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Abstract: Ab initio calculations on the low-lying electronic states of UFs are presented using a relativistic effective core poten-
tial (ECP) for uranium and a nonrelativistic ECP for fluorine. The ground-state geometry of UFs was optimized at the SCF
level using a double-{ quality Gaussian basis set. Without spin-orbit coupling the square pyramidal structure (C4,) was calcu-
lated to be 1 kcal/mol lower than the trigonal bipyramid (D3p), which was subject to a Jahn-Teller distortion. Inclusion of
spin-orbit effects reversed the ordering with the D3y structure 1 kcal/mol lower than the C4,. The two geometries are con-
nected by a monotonic C», path, so that UFs will be fluxional. The ramifications of this fluxional behavior are considered. Im-
proved virtual orbital calculations show that UFs has a series of weak low-lying (2-15 X 103 cm™!) f-f transitions. The results
of the photofragment spectra of UFs are discussed in light of these calculations.

I. Introduction

Inorganic photochemistry is still a relatively unexplored
field when compared to organic photochemistry. However, the
rapid development of lasers together with the search for new
catalysts,! more efficient photovoltaic devices,? and solar fuels?
has greatly increased research in inorganic photochemistry.
Nevertheless, very little is known about the reactive interme-
diates that are produced when a metal complex is photolyzed.
Our ignorance is particularly apparent when one considers the
paucity of reliable theoretical calculations in this area. A few
ab initio studies have recently appeared for some photo-
chemical intermediates involving transition metals, e.g.,
Cr(CO)s.* However, until now no results have been reported
for compounds involving the heavier transition metals, the
lanthanides, or the actinides.

A new technique, relativistic effective core potentials (ECP),
has been developed by Kahn, Hay, and Cowan,’> which enables
one to perform electronic structure calculations on molecules
containing very heavy atoms using standard ab initio tech-
niques. In the past, abinitio calculations on heavy-atom mol-
ecules were impractical because (1) the cost increases as V¢
where /V is the number of electrons and (2) relativistic effects
become so important that use of the nonrelativistic Hamilto-
nian leads to large errors. The first problem has been attacked
for many years by constructing an effective one-electron po-
tential that replaces the effect of the chemically inert core
electrons.® One of the most successful approaches for ECPs,®
which was based on numerical Hartree-Fock atomic wave
functions, was well suited for inclusion of relativistic effects.
By deriving the ECP from relativistic numerical atomic wave
functions one can readily incorporate the important relativistic
effects. Two equally successful approaches have been devel-
oped: one’ is based on Dirac-Hartree-Fock (DHF) wave
functions® and the other? is based on the approximate rela-
tivistic Hartree-Fock atomic wave functions of Cowan and
Griffin.® The method of Ermler, Lee, and Pitzer” has the ad-
vantage of being more rigorous as it is based on the full four-
component DHF spinor wave functions and sospin-orbit
coupling is included explicitly. The two small components are
actually neglected, since they have been shown to be unim-
portant.” The approach of Kahn, Hay, and Cowan’ has the
advantage of using single-component wave functions so that
standard ab initio SCF codes can be used, which makes it
simple to implement once the integrals over the ECPs have
been calculated. Spin-orbit coupling is added in a subsequent
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diagonalization over a basis of LS coupled wave functions. The
accuracy of this approach is limited by the size of the LS basis
and by any approximations to the spin-orbit operator (see
section III). So far the two approaches to relativistic ECPs have
given very similar results,’>!0 which supports the approxi-
mations made by Kahn, Hay, and Cowan.’ The latter method
has also been tested on a wide variety of systems (Xe,*,!0
XeF,'9 AuH,'"! AuCl,'! HgH,!! HgCl,,'2 HgBr,'2 HgCl!? and
Re,Clg2™)!3 with basically good results compared to experi-
ment. (See ref 5 for a discussion of additional approaches to
relativistic ECPs.)

These studies have shown the incorporation of relativistic
effects to be crucial in making reliable predictions of molecular
properties. The calculated bond length (1.52 A) in AuH, for
example, is extremely close to the experimental bond length
(1.5237 A) when a relativistic ECP is used to replace the core
orbitals of the Au atom.'! By contrast, the use of a nonrela-
tivistic potential for Au leads to a calculated bond length (1.81
A) nearly 0.3 A longer than the experimental value! Errors of
2-3 eV areintroduced into excitation and ionization energies
by neglecting relativistic effects, and these effects also play a
large role in determining molecular charge densities, dipole
moments, and transition moments. These manifestations can
be readily understood from the relativistic contraction or ex-
pansion of the atomic orbitals involved in the molecular orbitals
(cf. ref 11). Similar results have been found in Au; by Lee,
Ermler, and Pitzer.7¢d

Returning to the subject of inorganic photochemistry we
omitted one topic which is probably receiving more scrutiny
than all the others combined, namely, laser isotope separation
of uranium. The photodissociation of UFg to produce a reactive
intermediate, UFs, has many parallels with, say, the production
of Cr(CO)s from photolysis of Cr(CO). Thus, by studying the
electronic structure of UFs, we can begin to ascertain the
differences between reactive metal complexes involving tran-
sition metals and actinides. The hope is that actinide or lan-
thanide photochemistry will provide new or better catalysts
for chemical synthesis or improved ways of transforming solar
energy into chemical or electrical energy.

