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ABSTRACT: The terminal oxo species OUF, and OThF,
have been prepared via the spontaneous and specific OF,
molecule reactions with laser ablated uranium and thorium
atoms in solid argon and neon. These isolated molecules are
characterized by one terminal M-O and two F—M—F (M = U
or Th) stretching vibrational modes observed in matrix
isolation infrared spectra, which are further supported by
density functional frequency calculations and CASPT2 energy
and structure calculations. Both molecules have pyramidal
structures with singlet (Th) and triplet (U) ground states. The

molecular orbitals and metal—oxygen bond lengths for the OUF, and OThF, molecules indicate triple bond character for the
terminal oxo groups, which are also substantiated by NBO analysis at the B3LYP level and by CASPT2 molecular orbital
calculations. Dative bonding involving O,, — Thyy and Uy interactions is clearly involved in these oxoactinide difluoride
molecules. Finally, the weak O—F bond in OF, as well as the strong U—O, U—F and Th—O, Th—F bonds make reaction to form

the OUF, and OThF, molecules highly exothermic.

B INTRODUCTION

Molecules with terminal metal oxo ligands are considered to be
important intermediates in a number of chemical and
biochemical reactions.' > Considerable experimental effort
has been devoted to the synthesis and characterization of
these molecules especially those containing late transition metal
centers, which are helpful in understandmg their roles in the
corresponding catalytic reactions.*”” Considering the impor-
tance of terminal oxo species in transition metal chemistry,
their actinide analogues are also interesting because applications
of uranium and thorium in a wide range of catalytic reactions
have been the subject of much scientific research.*™'" As the
most widely studied actinide element, uranium is known to
form a number of uranyl compounds containing UO," and
UO,*" fragments, the structures of which have been fully
characterized by experimental and theoretical methods."”™"
Compared with the rich studies on these uranyl species
containing uranijum oxygen multiple bonds, molecules with
terminal mono O0xo groups are not as well structurally
characterized,'®™"® which is partly related to their high
reactivity toward the formation of bridged oxo species.'®
Although species like UOCI™ and UOEF, have also been
characterized to have terminal UO groups in their solid
states,'”*” they have been classified as uranyl analogues because
of preference for the almost linear X—U-Y arrangement
around uranium,'® where the inverse trans influence plays an
important role. 1321 Bor thorium, however, few structural
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reports can be found for molecules with terminal ThO
groups.”

Besides experimental studies focused on synthetic methods,
reactions of uranium and thorium atoms with simple precursor
molecules in cryogenic matrixes have also yielded several
products with terminal oxo ligands.*™® In these cases
structural identification can be determined by the agreement
of experimental and theoretical vibrational frequencies for a
specific calculated structure. Our recent studies on actinide and
NF; reaction products provided experimental evidence for the
formation of terminal nitride species as the final products.””*®
Hence, similar reaction product molecules with terminal oxo
ligands are expected to be formed when OF, is used as the
reactant, since the OF bond is even weaker than the NF bond
in NF;, and much weaker than the OH bond in H,0.***° In
this paper, we report the matrix infrared spectra of two
oxoactinide difluoride molecular species with terminal oxo
groups, namely, OUF, and OThF,. These product molecules
are formed via the spontaneous, specific reactions of laser
ablated uranium or thorium atoms and OF, in argon and neon
matrixes. Three bond stretching mode absorptions are observed
in the infrared above 400 cm™" for each molecule, and they
compare favorably with density functional calculations of
vibrational frequencies. We also include a CASPT2 bonding
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analysis which describes triple bonding in these early actinide
oxo subunits.

B EXPERIMENTAL AND THEORETICAL METHODS

The experimental apparatus and procedure for preparation and
characterization of metal atom reaction product molecules in excess
argon at 4 K have been described previously.*® The Nd:YAG laser
fundamental (1064 nm, 10 Hz repetition rate with 10 ns pulse width)
was focused onto a freshly cleaned uranium or thorium (Oak Ridge
National Laboratory, high purity) target mounted on a rotating rod.
Laser-ablated uranium or thorium atoms were codeposited with 3—4
mmol of argon (Matheson, research) containing 1.0% OF, (Ozark-
Mahoning) onto a CsI cryogenic window for 60 min. The '*OF,
sample (91% '8O enriched) was synthesized and kindly provided by
Arkell and co-workers.>® Both OF, and 'OF, samples were used
without further purification in a stainless steel vacaum manifold. FTIR
spectra were recorded at 0.5 cm™" resolution and +0.1 cm™" frequency
accuracy on a Nicolet 750 FTIR instrument with a HgCdTe range B
detector. Matrix samples were annealed at different temperatures and
cooled back to 4 K for spectral acquisition. Selected samples were
subjected to broadband photolysis by a medium-pressure mercury arc
street lamp (Philips, 17SW) with the outer globe removed.

