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US, and SUO molecules have been prepared by laser ab-
lation of the solid materials and reaction of the elements dur-
ing condensation in solid argon, which give the same absorp-
tions as earlier U atom reactions with sulfur vapor and sulfur
dioxide. The antisymmetric stretching mode of US, shifts
from 438.7 cm™ in solid argon to 442.3 cm™ in solid neon,
which shows that the same electronic state is trapped in both
matrix environments. Density functional calculations find a
bent (®B,) ground state for the US, molecule, and CASSCF/

CASPT2 calculations reveal a multiconfigurational mixture
of (5f¢)'(58)!-type states, whereas the most stable state for
UO, is a linear structure of the (5{¢)(7s) type. The bent triplet
ground state SUO molecule exhibits similar multireference
character with the U-O stretching mode at 857.1 cm™ in solid
argon. The linear SUO molecule computed at the CASPT2
level is only 2 kcal/mol above the bent structure. A detailed
analysis of the bonding in US, and SUO is provided and com-
pared to the better known UO, molecule.

Introduction

The chemistry of uranium is important; however, the
chemistry of significant fundamental gaseous uranium spe-
cies is a largely neglected area.l' > Among the best known,
yet still not fully understood, actinide molecules is UO,,
which is linear based on oxygen isotopic substitution infra-
red spectra and theoretical calculations,”! whereas solid
UO, forms cubic crystals.[®l However, US, forms tetragonal
crystals and the US, molecule is bent as determined from
the argon matrix sulfur isotopic infrared spectrum and den-
sity functional calculations.l”-8! Solid SUO also forms te-
tragonal crystals, and the SUO molecule has been detected
as a minor product in the reaction of laser-ablated U atoms
and SO,.I>!% This work has two purposes: first, to prepare
SUO and US, molecules for matrix spectroscopic observa-
tion using different source materials in order to confirm
their previous identification from argon matrix reactions of
laser-ablated U atoms, SO,, and elemental sulfur®!% and
second, to perform high-level calculations on the electronic
structures of SUO and US,. Moreover, the UO, electronic
state is believed to change on going from the solid argon to
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neon matrix environments owing to a stronger interaction
with argon than with neon.*!!1 Hence, we also wanted to
characterize US, in a solid neon matrix to compare with
the solid argon results.®!

Another important question to be answered is why the
UO; molecule prefers a linear conformation, whereas US,
undoubtedly has a bent structure. To clarify the origin of
the linear structures of actinoids, early computational work
by Wadt!'?l attempted to demonstrate the linearity of the
uranyl UO,2* ion with respect to the isoelectronic bent
ThO, molecule. His conclusion was that in species where
the chemical bond was dominated by the 5f-2pm orbital
interaction, the bond would be linear, as in UO,**, whereas
in species where the 6d-2pm orbital interaction was domi-
nant, as in ThO,, the bond would be bent. For the same
reasons, Tatsumi et al.['3] claimed that that the uranium sul-
fide species, where the 6d contribution is critical, would be
bent. In these earlier studies, however, the nature of the
bond is explained using only molecular orbital interaction
diagrams between the uranium and the peripheral atoms,
and there is no mention of the critical contribution of the
Pauli repulsion and the electrostatic interactions in stabiliz-
ing the linear or the bent conformations. In this work, we
attempt to fill this gap using modern theoretical tools.