We report here ab initio quality calculations using relativ-
istic ECPs on UFs. The calculations are used to investigate the
geometry of UFs, i.e., whether it is a square pyramid (Cs,.) or
a trigonal bipyramid (D34). The bonding in the ground state
as well as the nature of the low-lying excited states are con-
sidered and compared to the results for UFg.!'4
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IL. Qualitative Model for UFs

Before we discuss the calculations in detail, a few qualitative
remarks about the electronic structure of UFs are in order. The
simplest model for the electronic structure of UFs is to assume
that each electronegative fluorine extracts an electron from
the uranium leading to a nominal U3*Fs~ structure. The
electronic configuration of U3* is {Rn]5f!, so one expects a
singly occupied 5f orbital on the uranium in UFs. Since the 5f
orbital is tight and basically nonbonding, the geometry of
US*Fs~ should be determined by minimizing the F~-F~
Coulomb repulsions. There are two standard geometries for
pentacoordinate complexes: square pyramidal (Cs,) and tri-
gonal bipyramidal (D3). There is some flexibility in the square
pyramidal structure, namely, the axial-equatorial F-U-F
angle. Optimization of this angle to minimize the Coulomb
repulsion leads to 104°. Comparing the optimal C4, geometry
with Dy, one finds that the D3y, structure is slightly favored.
Assuming a UF bond distance equal to that in UFs (2.00 A),
the D3y, structure is calculated to be 1.5 kcal/mol lower than
the Cy4,. Thus, the simple ionic model predicts the two struc-
tures to be very close in energy.

One can go beyond the above electrostatic arguments to
consider the effect of the singly occupied 5f orbital. In D3j, and
C4, the sevenfold degenerate 5f orbital splits into five orbitals,
two of which are doubly degenerate. Using simple ligand field
theory the orbitals may be ordered by energy as follows: e”” <
212’ < 211’ <e' < 8.2” in D3;, and b2 <e< b| < d] <ein C4U, as
shown in the orbital correlation diagram in Figure 1. Therefore,
the ground state for D3y is predicted to be 2E” and for Cy, to
be 2B,. The 2E” state will, however, undergo a Jahn-Teller
distortion'? to lower symmetry (Cs,) to give a 2A; state (cf.
Figure 1), so that the simple ionic model actually predicts a Cy,
equilibrium geometry for UFs. The above discussion must be
tempered with the fact that the substantial effect of spin-orbit
coupling on the uranium 5f orbital has been neglected.

Turning to the electronic spectrum of UFs, one expects a
series of very low-lying f — f transitions. These transitions
should be weak as they correspond to forbidden transitions in
the uranium atom. The next set of electronic transitions will
be charge transfer from the fluorines to the uranium 5f orbitals.
These are directly analogous to those in UF¢ and so should set
in around 3 eV.16.!7

III. Calculational Details

The calculational techniques employed for UFs are the same
as those used for UFg.!4 Since the basis sets, ECPs wave
functions, and spin-orbit calculations are discussed in detail
in the UF¢ paper, only a brief outline will be presented here.

The ECPs are obtained in four basic steps. (1) Numerical
atomic wave functions are determined with either the nonre-
lativistic Hartree-Fock program of Froese-Fischer!'8 for the
lighter atoms or the relativistic Hartree-Fock program of
Cowan and Griffin® for heavier atoms. In the relativistic cal-
culation the Darwin and mass-velocity terms are added to the
Hamiltonian. These terms lead to the major changes in the
sizes and energies of the orbitals induced by relativistic effects.
Spin-orbit coupling is added later in a separate calculation so
one is still dealing with a simple one-component LS wave
function. (2) The valence Hartree-Fock orbitals are trans-
formed into smooth, nodeless pseudoorbitals by mixing in
appropriate amounts of the core. (3) The pseudoorbitals are
then inverted to give a numerical ECP using the equation

(t+ U+ Vs = €1¢y

where ¢; is the Hartree- Fock orbital energy, é; is the pseu-
doorbital, ¢ is the kinetic energy operator, ¥, is the Coulomb
and exchange operator for the valence orbitals, which will not
be replaced, and U is the ECP for angular momentum /. (4)

5199
UF5 5f ORBITAL ENERGIES WITHOUT SPIN-ORBIT COUPLING

“

[+
-065 |- (523-32r2) by % (5:3-3z2)
==
e
(5x>- 3xr?)
-066 —
by

-087 — (5x228- xr2)
(5y3-3yr2) / 212
{ou) N o =£“w(ﬂz yre)

e —— e e T
L Y — 0% (3xZy-y3)
-068 — [y(d z2)] ! =T —=

9 /—;2— (3xy2-x3)

2.72 J—
[x(y\z. )l_.e= / b2

el e
-069 |— [z(x2-y2) \ b,

\ _ev [z62-y2)

a =
-070 — {xyz) S 2 — T (ay2)

X Cav Cay Dap
.
Figure 1, UFs 5f orbital energies without spin-orbit coupling for Ca,, Cay,
and Dy geometries.

The numerical ECPs are fit by nonlinear least-squares with
Gaussians r"e~o* (n = 0, 1, 2). The total potential is a sum
over the various angular momenta, so that for uranium we
have

U(r) = Ug(r) + Usg(r)|s) (s| + Upg(r)|p)(p|
+ Uagg(r|d) (d] + Up_g| ) (f]

where the maximum angular momentum is one greater than
that in the core.