Complementary density functional theory (DFT) calculations were
performed using the Gaussian 09 program system.”> The hybrid
B3LYP density functional was employed primarily in our calculations
along with the M06 functional.*® The 6-311+G(d) basis set was used
for oxygen and fluorine atoms, and the 60 electron core SDD
pseudopotentials were employed for thorium and uranium atoms.** All
of the geometrical parameters were fully optimized, and the harmonic
vibrational frequencies were obtained analytically at the optimized
structures. The nature of the terminal oxo bonds in the OUF, and
OThF, molecules were further analyzed using NBO 3.1 as
implemented in Gaussian 09.>° After the DFT work, benchmark
CASPT2 calculations were done for OUF, [using (6,6) and (8/8)
CAS] and for OThF, [(6,6) CAS].>* The MOLPRO program
package®® used for the latter calculations employs a slightly different
code (RS2) and gives slightly different results from the MOLCAS
program of Roos et al.

B RESULTS AND DISCUSSION

Reactions of uranium or thorium atoms with OF, were studied
using different OF, concentrations as well as laser energies, and
only the best experimental results using 1.0% OF, are presented
here. A common absorption due to the OF free radical was
observed at 1028.1 cm™' after sample deposition in all
experiments,”” and this absorption intensity depended strongly
on the laser energy employed in the experiment. Broad band
irradiation (4 > 220 nm) increased the intensity of the OF
radical band, which decreased when the sample was annealed,
as observed previously.”’* In addition, weak absorptions for
CF,, CO, CO,, O, and FOO®® were also present in the matrix
infrared spectra. Very weak CO and CO, contaminant
absorptions are always observed in these experiments, and
CF, is a common impurity in fluorine and OF, samples from
the reactions of highly oxidative F, or OF, with residual carbon
in the steel sample cylinders.

Infrared Spectra. Figure 1 shows infrared spectra from
codeposition of laser-ablated uranium atoms with 1.0% OF, in
argon. In addition to weak UO, and UO,* absorptions as well
as bands due to UF, species,””* several other new metal
dependent (i.e., these bands depended on the particular metal
source ablated) absorptions were observed after sample
deposition. These were not present in U with O, or F, argon
matrix experiments. Weak 940.5 and 871.7 cm™" absorptions
(not shown) were assigned to the antisymmetric O—U-O
stretching modes of the UO,F, and UO,F molecules from
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Figure 1. Infrared spectra of laser-ablated uranium atoms and OF,
reaction products in solid argon at 4 K: (a) U + 1.0% OF, deposition
for 60 min; (b) after annealing to 20 K; (c) after 4 > 220 nm
irradiation; (d) after annealing to 30 K; (e) after annealing to 35 K.

reactions of uranium with mixed F, and O, in argon.41 New
product bands were observed at 834.8, 522.2, and 487.2 cm™,
which increased by ~10% during the first annealing to 20 K
(Figure 1, trace b). Subsequent broad band irradiation had
essentially no effect on these new bands while the uranium
fluoride absorptions increased (Figure 1, trace c). Further
sample annealing to 30 and 35 K decreased the 834.8, 522.2,
and 487.2 cm™! absorption set (Figure 1, traces d and e), and
the UF4 band at 619 cm™' became the dominant absorption in
the infrared spectra (not shown).*' In addition, spectra are
compared in Supporting Information, Figure S1 for U atom
reaction products with OF, and with F,.

Infrared spectra from the reactions of laser-ablated thorium
atoms and OF, are shown in Figure 2. Weak absorptions
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Figure 2. Infrared spectra of laser-ablated thorium atoms and OF,
reaction products in solid argon at 4 K: (a) Th + 1.0% OF, deposition
for 60 min; (b) after annealing to 20 K; (c) after 4 > 220 nm
irradiation; (d) after annealing to 30 K; (e) after annealing to 35 K.

previously assigned to ThO and ThO, molecules were observed
right after sample deposition,** and their amounts are too small
to observe any possible reaction products. Three new product
absorptions at 806.6, 511.1, and 482.3 cm™! increased
substantially when the sample was annealed to 20 K because
of the lower laser energy used for Th relative to that for U in
the uranium experiments. But these bands decreased upon
annealing to 30 and 35 K (Figure 2, traces b, d and e). No
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change was found for the 806.6, 511.1, and 482.3 cm™!
absorption set upon broad band irradiation while the ThF,
absorption increased (Figure 2, trace ¢).¥ The latter two
absorptions are clearly in the region for Th—F stretching
vibrations.

