theoretical studies, where available.

Introduction

Plutonium hexafluoride (Pwjis another important species.
Even though it is not currently used in any reprocessing process,

There is a great interest in the chemistry and physics of the jt has historically been suggested that the separation of U, Pu,

actinidest2 especially the chemistry of uranium and plutonium,

and fission products could be achieved by the same method as

which play a key role in the nuclear industry. The consideration 235 and238y separation. For these reasons, it is interesting to

of relativistic effects is essential to the proper understanding of jnvestigate the similarities and differences between the two
the electronic structure and bonding of systems containing thesecompounds.

elements. Uranium hexafluoride (U§ is important for the
enrichment process of uranium. It is feed stock for the
production of UQ ceramic nuclear fuel made by the reaction
UFs + 2H,0 + Hz == UO, + 6HF via some intermediates that
are not well understood. (In the following this reaction will be
referred as the key reaction.) For this reasong bl become

a prototype molecule for a considerable amount of experinfehtal
and theoreticd™'” work.

* Corresponding author: Dr. Laura Gagliardi, Department of Chemistry,
Lensfield Road, Cambridge CB2 1EW, UK. Tet+44 1223 336423. Fax
+-+44 1223 336362. E-mail: laura@theor.ch.cam.ac.uk.

T University of Cambridge.

*BNFL.

(1) Katz, J. J., Seaborg, G. T.; Morss, L. R., Eflke Chemistry of the
Actinide ElementsChapman and Hall: London, 1986.

(2) Freeman, A. J., Keller, C., Ed$dandbook of the Physics and
Chemistry of the Actinide€lsevier: New York, 1986.

(3) Pyykkg P.Chem. Re. 1988 88, 563.

(4) Seip, H. M.Acta Chem. Scand.965 19, 1955.

(5) Galkin, N. P.; Tumanov, Y. NRuss. Chem. Re1971, 40 (2), 154.

(6) DePoorter, G. L.; Rofer-DePoorter, C. Bpectrosc. Lettl975 8,
521.

(7) Miller, J. C.; Allison, S. W.; Andrews, LJ. Chem. Physl1979 70,
3524.

(8) Armstrong, D. P.; Harkins, D. A.; Compton, R. N.; Ding, D.Chem.
Phys 1994 100, 28.

(9) Hay, P. JJ. Chem. Phys1983 79, 5469.

(10) Larsson, S.; Tse, J. S.; Esquivel, J. L.; Kai, AChem. Phys1984
89, 43.

(11) Larsson, S.; Pyykkd®. Chem. Phys1986 101, 355.

(12) Onoe, J.; Takeuchi, K.; Nakamatsu, H.; Mukoyama, T.; Sekine, R.;
Adachi, H.J. Chem. Phys1992 196, 636.

(13) Onoe, J.; Takeuchi, K.; Nakamatsu, H.; Mukoyama, T.; Sekine, R.;
Kim, B.-l.; Adachi, H.J. Chem. Phys1993 99, 6810.

10.1021/ja9811492 CCC: $15.00

UFs is described in ref 4 as an octahedral system, with a
U—F bond distance of 1.999 A. With regard to the thermal
stability of the molecule, ref 2 reports an atomization energy
(Ae) of 32.55 eV. Among the theoretical contributions, two
recent papers are of special interest. Malli and Styszyhski
have performed ab initio all-electron Dira€ock, Dirac-
Fock—Breit, and HartreeFock (HF) calculations for Ugat
the experimental octahedral geometry. They have determined
the spin-orbit splitting for all the ground-state levels and an
atomization energy of 13.71, 23.53, and 23.27 eV at the three
levels of theory, respectively.