A relativistic ECP derived from U3* atomic wave functions
was used for uranium. Relativistic ECPs have also been derived
from U and U5+ atomic wave functions and tested on UFg.
The results were found to be surprisingly insensitive to the
ECP.'* Since the Mulliken population analysis indicated a
charge of +2.4 on the uranium in UFs, the ECP derived from
U3+ was deemed most appropriate. As we shall see below, the
charge on the uranium is basically unchanged in UFs, i.e.,
+2.4, and so the U3* potential is again appropriate. The ura-
nium ECP replaces the effect of 78 electrons, i.e., the 6s and
6p electrons are treated explicitly. Normally, one would con-
sider these as core electrons. For example, the electronic con-
figuration of U3* is. . . 6s26p®5f3 and the 5f orbital energy is
—1.1 hartrees compared to —1.9 hartrees for 6p and —2.9
hartrees for 6s. However, when one considers the spatial extent
of these orbitals, one finds that the 6p orbital is significantly
larger than the 5f, while the 6s and 5f are comparable in size.
A nonrelativistic ECP was used to replace the s electrons on
fluorine'4 so that UFs is reduced from a 137-electron to a
49-electron problem.

A double { quality basis was used with (4s4p3d4f) primitives
contracted to {3s3p2d2f] on the uranium and (4s5p) contracted
to {2s2p] on the fluorine.'® The integrals were calculated using
a new version of the BIGGMOLI program of Raffenetti'® ex-
tended to f functions. The integral times ranged from 10 to 48
min with the latter value corresponding to a C; geometry. All
two-electron integrals with absolute values =107 au were
retained in the SCF calculations, which led to approximately
4 X 108 integrals.

All the calculations on the ground state of UFs were open-
shell restricted Hartree-Fock calculations,2? which required
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Table I. Optimum Geometries for the Ground State of UFs
without Spin-Orbit Coupling (Distances in A)
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Table II. Total Energies for the C,, Path Connecting the D3, and
C4, Structures of UFs¢

R(UF4) R(UF.y) £F3UFgq, deg
Ca 2.00 2.00 100
D3y 1.99 2.02 904

@ Determined by symmetry.

from 27 to 52 s per iteration depending on the molecular
symmetry. The geometry optimization for Cy, and D3 in-
volved independent variation of each degree of freedom (three
for Ca, and two for Dsj) with simple three-point parabolic fits.
Increments of 0.25aq and 10° were employed for the bond
lengths and bond angles, respectively.

The energies of the low-lying f — f transitions were calcu-
lated using the improved virtual orbital (IVO) method.?! Al-
though the core electrons are not allowed to relax, the one-
electron IVO excitation energies are expected to be relatively
accurate, since the 5f orbitals are basically nonbonding.

Spin-orbit mixing of the low-lying states associated with the
unpaired electron in the seven 5f orbitals was performed using
an effective one-electron, one-center spin-orbit oper-
ator!422

Z eff
1A3 (Ia s (|
ria

Aso=% X |I)
A =1

where Z; 2 denotes the effective nuclear charge of center A
for basis functions having orbital angular momentum /. The
Z;a%" are chosen to reproduce the atomic spin-orbit param-
eters.?3 For fluorine the experimental splitting is used for the
2p orbital,?* while for uranium the theoretical values deter-
mined from the numerical atomic wave functions with the
Blume-Watson method?® are used for the 5f, 6d, and 6p or-
bitals.!4 For UFs the spin-orbit mixing reduces to a one-
electron problem. The spin-orbit interaction matrix is evalu-
ated over the singly occupied orbitals determined by the IVO
calculation (including the ground state 5f orbital) and added
to the diagonal orbital energies. The resulting matrix is then
diagonalized to determine the new spin-orbit states.

IV. Results

Optimization of the C4, geometry (without spin-orbit
coupling) gives an axial-equatorial FUF angle of 100° and
equal axial and equatorial UF bond lengths of 2.00 A. The
latter are the same as the bond length in UF¢.2¢ Optimization
of the D3 geometry also leads to axial and equatorial UF bond
lengths very close to that in UFs. Specifically, the axial UF
distance is calculated to be 1.99 A, while the equatorial dis-
tance is 2.02 A. However, the energy difference between the
optimum geometry and a geometry with all bond lengths equal
t0 2.00 A is only 6 X 107% au! Given the flatness of the surface
the calculated bond lengths are expected to be accurate to only
40.04 A. Therefore, for convenience and without loss of ac-
curacy, any future reference to the optimum D3 geometry will
actually refer to the geometry with equal bond lengths of 2.00
A. The results of the geometry optimization are summarized
in Table 1.

As predicted by ligand field theory the ground state of UFs
is 2B, for the square pyramidal geometry and ?E” for the tri-
gonal bipyramid. The energy of the 2B, state is calculated to
be 1.1 kcal/mol lower than that of the 2E”. Since the 2E” will
undergo a Jahn-Teller distortion, we considered the C, path
connecting the D3y and Cy, structures (cf. Figure 1). The Cy,
path is determined by first selecting one of the three equatorial
fluorines in the D3y, structure to become the axial fluorine (Fe,)
in the C4, structure. The other two D3y equatorial fluorines
(Fee) remain equatorial in Cy,, while the two D3, axial fluo-
rines (F,¢) become equatorial in Ca,. Thus the C5, pathway

without with
sym-  LFea-U-Fee,  £Feq-U-Fae,  spin-orbit spin-orbit
metry deg deg AE AE
Cap 100 100 0.0% -7.4
Cop 102 98 0.0
Cap 110 95 0.2 N
Cyp 118 92 0.8
Dy 120 90 1.1 -8.3
Cap 122 88 1.8

@ All UF bond lengths are equal to 2.00 A, The energies are in
keal/mol. ¥ Absolute total energy is —173.590 73 hartrees.

connecting D3, with Cy, is described by a decrease in the
Fe.-U-F.. angle from 120 to 100° and an increase in the
Fea-U-F,. angle from 90 to 100°. The energies along this path
are tabulated in Table II. We see that the energy decreases
monotonically from Dj3; to Cy4,. so that without spin-orbit
coupling UFs is predicted to have a square pyramidal geom-
etry.