To facilitate product identifications, experiments with '*OF,
sample (91% enriched) were also carried out, which are
diagnostic for identifying the UO and ThO stretching modes in
the new molecules. Additionally, the metal fluoride stretching
modes might also exhibit very small oxygen-18 shifts because of
coupling with the metal oxide stretching modes. Infrared
spectra from the reactions of uranium or thorium with 1.0%
'8OF, in argon are shown in Figure 3 (traces c and d), and the
newly observed product absorptions are listed in Table 1.
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Figure 3. Infrared spectra of laser-ablated uranium and thorium atom
and isotopically substituted OF, reaction products in solid argon at 4
K. All spectra were recorded after sample deposition followed by 20 K
annealing: (a) U + 1.0% '°OF,; (b) Th + 1.0% '®OF,; (c) U + 1.0%
BOF, (91% enriched); (d) Th + 1.0% '®OF, (91% enriched).

Complementary neon matrix experiments were performed to
ascertain the magnitude of the argon to neon matrix shifts and
thus determine the influence of matrix atoms on the trapped
species. The successful trapping of reactive molecules in solid
neon made by reactions of laser ablated metal atoms
necessitates lower laser energy and less heat load to the
condensing sample because the 4 K substrate is much closer to
the freezing point of neon (24.5 K) than that of argon (84.0 K).
Hence, the product yield is typically less in the neon matrix,
and such spectra are shown in Supporting Information, Figure

S2 with the product absorptions given in Table 1. Absorptions
due to uranium and thorium oxide molecules were observed as
well.?>* 1t is significant to note that these neon matrix
counterparts are blue-shifted slightly more than the typical
amount (here about 20 cm™') from the argon matrix values
described above.*’ These argon—neon shifts can be compared
to those observed for the CH,-LnF, complexes in recent work
from this laboratory.* Since the Ln-F bonds are almost purely
ionic, the argon—neon matrix shifts are large (13—16 cm™) for
the ionic Ln-F bond stretching modes and appropriately small
(~1 cm™) for the more covalent Ln-C bond stretching modes.
Hence, the argon—neon matrix shifts for the subject oxo species
verify experimentally the polar character of these bonds which
are revealed by the natural (NPA) atomic charges from the
DFT calculations [O(—0.81) U(2.08) F(—0.63 X 2) and
O(-1.03) Th(2.38) F (—0.68 X 2)] (see Supporting
Information, Table S1).

The additional observation of the best yield of the UO
diatomic molecule in solid neon here from the single oxygen
OF, precursor at 899.2 cm™" is in agreement with the earlier
observation at 889.5 cm™' from dioxygen reactions.** The
U0 counterpart is observed here at 841.6 cm™' with the
U'0/U™0 frequency ratio of 1.05656. We maintain that UO
is trapped in different electronic states in solid neon and solid
argon where the vibrational mode absorption is 819.8 cm™.%

OMF, (M = U, Th) Molecules. The 834.8, 522.2, and 487.2
cm™" absorptions exhibited identical behavior throughout the
experiments with uranium, suggesting that they arise from
different vibrational modes of the same new molecule. The
834.8 cm™' band shifted to 790.5 cm™ with the '°0/*O
isotopic frequency ratio of 1.0560. Both the isotopic frequency
ratio and band position (1.0571 and 819.8 cm™" for UO in solid
argon®”) show that the 834.8 cm™ band is due to the U-O
stretching mode of a new molecule (the smaller 1.0529 isotopic
frequency ratio is the signature of an antisymmetric O—U—-O
vibration.*). In addition the '*OF, sample contains 9% '*OF,,
and the relative intensities of the '°OF, and '*OF, isotopic
products in the '®O-enriched sample provide information on
the oxygen stoichiometry of the new product: with a single O
atom the relative 16/18 product band intensities would be
(0.09)/(0.91) = 1/9, but with two O atoms, the relative 16,16/
18,18 band intensities would be (0.09)%/(0.91)% or 1/102. The
measured integrated relative 16/18 uranium product band
intensity is 1/5 where the '*O-enriched product area is difficult
to measure as a shoulder on the very intense '*OF, precursor
band. However, the measured integrated relative 16/18
thorium product band intensity is 1/12 [here the *O-product

Table 1. Vibrational Frequencies Observed in Solid Argon and Solid Neon [in brackets] and Calculated Frequencies (Infrared
Intensities) for the OUF, and OThF, Molecules Prepared from the '°OF, and '*OF, Reagents”

OF,

mode obsd.
OUF, U—0 str. 834.8 [855.0]
sym. F—U—F 5222 [529.0]
antisym. F—U—F 487.2 [507.6]
OThF, Th—O str. 806.6 [mask]
sym. F—U—F S11.1 [522.4]
antisym. F—U—F 482.3 [500.8]

180F2
calc.b obsd. calc.