De Jong and Nieuwpodtt have studied the electronic
structure and bonding of WRwith a fully relativistic ab initio
code, MOLFDIR!® The atomization energy and electron
affinity have been calculated at the HF and Dir&tartree-
Fock (DHF) levels and by introducing the Gaunt interaction as
a perturbation to the DHF spinors. These authors have obtained
an atomization energy of 9.0, 23.1, and 22.7 eV with the three
methods, respectively, at the experimental geometry. They also
performed a U-F bond length optimization at the DHF level,
which gave a value of 1.994 A,

The electronic structure of octahedral Rufas been the
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subject of several experimental spectroscopic studiéd. The
reactivity and thermal stability of plutonium hexafluoride is
described in the paper by Galkin and TumaRavhich reports
a value forAe of 26.86 eV and a PdF bond length of 1.972
A. On the theoretical side, ligand field models have been used
for analyzing the electronic spectra of Ri#F?* Koelling, Ellis,
and Bartlet® performed self-consistent DiraSlater (DS)
calculations using the discrete variational metffodoring and
Hech&* performed nonrelativistic calculations on Ru&nd
employed the self-consistent field scattering wave approximation
with the Xo. exchange potential. The most recent paper, and
certainly the first in which ab initio quality calculations have
been reported on PygFis the one by Wadt! An investigation
of the 5f spectrum of Pufwith the RECP method was reported.
The ligand field, spir-orbit coupling, and electron repulsion
were included. We were unable to find any previous compu-
tational studies of bond properties in the literature.

In this paper, a comprehensive study on the tienomer is

presented. We determined the minimum energy as a function

of the U-F distance, by assuming octahedral symmetry, and
the atomic energies at the following levels of theory: (1) in an
all-electron nonrelativistic calculation, ALL(UF)-nr, by using
an all-electron relativistic basis set on U and a nonrelativistic
basis set on F; (2) by using a relativistic effective core potential
(RECP) on U and a nonrelativistic effective core potential (ECP)
on F (RECP(U)-ECP(F)); and (3) by using a RECP on U and
an all-electron nonrelativistic basis set on F (RECP(U)-
ALL(F)).

The use of analytical first derivatives at level 1 confirmed
that the optimized geometry of YlRas a octahedral symmetry.
Similar calculations have been performed on PuForder to
compare the properties of the two species.

The UR dimer has also been investigated. This species is
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Figure 1. UFs dimer structure 1.

Figure 2. UFs dimer structure 2.

we wanted to investigate their interaction. In order to be sure
that this did not make any difference, we determined the
minimum of a different structure (aldd,, symmetry), in which

the square bases of the two monomers do not lie on the same
plane, and one side of a monomer points to a side of the other
(see Figure 2). The aim of this investigation is to determine
the dissociation energy of the dimer and verify if it is present
during the key reaction.

important since it has been suggested as one of the intermediates In the literature, two studies on WYFdimer which use

that occur in the production of UQxeramic nuclear fuel from
UFs. We assumed that each monomer maintalDgsymmetry.

semiempirical methods have been found. In a paper by Zarkova
and Pirgo\?8 an effective isotropicr( — 6) potential depending

We are aware of the fact that, in the real system, the monomerson the temperature has been determined fog §#s, and it has

might have a distorted geometry, but for this first investigation

been compared with other WFUFs published potentials. In

we considered the octahedral symmetry of each monomer andall the potentials discussed in the paper, theWequilibrium

the D2, symmetry of the dimer a reasonable approximation.
Among the possibl®,y, structures, we chose the one with a

distance varies between 5 and 6 A, and the potential depth varies
between 0.08 and 0.03 eV approximately.

fluorine atom on each monomer pointing against each other (see In a paper by Ursu et & the value of the hexadecapole

Figure 1). The potential energy curve as a function of the
intermolecular U-U distance has been computed at the RECP-
(U)-ECP(F) level, and the rotational energy between the two

moment for Uk is calculated from three different anisotropic
potentials. Values of 1.25, 0.88, and 0.XQ0*! esu cM are
evaluated according to the three potentials.

monomers has been determined. Some comparative calculations The results for the monomer species are compared with the

have been done on the Pu dimer.
We do not claim that this is the lowest-energy structure of
the dimer. Other structures could be lower in energy than the

one we studied, although the purpose of the study was not to

globally examine the potential energy surface, but, given two
monomers in a certain orientation one with respect to the other,
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experimental and other theoretical estimations, and for the UF
dimer some discussion of our results in light of refs 28 and 29
and of the behavior of noble gases is presented.