As discussed in the previous section introduction of spin-
orbit coupling reduces to a one-electron problem for UFs.
Figure | gives the calculated 5f orbital energies for the Cy4, and
D3y geometries as well as for the €3, geometry midway be-
tween them. Using these orbital energies and the calculated
spin-orbit interactions among the 5f orbitals in UFs, a new set
of spin-orbit energies was determined, presented schematically
in Figure 2. (A discussion of the double group symmetries will
be presented in the next section.) In all cases spin-orbit cou-
pling significantly lowered the energy of the UFs ground state,
by 7.4,7.9, and 9.4 kcal/mol for the Cy,, C3,, and D3 struc-
tures, respectively (see Figure 3 and Table II). The trigonal
bipyramid is now 1 kcal/mol lower than the square pyramid.
The double group symmetry of the ground state in D’35 is I'g
and I'; in C’4,. More important, the I'g state is not subject to
a Jahn-Teller distortion, since it is 2 simple Kramers’ doublet?’
(i.e., twofold degenerate as opposed to the fourfold degenerate
2E” state). Therefore, the calculations with spin-orbit coupling
predict the equilibrium geometry of UFs to be trigonal bi-
pyramid.

Table lll gives the calculated excitation energies and
wavelengths for the f-f transitions in UFs including spin-orbit
effects. All the transitions are dipole allowed and the oscillator
strengths for all the possible transitions among the 5f orbitals
are given in Table 1V for both D35 and Cy, geometries, Al-
though the transitions are dipole allowed, they are very weak
with oscillator strengths less than 1074,

V. Discussion

One of the major goals of these calculations on UFs was to
determine its equilibrium geometry. The major result, however,
is that UFs is fluxional, i.e., if UFs possesses any appreciable
internal energy it will not have a well-defined geometry. The
calculations including spin-orbit coupling predict the energies
of the D3;, and Cy4, geometries to be separated by less than |
kcal/mol. More important, the C;, pathway connecting the
two structures is monotonic, and hence the molecule can pass
readily and rapidly from one geometry to another. All five
fluorines can thus be continually interchanged along these
routes. A few C; pathways were considered and small barriers
(~5 kcal/mol) were encountered. The calculations indicate
that the trigonal bipyramid is slightly lower in energy, but the
energy separation is so small that the results are simply not
accurate enough to predict with any confidence which structure
is actually lower in energy. On the other hand, the calculations
are accurate enough to place confidence in the prediction of
fluxional behavior for UFs.
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Flgure 2, UF; 5f orbital energies with spin~orbit coupling for C’4;, C'2.
and D’ geometries.

Table ITIL Calculated f-f Transition Energies (X103 cm™!) and
Wavelengths (um) for D’34 and €74, Geometries of UFs Including
Spin-Orbit Coupling

D3 Cla
AE A AE A
1Ty— 1T, 2.0 4.90 I, — 1T 2.7 3.67

1Ty — 1T 5.5 1.82 1r;,—2I 5.7 1.75
1Ty — 2T, 7.3 1.37 1Ty —3I', 7.6 1.31

1T'g—3I'; 10.1 0.991 1T — 2T 96 1.04
1T'g—2Ty 10.1 0.987 1T — 4T, 133 0.753
1ITg—2Tg 150 0.666 1T — 3T 146  0.683

There are four aspects or ramifications of the fluxional be-
havior of UFs, which warrant further discussion: (1) the nature
of the bonding in UFs, (2) the effect of spin-orbit coupling, (3)
the photogeneration of UFs, and (4) the effect of the envi-
ronment on the geometry of UFs.

A. Bonding in UFs. The ionic model of UF s discussed earlier
would predict Mulliken populations of 8 for the fluorines
(2s22p®) and 9 for uranium (6s26p®5f'). The calculated Mul-
liken populations for the Cs, and D3 structures of UFs are
given in Table V along with those for UF.!'4 The charge dis-
tributions for the two UFs geometry differ negligibly. More-
over, the populations for the equatorial and axial fluorines are
nearly indistinguishable, which is consistent with the negligible
difference in U-F bond lengths. As expected, the simple ionic
model overestimates the charge transfer from uranium to the
fluorines. The actual charge on the uranium is +2.4 instead
of +5 as predicted by the ionic model. The reduced charge may
be viewed as arising from back-donation or back-bonding from
the fluorines into the uranium orbitals, The use of the term
back-bonding, of course, arises only because we have selected
the simple ionic model as our zero-order reference for de-
scribing the bonding in UFs. However, the fact that the Mul-
liken populations for the p and d orbitals exceed those for
ground-state neutral uranium atom (6s26p®5f36d!7s2) seems
to give some validity to the idea of back-bonding.
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UFg TOTAL ENERGIES (kcal/mole) :
EFFECT OF SPIN-ORBIT COUPLING
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Flgure 3. UF; total energies with and without spin-orbit coupling for Ca..,
Cye. and D3, geometries.

Table IV, Calculated Dipole Oscillator Strengths for All the
Transitions among the 5f Orbitals in UFs Including Spin-Orbit
Coupling for the D’35 and C’4, Geometries?

D3
1T 1Ty 1T 2T 3T 2T
1T 1.28(-5)
1T 1.35(=7) 7.32(—6)
2T 1.84(-6) 0. 1.17(—6)
3T 1.29(-6) 0. 1.00(—4) 0.