862.4 (217) 790.5 [809.5] 816.3 (194)
521.3 (126) 522.1 [528.8] 521.2 (126)
498.4 (185) 487.2 [507.6] 498.3 (184)
825.9 (235) 763.9 [782.7] 781.9 (209)
513.1 (126) 510.8 [522.0] 512.9 (127)
484.6 (202) 482.1 [500.5] 484.5 (201)

“Only frequencies above 400 cm™ are listed. Numbers in parentheses are infrared intensities (km/mol). *Our calculations employed the B3LYP
density functional, and for comparison the M06 functional gave 839.2(260), 512.6 (129), and 483.8 (207) for OThF,. Ref 47a gave 838.1 cm™'
(PBE) and 889.0 cm™" (PBEO) for the U—O stretching mode of OUF, using SC-RECP basis set for uranium.
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intensity is from Figure 3 (spectrum d minus spectrum c) since
the ®*O-enriched sample contains weak impurity bands in this
region]. Both of these measured integrated relative 16/18
product band intensities are much closer to the 1/9 ratio
expected for a single O atom containing product, in agreement
with the isotopic frequency ratio and band position.

The new 522.2 and 487.2 cm™ absorptions are observed in
the region of uranium fluoride absorptions.*> Experiments with
'8OF, isotopic sample revealed that the former band red-shifted
slightly to 522.1 cm™ while no obvious isotopic shift was
observed for the latter band. Since these two bands were not
observed in the argon, U and F, experiments,** they are
probably due to the uranium-fluoride stretching modes of the
new oxygen containing molecule. Hence we assign the three
new absorptions to the U—O stretching, symmetric and
antisymmetric F—U—F stretching modes of the OUF,
molecule. Note that the 834.8 cm™' absorption corresponds
to the weak 834.7 cm™' band observed in previous argon matrix
U/O,/F, experiments, which was assigned incorrectly to the
U-O stretching mode of the OUF, molecule as a minor
product in those experiments.*’ However, as mentioned in that
paper, it is not possible to distinguish unambiguously between
the OUF, and the OUF, molecule possibilities based on
observation of only the uranium-oxide stretching band without
further experimental information like that provided here from
the higher yield concerted U and OF, reaction. The
observation of two additional uranium fluoride stretching
modes along with the terminal U—O stretching mode in our
new experiments validates the identification of OUF,.

Assignments of the 806.6, 511.1, and 482.3 cm™" absorptions
to the OThF, molecule are straightforward following the
uranium example. The 806.6 cm™ band shifted to 790.5 cm™
on oxygen-18 substitution, and the isotopic frequency ratio of
1.0559 for a typical Th—O stretching mode was observed for
the 806.6 cm™ band (1.0563 and 876.4 cm™ for ThO in solid
argon®). The S11.1 and 482.3 cm™' absorptions due to
symmetric and antisymmetric F—=Th—F stretches exhibited 0.3
and 0.2 cm™ red shifts upon '*O substitution, which clearly
demonstrates the slight involvement of oxygen in these two
lower frequency vibrational modes.

To confirm further our experimental assignments and to get
detailed insight into the structures of the product molecules,
theoretical calculations using the B3LYP functional were carried
out on the OUF, and OThF, molecules. The triplet state for
OUF, is found to be lowest in energy while the OThF,
molecule possesses a closed shell singlet ground state. The
U—O stretching mode calculated for OUF, at 862.4 cm™" shifts
to 816.3 cm ™" with '®O substitution, and the computed isotopic
frequency ratio of 1.0565 is quite close to the experimental
value of 1.0560. The other two vibrational frequencies above
400 cm™" are predicted at 521.3 and 498.4 cm™', which are due
to symmetric and antisymmetric F—U—F stretching modes,
respectively. Note that the slight participation of oxygen in
these two modes results in very small 0.1 cm™ calculated '*O
shifts, which is in line with the negligible shifts observed
experimentally (Table 1). Similar agreements are found
between the calculated and observed frequencies for the
OThF, molecule (Table 1). Both the calculated band position
and '°0/*®0 isotopic frequency ratio for the Th—O stretching
mode fit the experimental values well. The thorium fluoride
stretching modes 0.2 and 0.1 cm™ red shifts upon 'O
substitution as predicted by our calculations, which are also
consistent with the observed shifts of 0.3 and 0.2 cm™".
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B3LYP calculations were also performed on the OUEF,
molecule offered as a possible assignment in our earlier
experiments.*' Consistent with most previous investigations,47
a C,, structure is calculated to be most stable for the OUF,
molecule. Frequency calculations reveal four infrared active
modes above 400 cm™': the axial U—O and U—F stretches at
918.7 and 619.0 cm™" as well as the equatorial U—F stretching
modes at 554.6 and 533.6 cm™' with relative intensities of
160:87:432:20. Clearly, assignment of the new 834.8, 522.2,
and 487.2 cm™' absorptions to the OUF, molecule is not a
reasonable possibility.