Theoretical Approach

The calculations have been performed by using the newly developed
MAGIC quantum chemistry code, which provides a means of perform-
ing chemically accurate calculations on systems containing many atoms,
some of which are heavy. The MAGIC code is described elsewHere,
but, in its essentials, it is a code based on the use of Gaussian basis
sets that allows density functional calculations within the keBham
paradigm. In most of the calculations, the LDAX exchange functfnal
was used. Some comparative calculations for the tdBnomer and
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Table 1. UFs Monomer: Some Spectroscopic Properties
Computed with the Different Methotls
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Table 2. Pulk Monomer: Some Spectroscopic Properties
Computed with Different Methods

method Rmin/A Emin/En EaonrlEn  AdeV method Ruin/A Emin/En EaonlEn  AdeV
ALL(UF)-nr 1.986 —26583.7023 —26582.8530 23.11 RECP(Pu)-ECP(F) 2.014 —213.0325 —211.9456 29.58
RECP(U)-ECP(F) 2.047 —193.0948 —191.8483 33.92 RECP(Pu)-ALL(F) 1.995 -662.5276 —661.3935 30.86
RECP(U)-ECP(F)- 2.102 —197.1085 —196.1044 27.33 experimerit 1.972 28.86
BLYP - — - —

RECP(U)-ALL(F) 2025 —642.6066 —641.2962 35.66 2 Rin is the minimum distancémi, the minimum energy, anBawom
ref 16 2327 the sum of the atomic energie is the difference betweeB,omand
ref 17 1.994 22.7 Emin.

experiment* 1.999 32.55

@ Rmin is the minimum distancé&nmi, the minimum energy, anBagom
the sum of the atomic energie& is the difference betweeB,om and
Emin. The RECP(U)-ECP(F) calculation has been repeated with the
BLYP exchange correlation term added to LDAX.

dimer were done also at the BLYP level, which includes the nonlocal
exchange correction B88X and the LYP correlation functighéiFor

the radial quadrature, we followed the scheme by Mura €t alnd

for the angular quadrature the scheme by Lebé8leVhe Coulomb
integrals were evaluated by the Rys quadrattiemd an auxiliary basis
set was used, according to the methods of Dunlap ®taadd Eichkorn

et al38 In addition to the standard, nonrelativistic all-electron scheme,

the relativistic effects are considered by an implementation of the RECP

of Kahn, Baybutt, and Truhl&¥.

The RECP employed on the U and Pu atoms and the ECP on the F

atom are those reported by H&$f. The valence basis set used to

Table 3. Comparison between YRnd Puk Monomers:
Difference between the YF and Pu-F Minimum Distance and
Difference betweer\. for UFs and Puk with the Different Methods

method ARmin/A AAJeV
RECP(U,Pu)-ECP(F) 0.033 4.34
RECP(U,Pu)-ALL(F) 0.030 4.80
experiment*® 0.027 5.69

the bond length. We repeated the RECP(U)-ECP(F) calculation
with the BLYP functional, in order to estimate the functional
dependence, and a minimum with a slightly longer bond
distance, and an atomization energy of about 7 eV lower than
that in the LDAX case was obtained. This indicates that, if
LDAX overestimates the bond strength, BLYP underestimates

it, and LDAX results seem to be in better agreement with the

represent the 6s, 7s, 6p, 7p, 6d, and 5f orbitals of U was the (5s4p3d4af)experiment than BLYP. The fact that BLYP gives a longer

primitive contracted to [3s3p2d2f], whilend= a (4s5p) primitive basis
contracted to [2s2p] was employed, as reported in Hay's pfapére
all-electron basis used for the F atom was the Dunning Bznd for