2Ty 8.65(—8) 8.33(=5) 8.20(=7) 3.21(=5) 3.91(—8)
2Tg 8.43(=6) 7.47(=5) 0.  3.21(=5)6.47(=5) 8.78(—8)

C’4L‘
1T, 1T 2, r, 2T 4T

1T 5.86(—6)

2T 2.60(=5) 1.10(=5)

305 1.93(=5) 1.19(=5) 9.26(=6)

2T 2.03(=5) 3.57(=5) 7.44(=6) 5.95(=6)

4T 2.55(=5) 2.60(=5) 3.93(=5) 2.88(=5) 5.92(=6)

3T 2.12(=5) 1.47(=5) 3.45(=5) 1.76(=5) 1.11(~5) 6.84(=6)

2 Note: 2.18(=7) = 2.18 X 1077,

Table V, Mulliken Population Analysis for the D3, and C4,
Geometries of UFs and for UFg

fluorine
equatorial axial uranium
s p s p s p d
UFs (D3x) 193 555 194 553 218 630 1.20

UFs (C4) 194 554 194 554 218 631 1.18
UFe (0x)® 194 545 194 545 221 636 1.38

o oo |
SR

2 Reference 14.

Continuing with the above line of argument the s and p
Mulliken populations on the uranium may be divided, albeit
arbitrarily, into a nonbonding part 6s26p® and back-bonding
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Figure 4, Contour plots of f,, orbital for D34 and Cs, geometries. Contours are spaced logarithmically starting at 0.02 and increasing by a factor of 1.584 89

(=1002),

into the 7s and 7p orbitals of 0.2 and 0.3, respectively. Similarly
the f Mulliken population is partitioned into the singly occupied
5fyy, and 0.9 of back-bonding into the other 5f orbitals, Thus,
the back-bonding is greatest into the 6d orbitals. One point
about the fluorines is worth mentioning, namely, the Mulliken
population for the fluorine 2p orbital pointed toward the ura-
nium is 1.76-1.77 compared to 1.89-1,90 for the 2p orbitals
perpendicular to the UF axis.

Comparing the Mulliken populations for UFs to those for
UFs a number of interesting points become apparent. First,
the overall charge on the uranium is unchanged, namely, +2.4.
This was not unexpected, since calculations on UF¢~ 4 and
the excited states of UFs,!” involving charge transfer from a
fluorine orbital to a uranium 5f orbital, showed only negligible
changes in the charge on the uranium. In all cases, direct oc-
cupation of a uranium 5f orbital leads to redistribution of the
other electrons so as to maintain the same charge on the ura-
nium. In the case of UFs (relative to ground-state UFg) the
redistribution corresponds to a diminishing of the back-bonding
into the s, p, d, and f orbitals. The change is largest for the 5f
orbitals, where the back-bonding decreases from 1.7 electrons
in UFg t0 0.9 in UFs.

1t is clear from the above discussion that the bonding in UFs
and UFg is similar, i.e., basically ionic with significant back-
bonding into the uranium 6d and 5f orbitals. The excellent
predictions of the simple ionic model as to the Fox-U-Fcq angle
in the Ca, structure and the near degeneracy of the Cs, and D3y,
structure are not surprising given that the actual charge on
uranium is +2.4.

B. Excited 5f Orbitals, Since this is one of the first ab initio
molecular calculations involving f orbitals, it seems appropriate
to digress for a moment to discuss in more detail the nature of
the singly occupied S5f orbitals in the ground and low-lying
excited states of UFs. The 5f orbital energies are shown in
Figure 1 for the Cy4,, C3., and D3, geometries. To obtain a
better feel of the changes of the 5f orbitals induced by the

movement of the fluorines we have made contour plots of the
orbitals for the C4, and D3y structures.

Figure 4 compares the f,,. orbital in C4, and D3j. The f).
orbital is elusive, since it vanishes in the normal plotting planes,
ie.,x =0,y =0,and z = 0. Therefore, we have plotted it in
the y = z plane. As can be seen the f,, orbital does not change
significantly. Superimposing the two contour plots reveals that
the lobes for y > 0 constrict slightly as one goes from Cj, to
Dip. Hence, the kinetic energy of the f,,, orbital should be
larger in D3, which is confirmed by the higher orbital energy
(cf. Figure 1).

From Figure 1, the lowest excited 5f orbital in Cy4, is a
doubly degenerate e, which splits into ¢” and a,” in D35. Figure
5 presents contour plots of the e, ¢”, and ay’ orbitals. The po-
sitions of the fluorines are easily discerned from the 2p orbital
contours. The f,(,2—,2 component of the e orbital is plotted in
the xy plane. Comparing the e and e orbitals, we see that the
f2(x2—y2) orbital is stabilized as the number of nodal planes is
reduced. Note also the similarity between the degenerate e”
orbitals (fy,. and f;(x2~,2)) in D3;. The other component of the
e orbital, fy(y2—2), is destabilized as the nodal patterns become
more pronounced. The orbital changes character from fy(,2—-2)
to f3,,2- (3. The latter orbital has a striking threefold axis of
symmetry, since 3xy2 — x3 = r3 cos 36.