Results and Discussion

US,

The codeposition of laser-ablated U atoms with sulfur
vapor in excess neon produced weak bands at 686.8, 683.5,
and 680.8 cm™!, which are blueshifted 3-4 cm™! from the
argon matrix absorptions assigned to the S; molecule.['¥]
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The 3*S counterparts were observed at 666.4, 663.3, and
660.7 cm™!, which define 32:34 isotopic frequency ratios
(1.0306, 1.0305, and 1.0304) in agreement with those ob-
served for the argon matrix isolated species. In the mixed
328 and S isotopic experiments a doublet of these matrix
site split triplets was observed without any intermediate
mixed isotopic components, which indicates that Ss is prob-
ably produced here by photodissociation of the Sg precursor
molecules with UV radiation from the intense laser ablation
plume on the surface of the uranium target. Similarly, S,
absorptions were observed at 665.4 and 646.7 cm™! with 34S
isotopic counterparts at 645.8 and 627.4 cm™!, again blue-
shifted 3-4 cm™! from the argon matrix values,"'* and again
no mixed isotopic bands were observed. New product ab-
sorptions were observed in the U-S stretching region at
4423 cm™ for 32S and at 431.5cm™! for 3*S: these bands
increased slightly on full mercury arc irradiation and on
annealing at 10 and 12 K (Figure 1). Two mixed sulfur iso-
topic experiments revealed the same bands without any new
mixed isotopic components.
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Figure 1. IR spectra of the laser-ablated uranium and thermal sul-
fur Sg vapor reaction products in the 460420 cm™! region trapped
in solid neon. (a) Laser-ablated U and natural isotopic Sg code-
posited in excess neon at 5 K for 60 min, (b) after > 220 nm irradi-
ation for 20 min, (c) after annealing to 10 K, and (d) after anneal-
ing to 12 K. (e) Laser-ablated U and 98% enriched isotopic 3*Sg
codeposited in excess neon at 5 K for 60 min, (f) after > 220 nm
irradiation for 20 min, (g) after annealing to 10 K, and (h) after
annealing to 12 K. (i) Laser-ablated U and 50:50 mixed isotopic
328¢ and 3*Sg codeposited in excess neon at 5 K for 60 min, (j) after
> 220 nm irradiation for 20 min, (k) after annealing to 10 K, and
(1) after annealing to 12 K.

These bands are blueshifted 3.6 and 3.7 cm™ from the
argon matrix bands, 438.7 and 427.8 cm™!, assigned to sul-
fur isotopic counterparts of the SUS molecule.’! Further-
more, the 32:34 isotopic frequency ratio (1.0250) is in agree-
ment with that observed for the argon matrix isolated spe-
cies (1.0255), which substantiates assignment of the neon
matrix bands to SUS. Unfortunately the yield is too low to
observe the weaker symmetric stretching mode observed at
449.8 cm! in solid argon.[®! The SUS molecule is probably
prepared here in the same reaction as in previous sulfur
discharge argon matrix experiments,® but here S, is likely
produced by photodissociation of Sg by the intense laser
ablation plume [Equation (1)].
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U + S, — SUS (1)

The solid US,/S target was ablated into freezing neon in
two experiments, but no new bands were detected in the
low signal to noise 450 cm™! region. However, trapping in
solid argon gave the strong US, band at 438.8 and the
weaker band at 449.9 cm™!, as shown in Figure 2, and re-
produced in a second experiment. Annealing sharpened
these bands, but UV irradiation had no effect. In addition,
S5 bands were observed at 676.2 and 680.1 cm™! (0.01 ab-
sorbance). UO and UO, were detected (0.002 absorbance),
and the sharp 857.1 cm™' band, previously assigned to
SUO,!% appeared as shown in Figure 3 (e) and increased
on subsequent annealing.
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Figure 2. IR spectra of products from laser-ablated solid US,/S in
the 480-430 cm™! region trapped in solid argon. (a) Laser-ablated
solid US,/S products trapped in solid argon at 5 K for 60 min, (b)
after annealing to 20 K, (¢) after annealing to 30 K, (d) after
> 220 nm irradiation for 20 min, and (e) after annealing to 35 K.
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Figure 3. IR spectra of products from laser-ablated solid SUO/S in
the 900-740 cm™' region trapped in solid argon. (a) Laser-ablated
solid SUO/S products trapped in solid argon at 5 K for 60 min, (b)
after annealing to 20 K, (c) after annealing to 30 K, and (d) after
> 220 nm irradiation for 20 min, and (e) after annealing to 35 K.
(f) Laser-ablated U and SO, codeposited in excess argon, after
> 220 nm irradiation and annealing to 30 K from Ref.['"]