bond length than LDAX is not a surprise because this is a
common feature of BLYP calculations.
Finally, the ALL(UF)-nr method gives a value fdRmin

the U atom the uncontracted (24s19p16d11f) basis reported in ref 42 gjightly lower than the experimental one. This can be attributed
was used. The auxiliary basis set for the F atom was the one optlmlzedt0 the different treatment of the core electrons, and also to the

e s uso@25ET2 0f relavitcefects i the ailcase compared to
’ P y ' The values Af, obtained with the

the rubidium auxiliary basis, reported in ref 38. the 'pr.e\(ious cases. ) .
relativistic methods (only LDAX), are in good agreement with

experiment, especially if compared with the other theoretical
estimationg®17 The inclusion of the relativistic effects with
the RECP(U,Pu)-ECP(F) method leads to about a 50% incre-
ment in the predicted atomization energy, in agreement with
that found in earlier theoretical studitst’

The results for Pufare reported in Table 2. The minimum
distance and energy were determined by a cubic interpolation
as described above. The computed values:fgs are slightly
longer than the experimental values, as in the tése, and a
similar trend is shown foA.. Apart from the absolute values
¢ 1 . of the quantities determined, we are interested in the variation
eV. We do not include this correction . ) of these quantities on going from U to Pu, in order to estimate

The minimum bond lengthRmin, decreases on going from  he relative stability of the U and Pu compounds. In Table 3,
the RECP(U)-ECP(F) determination to the ALL(UF)-nr. The e difference betweeRnmin(U—F) andRmin(PU—F) is reported,
RECP(U)-ECP(F) and RECP(U)-ALL(F) methods give avalue (ogether with the difference betwedavalues for U and for

slightly higher than the experimental one, and this is consistent pr. - we notice that the theoretical values are in reasonable
with the LDAX functional, which is well known to overestimate agreement with the experimental ones.

UFs and PuFs Monomer Results

The results for the UFmonomer at the different levels of
theory are reported in Table 1. The minimum enefgy,, is
obtained by a cubic interpolation of four energies around the
minimum. The atomization energyd., is the difference
betweenEmi, and the sum of the atomic energi€s;,m The
experimental value foA. that we report, 32.55 eV, is the one
of Freemar?. An estimation of the zero-point energy correction
for A, obtained from the force constant of the-B bond, is
done by Galkin and Tumandvand it is of the order of 1¢®
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UFe and PuFs Dimer Results

The results for the U and Pu dimers are reported in Table 4,
and the potential energy curves as a function of theUJ
intermolecular distance are reported in Figures 3 and 4. The
potential energy curve was computed at the RECP(U)-ECP(F)
level using the monomer-optimized geometry and keeping it
fixed during the calculation. The two monomers were only
translated, one with respect to the other, without allowing any
simultaneous rotation. The minimum energ¥gimer, Was
determined by a cubic interpolation, aBd is twice the energy
of the monomer. The curves for the U and Pu dimers have a
similar shape, indicating that a very weak interaction occurs
between the two monomers, as one would expect.
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Table 4. UFs and Puk Dimers: Some Spectroscopic Properties
Determined at the RECP(U,Pu)-ECP(F) Lével

functional RaimedA Egime/En E./En DdeV

UFs

LDAX 6.761 —386.2068 —386.2054 0.0386

LDAX + BSSE 6.761 —386.2068 —386.2066 0.0068

BLYP 7.091 —394.2173 —394.2171 0.0068

BLYP + BSSE 7.091 —394.2173 —394.2172 0.0028
Puks

LDAX 6.631 —426.0666 —426.0650 0.0441

3 Ryimer IS the minimum intermonomer distance aidines the
corresponding energ¥.. is twice the energy of the monomed is
the difference betweeh, andEgimer In the U case, the LDAX- BSSE,
the BLYP, and BLYP+ BSSE results are also reported. In both U
and Pu calculations, the relative position of the two monomers is the
one represented in Figure 1.