The changes become more complex when one considers the
nearly degenerate by(fy(x2—-2)) and a,(fs,3-3,,2) orbitals in
Ca.. The two orbitals mix and correlate with the a,’(f3x2,-,3)
and e,’(fsy.2—,,2) orbitals in D3;. Figure 6 gives plots of the
a; and b, orbitals in the yz plane as well as plots of the a;” and
e,’ orbitals in the yz and xy planes. The plots of the a) and b,
orbitals in the yz plane are equivalent to those in the xy plane
except that the by orbital changes sign and we denote this by
the “—xy” plane in Figure 6. A little algebra shows that the
mixing of the Cy, orbitalsin D3y isay’ =3 by — ‘hayande,’
= =34 b, — 5 a,. Using these expressions one can see by
adding and subtracting the a, and b, orbitals how they mix to
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slightly in going from Cjy, to D3j. Again the a,” orbital has an
obvious threefold symmetry, since 3x2y — 3 = r3sin 36.
The final pair of Cg4, orbitals is degenerate (fs;3—3.,2,
fsx3—3x-2). The e, (fs.3-3.,2) goes over directly to the a,” orbital
in D3j. Figure 8 shows contour plots of the e, and a,” orbitals.
The fs.3_3,2 is clearly destabilized as the fluorines are moved
onto the z axis. The increase in orbital energy is shown in
Figure 1. The other component of the e orbital (fsy3_3x,2) is
greatly stabilized in Dj;. The fsu_3y2 (2e5) and fy2-22)
(ley) orbitals mix in D34 to give the as” and e’ orbitals ac-

'(2ey). Comparing the plots of 2e; in Figure 7 (which is the
same as that for 2e, in the xp plane) and of le, in Figure 5
(which is the same as that for le, in the xy plane), one sees that
adding and subtracting the orbitals gives the a,’ orbital in
Figure 5 and an e, orbital (fsy,2—,2), which would look like
the e, orbital (fs,:2-,,2) in Figure 6, rotated 90°. 1t is evident
from Figure 7 that moving the fluorines away from the z axis
stabilizes the fs,3_3.,2 orbital as shown in Figure 1.

C. Effect of Spin—Orbit Coupling. The effect of spin-orbit
coupling on the geometry of UFs is very interesting. Without
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spin-orbit coupling the square pyramidal geometry is actually
lower than the trigonal bipyramid. Moreover, the ground state
in C4, is 2By, which corresponds to occupation of the f,, . or-
bital. As the Cy4, geometry is deformed into D35 symmetry, the
fyy- orbital is destabilized and becomes degenerate with the
f.(x2-,2) orbital (cf. Figure 1), so the ground state is now 2E”.
The Jahn-Teller theorem'S tells us what we already know,
namely, that the 2E” state is subject to a nuclear distortion that
will lower the energy. The distortion is, of course, the Cy,
pathway connecting the D3, and Cy, structures. Note also that
the other component (2B,) of the ?E” state is destabilized along
this path as expected from the Jahn-Teller theorem (cf. Figure
1). Finally, the 2B, state (f.(x2—,2)) actually becomes the
ground state, if one follows the C,,. pathway in the opposite
direction (i.e., starting from Dj; and moving away from
C4L')'

Spin-orbit coupling mixes the 5f orbitals among one an-
other. The size of the spin-orbit interaction may be discerned
from the spin-orbit coupling constant for the 5f orbitals in
uranium atom, {5y = 1879 cm™~! = 0.009 hartree.'* From
Figure 1, the ligand field splitting for the 5f orbitals is 0.047
hartree, so that the spin-orbit will be significant compared to
the ligand field, but will not dominate it.

Inclusion of spin-orbit coupling means that the symmetry
of the electron spin must be included when determining the
symmetry of the wave function. Since the electron has angular
momentum of 15, a rotation through 27 does not leave it un-
changed, but rather reverses its sign. As a result, one must use
double groups. The reader is referred to the excellent ele-
mentary introduction to double groups of Cotton?® and to
Koster et al.2° for the double group character tables for C’y,,
C’4L-,, and D’y,.

The electron spin transforms as vs in C’5,, ¥¢ in C’4,, and
w7 in D’35. Since the direct product in €75, of ys with any of
thie spatial symmetries gives s, all seven 5f orbitals in UFs
transform as +ys, as indicated in Figure 2. Consequently in C’5,
symmetry all the 5f orbitals can mix with one another. For 4,
and D’y the direct products of the space and spin parts of the

Table VI. Double-Group 5f Spin~Orbital Symmetries for UFs@

space spin total
C,4L‘

?xy: 74(b2) ® Ye = Y7
z(x2—y2 |
; t : }zj } s(e) ® Y6 = Y@
x(yi—z
fua-22) ¥(by) ® Ye = Y7
f5y3—3_\‘r2 'Yl(al) ® Ye = Ye
fsxi-axm
¢ } vs(e) ® Yo = Yo @ V7
5z3—3zr2
A D'3p
o } ys(e”) ® 1 = 718
s(x2—)Y) ,
TSI ¥2(a') ® Y7 = Y7
gsxly—y! vi(ay’) ® Y7 = Y7
fs'”'"""' } Yole) ® Y7 = Y@y
Sxz2—xr?
fsz3-3202 y4(ar") ® Y7 = Vs

@ Note 1 is chosen as Cy axis in Cyy.

5f orbitals are shown in Table V1. The resultant spin-orbitals
transform in C’4, as either g or 5. The 7 orbitals will be
mixtures of all the 5f orbitals except fx,. and f, y2—2), while
the «y7 orbitals are mixtures of all the orbitals except fs,3—3y,2.
Finally, in D’3; the 5f spin-orbits transform as 7, v, or vs.
The 7 orbitals are mixtures of fyy., fz(x2-y2), f3x,3-43, and
f3x2y—y3, the g orbitals are mixtures of fs,.2—,,2, fsy.2—43, and
f5,3-32,2, and the 7o orbitals are mixtures of fy,, f-(x2-,2),
fsyz2—pr2, and fsy.2-p2. For all the symmetries the 5f spin-
orbitals are doubly degenerate arising from the « and 8 spin
(the Kramers degeneracy).