Structure and Bonding. Geometry optimizations on the
OUF, and OThF, molecules give pyramidal structures (Figure
4). These are related to other OUX, and OThX, species (X =

1.830 g2 11° 1.886 AM2-157
o9 2
J K4 J )‘0

OUF, C, OThF, C,

3" 1

Figure 4. Optimized structures (bond lengths in angstroms and bond
angles in degree) for the OUF, and OThF, molecules at the B3LYP/
6-311+G(d) level of theory. Structural parameters were almost the
same with those given in ref. 47a. Structural parameters are also similar
using the CASPT2 method (Supporting Information, Table S1).

H, CH,) identified in earlier matrix isolation experiments,”*~>°

where the geometries are believed to involve 6d orbitals as
exemplified in the H,ThO molecule.”* The U~O bond length
of the OUF, molecule is calculated here by B3LYP to be 1.830
A, almost the same as that for OU(CH,), (1.833 A) and OUH,
(1.823 A) at the same level of theory.”® This is in line with the
small chan§es in the U-O stretching frequencies for these
molecules.”*?® A similar trend is found for OThF, frequencies
and its analogues.***°

Selected molecular orbitals for OUF, from B3LYP
calculations are shown in Supporting Information, Figure S3
so as to understand better the multiple bonding interactions
involved in this molecule. The two unpaired electrons are left in
the highest occupied molecular orbital (HOMO) and HOMO-
1, which are mostly U 5f orbital in character. The HOMO-2 is
apparently a ¢ bonding orbital formed mainly via the U 6d and
O 2p interactions. Both HOMO-3 and HOMO-4 are n
bonding orbitals arising from the overlap between oxygen 2p
lone pair and uranium 6d orbitals with the former contributing
more. Calculations reveal that the U—O bond distance in the
OUF, molecule is 1.830 A at the B3LYP level, 1.8312 A with
CASPT2 (6,6), and 1.8314 A using the (8,8) active space
(Supporting Information, Table S1), which are close to the
values of recently characterized terminal uranium oxo
complexes.'®'”*® The size of the (6,6) active space is in
principle large enough because of the mostly ionic U-F bonds
formed. Therefore, one only needs six active orbitals with six
electrons to describe the multiple bonding character of the O—
U bond.

The computed U—O bond distance in the OUF, molecule is
0.12 A longer than the tabulated UO triple bond length
proposed from triple bond radii,*** but near the experimental
bond length for UO (1.838 A).*® However, this proposed
triple bond radius is based on the uranyl dipositive cation, which
clearly has shorter bond lengths than a neutral species, and is
not a good comparison for multiple bond lengths in neutral
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species. Hence, the UO bond in our OUF, molecule has
considerable triple bond character, the same as suggested for
other terminal UO containing species.*”** The OUF, molecule
can be compared with the isostructural OUH, molecule.”® The
computed dipole moment of the former is 5.61 D, and the
Mulliken atomic charges are O(—0.63) U(1.60) Fz(_0-49)2
and of the latter is 5.17 D with Mulliken atomic charges of
0(=0.58) U(1.22) H,(~0.32),.

Additional support for the multiple bonding in the OUF,
molecule can be obtained from natural bond orbital (NBO)
analysis.*>> As shown in Table 2, three U—O bonding orbitals

Table 2. Composition of the Bonding Molecular Orbitals in
the OUF, and OThF, Molecules from NBO Calculations®

metal atomic orbital content in this

bond,%
bond % of the NBO
type on each atom s p d f
OUF, z 0 (80.42) 1.85 98.10  0.05
(83.85) 1.48 98.48  0.05
U (19.58) 0.32 0.82 48.62 5023
(16.15) 0.26 0.85 53.06  45.83
z 0 (82.00) 0 99.95  0.05
(84.87) 0 99.95  0.05
U (18.00) 0 147 4723 5130
(15.13) 0 1.51 47.01  51.48
c 0 (75.58) 13.04 8691  0.04
(78.72) 17.30  82.66  0.04
U (24.42) 0.49 247 46.67 5037
(21.28) 0.71 3.00 5521  41.09
OThF, z 0 (85.00) 0.69 99.27  0.04
Th (15.00) 1.55 223 61.10  35.12
o 0 (82.01) 16.84 8313  0.02
Th (17.99) 023 435 5621 3920
z O (86.67) 0 99.96  0.04
Th (13.33) 0 2.08 5673 4120

“Numbers in bold type are for /3 spin orbitals in *A” OUF,.