-386.2010 T T T T

-386.2020 - -

-386.2030 B

-386.2040 [ b

E/En

-386.2050 [ 7

-386.2060 | J

-386.2070 . L L .
6 7 8 9

R(U - UYA
Figure 3. UFs dimer potential energy curve as a function of the
distance between the two monomers, with an orientation, one with
respect to the other, as shown in Figure 1.

T T T T
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-426.0620 [ |
-426.0630 |
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1 -426.0640 -

-426.0650 |

-426.0660 [

8 7 8 9
R(Pu— Pu)/A
Figure 4. Puk dimer potential energy curve as a function of the
distance between the two monomers, with an orientation, one with
respect to the other, as shown in Figure 1.

For the Uk dimer, we performed a series of other calculations
that we describe below. We did not do the same forgRirkce
the behaviors of the two dimers are likely to be similar.

Gagliardi et al.

energy (see Table 4) is reduced by 1 order of magnitude (from
0.0386 to 0.0068 eV). We repeated the calculations of some
points of the curve around the minimum and at infinite distance
(twice the monomer energy) with the BLYP functional in order
to examine this dependence. The position of the minimum on
the curve slightly changes, and the well depth is the same as in
the LDAX + BSSE case. We thus estimated the BSSE to the
BLYP value, and a final value of 0.0028 eV was obtained. These
results indicate that the system is weakly bound, and it is
unlikely to exist under the conditions at which the key reaction
occurs (in particularT above 100°C).

We are aware of the fact that density functional theory does
not reproduce the experimental potential energy curve for
weakly bound systent$. For this reason, we made an estima-
tion of the dispersion energfisp, Of the system, according to
the London formula (see ref 46):

3E o

on

RG

4 &)

Edisp =

For the ionization energygion, We used the highest occupied
molecular orbital energy obtained from our calculation, &2
and for the Uk polarizability, o, we used the experimental
value, 84 au (1 ag= 4mepag®).*” (From our DFT calculation
we obtain a polarizability of 52 au). With this simple formula,
at the equilibrium distance} = 6.761 A, we calculate

Egisp= —0.0001%&, = —0.0041 eV (2)
Therefore, at this geometry, the dispersion energy is of the same
order of magnitude as the dissociation energy obtained from
the density functional calculation in which BLYP and BSSE
are included.

This discussion might be qualified by some considerations
regarding the noble gases, which resemble the difer to
some extent. From the’Rez-Jordaand Becke papét it is
clear that LDAX overestimates the well depth in systems like
He,, Ne&, and Ap. When a nonlocal correction to exchange is
introduced, the potential energy curves for these systems become
repulsive. The inclusion of correlation does not change the
shape of the curves because the errors arising from the other
terms in the Hamiltonian are greater than the correlation effects.
In light of these considerations, we computed the potential
energy curve for Ngincluding only exchange effects (LDAX
+ B88X) and exchange and correlation effects (LDAKX
BLYP), and in both cases the curves were repulsive. We then
subtracted the two curves point by point and obtained a curve,
representing the correlation effects only, which was fitted to
cR™. The best value afiwas 6. This indicates, to our surprise,
that some of the dispersion is described by the correlation term,
but it does not come out in an LDAX BLYP calculation
because other terms are dominant. If we now move back to
the object of this study, the WYFRdimer, we can say that the
LDAX result, 0.0386 eV, is an overestimation of the well depth,
but the fact that BLYP also gives some bond indicates that UF
might be slightly bound. However, this does not affect the
general conclusion that the dimer is unstable during the key

We estimated the basis set superposition error (BSSE) thatreaction.

might affect the value of the dissociation energy, according to
the counterpoise methdéiby determining the monomer energy

within the basis set of the dimer and using twice this value as
the energy of the dimer at infinite distance. The dissociation

(44) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.

(45) Pyykka P.Chem. Re. 1997, 97, 597.