Comparing Figures 1 and 2, spin-orbit coupling is seen to
spread out the 5f orbital energies, removing all the degeneracies
or near degeneracies, e.g., the a; and by states in Cy,. In all
cases the 5f orbital occupied in the ground state of UFs is sig-
nificantly stabilized. The effect on the total energies for Cy,.,
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Table VII, Direct Products for 5f Orbital Double Group
Symmetries in UFs4

Cy
Y6 ® Yo = Yi{a1) ® va(az) ® ¥s(e)
Y6 ® ¥7 = Yi(b1) & va(bs) @ ys(e)
Y1 ®v7 = vi(a1) ® v2(a2) ® Ys(e)
y~vyi(a)); (x.y) ~ ysie)
D3
¥7® 77 =vi1(a) ® v2(ay) & ys(e”)
¥7® ¥ = v3i(a1”) @ Ya(ar”) @ yele)
Y7 ® ¥9 = Ys(e”) @ Yol€)
Y8 ® vs = v1(ar’) @ v2(ay) @ vs(e”)
Y8 ® Yo = vs(e”) @ vele)
Yo ® yo = yi(ar’) ® v2(2y) ® vi(a,”) @ va(ay”)
2 ~v4(22"); (x,¥) ~ Yel€)

2 Note y is chosen as C4 axis in Cap.
¥y

Cyu, and D3y is diagrammed in Figure 3. The larger stabili-
zation for the trigonal bipyramid arises from the degenerate
e’’ orbital, which splits strongly with spin-orbit coupling.

The most interesting consequence of the spin-orbit inter-
action is that now the trigonal bipyramid is more stable than
the square pyramid. In addition, the trigonal bipyramidal
geometry is predicted to be the minimum energy geometry for
UFs, which was not possible without spin-orbit coupling be-
cause of the Jahn-Teller theorem. In this case, the spin-orbit
interaction (~7-9 kcal/mol) dominates the Jahn-Teller forces
(~1 kcal/mol). It should be noted that the pathway between
the D’3, and C’4, structures remains monotonic via the C’,
pathway and so UFs is still predicted to be fluxional.

In Table V, the calculated energies and wavelengths are
given for the f-f transitions in UFs. The analogous f-f transi-
tions in uranium atom are, of course, dipole forbidden. Table
VII gives the direct products for the 5f orbital symmetries in
C’4p and D’3,. We see that in C’y, all the f-f transitions are
dipole allowed, while in D’3;, only the ¥7 — vy7and ys — vs
transitions are dipole forbidden. Nevertheless, the forbidden
origin in the f-f transitions is evident in the weak dipole tran-
sition moments and oscillator strengths (cf. Table 1V). 1t is
interesting to note that for C’4,, where the 5f orbitals are more
generally mixed than in D’34, the transition moments vary over
a smaller range, 0.05-0.10 D, compared to 0.004-0.22 D for
D’35. Only order-of-magnitude accuracy is expected for the
calculated oscillator strengths given the simplicity of the IVO
wave functions.?® Additional errors arising from the use of
relativistic ECPs are not expected to be significant. Previous
calculations of electric dipole transition moments using rela-
tivistic ECPs have given good agreement with experiment.’b!2
Moreover, the work of Hafner and Schwarz3! on atomic
transition probabilities using relativistic pseudopotential3?
shows that errors introduced by core-valence correlation effects
are generally small.

It is appropriate at this point to compare our results to the
other published calculations on UFs. Maylotte, St. Peters, and
Messmer33 reported no relativistic X« scattered-wave calcu-
lations on UFs. Their calculations were performed at a Cq,
geometry similar to our optimized geometry. They reported
orbital energies and transition energies. Because they neglected
relativistic effects, the ordering and spacing of their orbital
energies are very different from ours. In addition, there are
large errors in their excitation energies, as they find charge-
transfer bands starting at 1 um or 10 X 103 cm~!, where our
preliminary results4 indicate that the charge-transfer bands
ensue at 25 X 103 cm~! or higher as in UFs.!6!7 The large
discrepancies between the calculations of Maylotte et al.33 and
the present work may be ascribed to their neglect of important
relativistic effects and to deficiencies in the X« scattered wave
method.
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Recently, Rosen and Fricke3® have reported nonrelativistic
Hartree-Fock-Slater and relativistic Dirac-Slater calculations
on UFs assuming a Cs, geometry. The ordering of the 5f or-
bitals in the relativistic calculation agrees with our results.
Their results3® show that relativistic effects shift the charge-
transfer bands to higher energy (~24 X 103 ¢m™!) in good
agreement with our preliminary results.3* Rosen and Fricke3>
calculated wavelengths for four f-f transitions, namely, 1T';
— 1T (1.82 um), 217 (1.29 um), 4I'7 (0.697 um), and 3T
(0.633 um). Comparison with our results in Table IIT shows
that our calculations predict considerably longer wavelengths
for all the transitions. A similar discrepancy between [VO
calculations using relativistic ECPs and local exchange cal-
culations occurred for the f-f transitions in UFg~.!4 In that
case experimental data are available and the IVO transition
energies are too high by 0.1-0.2 eV, while the local exchange
results are too high by 0.2-0.7 eV. Given the similarity of
transitions under consideration in UFs and UF¢™, we expect
the present IVO calculations on UFs to be more accurate. One
SCF calculation was performed on a 5f excited state of UFs,
The excitation energy decreased by 0.18 eV as the other elec-
trons were allowed to adjust to the excitation. This relaxation
energy is consistent with the errors observed in UFg=."4