are found, in which the oxygen atom (mainly 2p orbital)
contributes about 80% to the U—O bond while the remaining
20% contributions come from the equivalent hybridization of U
6d and Sf orbitals. This contrasts the bonding 51tuat10n 1n the
Cp,UO molecule, which is considered to be Cp,U™-0) with
a U-O single bond because of the localized nature of the six
electrons on oxygen.>® Similar with the triple U~O bond in the
OUF, molecule, the U-O o bond in the Cp,UO molecule also
contains 80% oxygen participation. The natural charge on the
uranium center in the Cp,UO molecule is +2.49,°° which is
higher than our value for OUF, (+2.11) and consistent with
more covalent character in the latter molecule. Since fluorine is
highly electronegative, it is expected that the electrons on
oxygen tend to overlap more with the uranium orbitals, which
is different from the case with the cyclopentadienyl ligand.
The B3LYP computed bond order of 2.95 for OUF, from
NBO analysis also supports the triple bond character for the
terminal oxo bond. For comparison, similar calculations for
quintet UO at the B3LYP level of approximation gave a 2.97
bond order. To confirm this oxo bonding scheme, benchmark
level CASPT2 level calculations were done, which have been
used to describe multiple bonding in a number of simple
uranium bearing species including NUF;.>” The CASPT2
molecular orbitals shown in Figure S reveal a bond order of
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Figure S. CASPT2-Molecular orbitals for the oxo bond in OUF,.

2.894, which characterizes a triple oxo bond in OUF,. Since
additional 7 bonding comes from dative electron donation from
oxygen, while the unpaired electrons of uranium occupy the
two f orbitals, the formal oxidation state of uranium is still best
described as IV. The singly occupied CASPT?2 f orbitals are
illustrated in Supporting Information, Figure S4.

The bonding interactions in the singlet OThF, molecule are
very similar to those for OUF, except that the Th—F bond is
more ionic. It is also reasonable to consider triple bond
character for the ThO bond in the OThF, molecule with the
existence of one ¢ and two 7 bonds, the latter of which can be
mainly viewed as dative bonds with lone pair electron densitiy
donated from the oxygen center. The Th—O distance (1.886
A) in the OThF, molecule is also consistent with the value for
the recently characterized thorium oxo metallocenes (1.929
A),* and almost the same as the ThO triple bond length (1.89
A) taken from atomic radii,*** but longer than the measured
bond length for ThO ('Z¥) itself (1.840 A).**® The B3LYP
calculated bond length is 1.835 A, and the harmonic frequency
is 896.1 cm™' (224 km/mol intensity) for ThO.*'® As can be
found in Table 2, the Th—O bond is a triple bond as well
because of the three bonding orbitals in spite of the slightly
larger participation of oxygen 2p orbitals, which is similar with
the uranium case. The natural charge on the thorium center is
+2.38, slightly higher than the charge on uranium. This is
consistent with the lesser contribution from thorium to the
Th—O bond, giving rise to a more ionic character. The triple
bond character for the terminal oxo ligand in OThF, is also
supported by the B3LYP NBO calculated bond order of 2.94,
close to the value of 2.96 computed here for the ThO diatomic
molecule. Additionally, the Th S5f orbitals are found to be
involved in the Th—O bonding from NBO analysis, although
Th does not have 5f valence electrons. In conclusion, the ThO
bond in the OThF, molecule also has considerable triple bond
character, which is illustrated nicely by the CASPT2 molecular
orbitals, Figure 6, and the computed 2.892 bond order.

Our recent studies identified the CH,UF, molecule, which is
isoelectronic with the OUF, molecule.®! The CH,UF,
molecule is predicted to have some CH-U agostic interaction
with the uranium center in a pyramidal geometry. Although one
of the fluoride stretching modes of the CH,UF, molecule was
not resolved, the symmetric and antisymmetric F—U—-F
stretching vibrational frequencies of the CD,UF, methylidene
were observed at 528.3 and 507.4 cm™’, only 6 and 20 cm™'
higher than those of the OUF, molecule. For the CH,ThF,
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Figure 6. CASPT2-Molecular orbitals for the oxo bond in OThF,.