(46) Stone, A. JThe Theory of Intermolecular Force®xford University
Press Inc.: New York, 1996.

(47) Maryott, A. A.; Buckley, F.U.S. National Bureau of Standards
Circular No. 537 U.S. Government Printing Office: Washington, DC, 1953.
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The minimum for the UF dimer was also computed for a -385.9185 : " l * ; v ' '
different relative orientation of the two monomers (see Figure
2), and the equilibrium distance and dissociation energy did not
change to within our quoted precision. -385.9186

By comparing our results with those reported by Zarkova
and Pirgov2® we notice that our values for the dissociation
energy are in qualitative agreement with those obtained by _ st
semiempirical methods; however, we obtained a longetJU E
bond -385.9188

The dissociation energy of the dimer might also be compared  ssss1es
to the cohesive energy of the solid. From the vaporization data
for UFs solid! and by using the Clausius Clapeyron equation,
one can work out a value for the enthalpy of formation of the  sssers | |
UFs crystal of about 22 kJ motl. If we consider the
dissociation energy of the dimer from our calculation, multiply ~— ®**"*¢ % % & @ o
it by the coordination number of the crystal, 4, and divide by Rotational Angle*

2, we getin the two cases the values for the dissociation energy:Figure 5. Rotational barrier for the Ufdimer. Near the maxima at

45 and 90, the planar projection of the two monomers is reported.

-385.9186

-385.9187

-385.9189

L L Thiad
120 140 160 180

0.0386 eVx 2= 0.0772 eV~ 8 kJ mol'* LDAX) (3
% ( ) 3 about 20 (80), between the two maxima, slightly closer to the

0.0028 eVx 2 = 0.0056 eV~ 0.6 kJ mol* local maximum, which is reasonable since the local maximum
(BLYP + BSSE) (4) is certainly a less repulsive structure than the global one.

We note that this is again small for the second case, but aonclusions
comparison of the dissociation energy of the dimer with the A relativistic study of the UFmonomer and dimer, with some
crystal binding energy is very questionable because many othercomparisons with the PyFcorresponding species, has been
effects should be taken into consideration. presented. The atomization energy of thegUihd Puk

We also examined the rotational effects in thesdiner at monomers has been determined using the RECP(U)-ECP(F)
the RECP(U)-ECP(F) level. We used the optimized dimer method, and values close to the experimental ones have been
distance and fixed the intramolecular-& distances to 3.50  obtained. A comparison with nonrelativistic calculations shows
ap, starting from the structure of Figure 1. One monomer was that relativistic effects are very significant in bonding and lead
kept fixed while the other was rotated. The-U distance to about a 50% increment in the predicted atomization energy.
remained unchanged during the rotation. The energy curve asin the UR dimer, a weak interaction between the two monomers
a function of the rotational angle is reported in Figure 5. The has been determined at LDAX and BLYP levels, and a rotational
curve presents a barrier with a height of about 0.25 kcalfnol  barrier has been observed. From these results, the dimer is not
The barrier is symmetric, since after a®90tation the geometry  sufficiently stable to be present during the key reaction.
reproduces itself. A local maximum occurs at 0 Oaphd a This is the first system extensively studied with the new code
global maximum at 45 This can be explained in terms of MAGIC, which will be used from now on to investigate other
simple electrostatic interactions between the two monomers. At systems of interest, for which the relativistic effects must be
0 (90¥, one F atom of the first monomer points toward one F taken into consideration.
atom of the second monomer, while at4&wo F atoms of the
first monomer point toward one F atom of the second monomer,
giving a stronger repulsive interaction. In other words, we can
say that at 0 (90)there is only one interaction between two F
atoms, one on each monomer, while at #o F atoms of the
second monomer interact, each of them with two F atoms of
the first monomer. In Figure 5, a planar projection of the
monomer orientation, one with respect to the other, is reported
near the global and local maxima. A minimum is present at JA9811492
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