D. Photogeneration of UFs5, Infrared spectroscopic studies
of UFs have been performed both in inert matrices3¢-38 and
the gas phase.’® The UFs has generally been produced by
photolysis of UFg with either a broad-band lamp?638 or a KrF
(248 nm) laser.?® (Codeposition of UF, and F; has also been
used to produce UFs for matrix-isolation spectra’). The
photofragment spectra taken by Kroger, Riley, and Kwei40
show that photodissociation of UFg at 266 nm produces UFs
with considerable internal energy (15-35 kcal/mol). They
found a bimodal distribution in the UFs internal energy dis-
tribution as deduced from the F-atom translational energies.
The two peaks occur at 1.0 and 1.4 eV with the former being
more intense. There was not sufficient information to partition
the internal energy into electronic and vibrational modes.
However, the bimodal distribution is a strong indication that
there are two different photodissociation channels producing
UFs in different electronic states.4?

The population of different electronic states is reasonable
given the low-lying 5f states (below 15 X 10° cm~!) in UFs.
It is not clear as yet which excited state (or states) of UFg is
being excited in the photodissociation and so one cannot say
which electronic states of UFs are being initially populated.
Calculations in progress on the excited states of UFg'7 should
shed light on this process.

Nevertheless, the important point is that photolysis of UFg
produces UF5 with significant electronic and vibrational en-
ergy.*? In the matrix isolation experiments, this excess energy
will be rapidly dissipated into the matrix. However, in the gas
phase at low pressures, the combination of the excess vibra-
tional energy and the small barrier between the D35 and Cy,
structure means that the UFs will not have a well-defined ge-
ometry. This fluxional character together with the presence
of multiple electronic states will greatly complicate the gas-
phase infrared spectrum. In fact, the gas-phase infrared
spectrum of UFs shows hot band features comparable to
high-temperature UFg spectra, indicating the presence of many
excited vibrational states.3®

E. Environmental Effects on UFs. One of the major goals of
measuring the vibrational spectrum of UFs has been to de-
termine its geometry. At first glance this appears straight-
forward since there are two infrared-active U-F stretching
modes for D3 and three for C4,. The initial matrix isolation
studies of Paine et al.?® and Kunze et al.%0 revealed two bands
at 560 and 584 cm™~! (for Ar matrix) in the U-F stretching
region (500-650 cm™'). The simplest conclusion might be that
UFs is a trigonal bipyramid. However, the third U-F
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stretching band for Cy, might be very weak or obscured by the
UF¢ bands also present.

To elucidate the situation, Krohn et al.#! calculated the in-
tensities for the stretching bands in D3, and Cy4, based on a
theoretical model, which had given good results for UFg and
SFe.42 They found that the intensities of the two bands were
consistent with a Cy, structure and that the third stretch was
predicted to be very weak.*! Their model assumed that the
polar tensors for the axial and equatorial fluorines in UFs were
basically the same. The present calculations give strong support
to this assumption as demonstrated by the similarity of the
Mulliken populations for D35 and Cy, in Table VI.

More recently, Jones and Ekberg3® have found a very weak
band at 646 cm™! for UFs in Ar matrices, which confirms the
predictions of Krohn et al' Using a force constant model to
fit the wavelength and intensities of the U-F stretching bands,
Jones and Ekberg® predict a Cy, geometry for UFs with an
Fax-U-Feq angle of 101° and U-F,4 and U-F,q bond lengths
of 2.00 and 2.02 A, respectively. These predictions are in ex-
cellent agreement with the equilibrium Cy, geometry predicted
by the ab initio calculations (cf. Table I).

Taking the analysis of the vibrational spectra together with
the present calculations allows one to conclude that the ge-
ometry of UFs in inert matrices is Cs,. Since the matrices
should perturb the UFs weakly, one should be able to infer that
the gas-phase structure of UFs is also square pyramid. How-
ever, one must check whether there is a significant differential
effect on the D3; and Cg4, structures. The major difference
between the two structures as to the effect of the matrix is that
the Cy4, structure has a nonzero dipole moment while the D3,
structure does not. The calculated dipole moment, w, for the
square pyramid is 1.88 D including spin-orbit coupling (The
value is 1.93 D without spin-orbit effects.) This is a significant
dipole moment. To estimate the stabilization of the UF5 square
pyramid in an inert matrix, one may use the model of a mole-
cule in a spherical cavity of radius R (A) surrounded by a di-
electric medium with dielectric constant e. The stabilization
is given by*3

-1\ u? e—1
AE = 144" | & o,
(2e+l)R3 133 (2e+l)

where we have chosen R =3.35A =200+ 1.35=Ry_r+ R¢
(van der Waals). Even in the limit of large dielectric constant,
the stabilization is less than | kcal/mol. For inert matrices
which have small dielectric constants, e.g., e(lig Ar) = 1.54%*
and e(lig He) = 1.056,** the stabilization is less than 0.2
kcal/mol.

The above arguments indicate that the equilibrium
geometries for UFs in inert matrices and gas phase should be
the same, namely, square pyramid. Nevertheless, direct de-
termination of the gas-phase geometry will be very difficult
given the fluxional nature of UFs. To make a reliable gas-phase
determination, UFs must be produced with very little excess
internal energy (less than 1 kcal/mol). Photogeneration of UFs
from UFg does not meet this criterion and so another approach
must be determined or the excess energy must be removed, e.g.,
by adding an inert buffer gas.
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