molecule, an approximately symmetrical structure was found by
the B3LYP functional, and it also showed a slightly pyramidal
geometry around Th.*> Compared with the fluoride stretching
frequencies of OThF,, the symmetric stretching mode of the
CH,ThF, methylidene complex was almost the same, but the
antisymmetric mode was about 15 cm™ higher, which agree
with the small changes in bond lengths. In addition to the
methylidene complexes, the first actinide borylene complex,
FBThF,, was recently identified in solid argon from the
reactions of BF; and thorium.>® Since only three valence
electrons are available for boron, the FB fragment can only
form one ¢ and one 7 bond with the corresponding thorium
orbitals, which results in a Th=B double bond. To further
compare the geometric changes for the XThF, (X = BF, CH,,
O) molecules, the structural parameters of the CH,ThF, and
OThF, molecules were optimized using the B3LYP functional
and the larger 6-311+G(3df) basis set, which is the same as the
one used for FBThF,. The changes in Th—F bond lengths are
within 0.01 A and the changes in bond angles are less than 2
degrees compared with the results using the smaller 6-
311+G(d) basis set. The borylene FBThF, still possesses the
shortest computed Th—F bond (2.119 A) followed by
CH,ThF, (2.129 A) and OThF, (2.147 A), which is also
consistent with its highest fluoride stretching frequencies
observed near 540 and 525 cm™.*® about 30 and 40 cm™!
higher than those of the OThF, molecule. The calculated FThF
bond angle for FBThF, is 126.9°, larger than that for CH,ThF,
(120.6°) and OThF, (106.5°) all calculated with large basis sets
while the difference in XThF bond angle is smaller with OThF,
(112.3°) followed by FBThF, (108.5°) and CH,ThE, (106.5°).
It is interesting to note that the in-plane 7 bonding orbital for
the CH,ThF, molecule is mainly a Th—C nonbonding orbital,
but it has some C—H bonding character, which is obviously
different from the in-plane 7 bonding orbital for OThF, (Figure
7). This results in a true Th=C double bond for the CH,ThF,
molecule. In the case of FBThF,, only one ¢ and one out-of-
plane 7 orbital were found while the in-plane orbital does not
exist because of only three valence electrons for boron. As a
result, the FThF bond angle is larger when the ThX bond
involves in-plane 7 interaction, the presence of which is
believed to increase the repulsive interactions between terminal
Th—F o bond and this 7 bond. Hence, the FThF bond angles
are sensitive to the existence of the second 7z bonding orbital in
such a system with multiple ThX bonds.

OUF,/OThF, in the Condensed Phase. Both uranium
and thorium oxyfluorides have been reported in the solid state
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OThF,
HOMO-1

CH,ThF,
HOMO-2

Figure 7. In-plane 7 orbitals for the isoelectronic OThF, and
CH,ThF, molecules.

several decades ago. The uranium oxide tetrafluoride
compound (UOF,) was characterized to have axial fluorine
and oxygen atoms with four bridged and one nonbridged
equatorial fluorine atom around the uranium center.”® The
presence of nonbridged oxygen atom was supported by the
observation of a strong presumably U—O stretching band at
885—881 cm™, the absence of bridged UOU stretching modes,
as well as structural parameters determined by neutron
diffraction, which showed a UO distance of 1.870 A.>* This is
slightly longer than the UO bond length computed for the
OUF, molecule (1.830 A) and several structurally characterized
terminal UO containing compounds.'¢™"®

The existence of the OUF, compound has been proposed in
its water complex OUF,-H,O without direct structural
information.>®> However, all of the heavier analogues, OUX,
(X = Cl, Br, I), have been characterized to have bridged oxo
structures.®” Similarly, structural studies on the thorium
oxyfluorides (OThF,) as well as other oxyhalides suggested that
only bridged oxygen atoms are present in these solid
compounds, which possess longer ThO distances as well as
bridged ThOTh vibrational modes.>” >’

Several aspects of the solution chemistry of the OUF,
molecule are noteworthy.>> As the pH is increased to 1.7, the
color changes from green to blue to brown and ultimately a
black precipitate is formed. This black material was found to be
76.25% U by mass, which suggested the stoichiometry
(UF,)(OH), or (OUF,)(H,0). The NMR spectrum of this
material is sharp compared to that of (UF,)(H,0),; ,s, which
suggested that the H,O ligand in the (OUF,)(H,0) complex is
mobile in solution. We suspect a dipole bound complex for the
two polar molecules OUF, and H,0, with computed dipole
moments of 5.61 and 2.16 D, respectively (The experimental
value for H,O is 1.854 D, and our B3LYP value is 20%
higher.).®° Accordingly, B3LYP calculations were done for this
complex, the structure is illustrated in Supporting Information,
Figure S5, and its chemistry is discussed in our Supporting
Information.

Reactions in the Matrix. As shown in Figures 1 and 2,
ground state uranium and thorium atoms react with OF, on
low temperature annealing in solid argon, which results in the
spontaneous formation of the OUF, and OThF, molecules. No
M(OF,) complexes nor FOMF (M = U,Th) insertion product
intermediates were observed in our experiments. Our B3LYP
calculations reveal that geometry optimizations of the M(OF,)
and FOMF molecules (quintet for U, triplet and singlet for Th)
give rise to the OMF, structures, suggesting that neither
M(OF,) nor FOMEF is stable along the reaction coordinates of
uranium and thorium with OF,. Since both Th—F and U-F
bonds are about three times as strong as the O—F bond,>>¢"5>
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formation of the OUF, and OThF, molecules is expected to be
highly exothermic, and these molecules are further stabilized
through triple bonds in the UO and ThO linkages. Our B3LYP
calculations reveal that the bond dissociation energies for the
U—F and Th—F bonds in the OMF, molecules are 137 and 143
kcal/mol, while those for the U—O and Th—O bonds are 160
and 185 kcal/mol. The overall reaction exothermicites for the
formation of the OUF, and OThF, molecules are quite large,
377 and 419 kcal/mol, respectively, for reactions 1 and 2,
computed at the B3LYP level of theory without spin orbit
corrections. Although no UO was detected in the argon matrix
experiments, U'°O is masked by the intense OF, absorption
and weak U'0, bands may cover any weak U'®O absorption.*
However, UO was observed in the neon matrix experiment,
which may arise from the slower condensation and relaxation
rate of energized product molecules formed in neon freezing at
4 K

U + OF, —» OUE, (1)

Th + OF, - OThE, @)

A series of recent investigations on the reactions of fluorine
substituted molecules with uranium and thorium has
demonstrated that molecules containing as many metal fluorine
bonds as possible were usually the final observed prod-
ucts.”7?83152636% This leads to the formation of a series of
uranium carbide and nitride molecules as well as the terminal
oxo species with multiple bonds identified here.>”** Formation
of the FC+ThF; and N+ThF; molecules with two singly
occupied 7 bonds was still favorable*®** even if the C—F bond
is stronger than the N—F bond.”” However the strongest B—F
bond makes the BF; and thorium reactions terminate at the
borylene complex FBThF, without further fluorine transfer to
give the B=ThF; molecule.>

OF, is known to decompose upon absorbing UV photons.*®
As a result, photodecomposition of OF, is expected during
sample deposition due to irradiation from the plume produced
by laser ablation of metal target, which contains UV and
vacuum UV photons.®® The intensity of the plume radiation
can be changed by the laser energy, which accounts for the laser
energy dependence of the OF band intensity. A similar process
occurs when the sample is exposed to UV irradiation, both here
and in earlier work, where Arkell et al. first prepared OF.%
Along with the decomposition of OF,, the OF radical band
appeared. Additionally, atomic fluorine and oxygen were
produced at the same time, which were evidenced by the
presence of metal fluoride as well as weak ozone absorptions.

Previous studies on the reactions of uranium with F, and O,
mixtures suggested that the UO,F, and UO,F molecules were
major products while a weak band due to a single oxygen
containing species was detected.*' Uranium fluoride absorp-
tions especially UF4 became dominant when more concen-
trated fluorine samples were used. In contrast, the dioxo
uranium fluoride species were stronger in the experiments with
more O,, which favors the formation of uranium dioxide as well
as its fluorine adducts. In the case of OF,, the fluorine transfer
reactions make it possible for the formation of the molecules
with one oxygen atom, and the fluoro and dioxo species are
weak. Finally, these matrix reactions can be used to make an
interesting series of metal containing molecules with terminal
0XO groups.
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B CONCLUSIONS

Reactions of laser ablated uranium and thorium atoms with
OF, have been investigated using matrix isolation infrared
spectroscopy. Uranium and thorium oxyfluoride species, OUF,
and OThF,, are identified by the observations of terminal M-O
and two F~M—F (M = U, Th) stretching vibrational modes as
well as density functional vibrational frequency calculations.
The OUF, and OThF, molecules are produced via the
reactions of uranium and thorium atoms with OF, upon
sample annealing, during which negligible activation energy is
required. This is the first example of an oxide-fluoride molecule
prepared in a single concerted reaction. All aspects of uranium-
fluorine chemistry are important: first, for the investigation of
chemical bonding, and second, for better understanding of
applications for uranium fluorides such as the well-known
separation of U isotopes through the diffusion of UFq
isotopomers.

B3LYP and CASPT2 calculations predict pyramidal
structures for these two oxyfluoride products. The closed
shell singlet is found to be the ground state for the thorium
product while triplet OUF, is calculated to be lowest in energy.
Bonding analysis (NBO) reveals that the UO and ThO
fragments in OUF, and OThF, contain considerable triple
bond character because of the existence of an in-plane 7 bond,
which is also reflected in the F~M~—F bond angles as compared
to molecules with similar structures. Benchmark CASPT2
calculations reveal 2.9 bond orders for each of these new oxo
species and demonstrate the importance of dative bonding
involving O,, — Thgy and Ugys interactions. The highly
exothermic character of the OF, reactions suggest that
numerous metal containing species with terminal oxo groups
can be prepared using these fluorine transfer reactions.
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