We carried out theoretical calculations at different levels
of theory to provide further insights into the infrared spec-
trum of the US, molecule. In Table 1, we give the structural
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properties and the vibrational frequencies of the US, mole-
cule computed using two exchange-correlation functionals
within the DFT framework: PBE and PBE0.['>) The ground
state (GS) is a triplet state, >B,, bent molecule with Cs, sym-
metry, as reported earlier.’] The PBE( provides a shorter
U-S bond length compared to PBE and a smaller S-U-S
angle. The asymmetric stretch is computed at 462 (PBEO)
and 441 cm ! (PBE), which are in good agreement with the
experiment, 439 (in argon) or 442 cm™! (in neon), and pre-
vious DFT values.®! In addition, we performed CASSCF/
CASPT?2 calculations,'®!”l which show some peculiar fea-
tures and are presented below, in Table 1. As evidenced by
the data in Table 2, the triplet ground state is not composed
of one single configuration state function (CSF), but it is a
linear combination of at least two configurations whose
weight is 66 and 29 %.

Table 1. Predicted geometrical parameters and vibrational stretch-
ing frequencies computed at the CASPT2, DFT/PBE/TZ2P, and
DFT/PBEO/TZ2P level of theory of the optimized SUO and US,
molecules for a given method.

DFT/PBE  DFT/PBEO

CASPT2  Experiment

US,

U-S 2.351 2.331 2.365 -

S-U-S 120 114 122 -

Vs 423 465 489 not obs [Ne]
450 [Ar]

Vas 441 462 488 442 [Ne]
439 [Ar]

SUO

U-S 2.347 2.386 2.374 -

U-O 1.811 1.815 1.849 -

S-U-0 180 126 121 -

A 412/414 437 466 -

Vas 859/833 869 847 871 [Ne]
857 [Ar]

Table 2. Orbital composition for the spin-free ground state of the
SUO and US, molecules computed at the CASSCF/CASPT?2 level
of theory.

Composition

SUO (CA’)  67% (5fp.)'(58,)" + 25% (5f¢,)'(5f5.)!
(5f¢.) 93% Stp_ + 3% 6do, + 2% 2p O

(55,) 90% 5£6, + 6% 6dm + 1% Sfc + 1% 2p O
(5f¢.) 89% Sfp,. + 6% 55 + 3% 6dm_ + 2% Sfrn,
(5f5.) 87% 5f6_ + 6% 5f¢. + 6% 6dm.,

US, (°B,) 66% (5f¢ M(568,) + 29% (5f¢+)1(5f5 )
(5f¢.) 93% St + 4% St + 3% 6dd.

(5£84) 87% 516, + 9% 5fc + 6% 6dn

(5f¢+) 96% 5f¢+ + 2% Sfry + 2% 6dn

(5f5.) 96% 56 + 3% 6dm.,

Looking at the composition of both of these CSFs, we
notice that the two unpaired electrons are localized in mo-
lecular orbitals mainly composed of the 5f¢ and 5f6 non-
bonding atomic orbitals. However, unlike the linear struc-
ture, the bent conformation allows mixing between 5f and
6d orbitals so that the nonbonding 5f¢ and 5f8 can mix
with the 6dn and 6dd orbitals. The composition of the US,
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ground state differs from the ground state found for UO,,
where the most stable state is a linear structure of the
(5f¢)(7s) type. In this latter molecule the (5f@)(5f5) state lies
at much higher energies. The fact that the GS is multicon-
figurational could suggest that DFT may have problems in
correctly describing some of the molecular properties, in
particular the energy of excited states. However, in this
work we are mostly interested in the geometrical param-
eters of the ground state, which are correctly described
using DFT. The CASPT2 structure shows a U-S bond
length of 2.365 A, slightly larger than the DFT value, and
an angle of about 120°. The asymmetric vibrational stretch-
ing mode computed at 488 cm! is somewhat larger than the
experimental value of 439 cm™!, but still within reasonable
agreement. Of particular interest is the weaker symmetric
stretch, which, as evidenced earlier, appears in the argon
matrix,'® but not in the lower yield solid neon experiments.
At the DFT/PBEO and CASPT2 levels of theory this vi-
bration lies very close, within 1-3 cm™!, to the antisymmet-
ric stretch. This suggests that the weaker band might over-
lap with the more intense band. In an argon matrix, the
host can interact with the trapped US, molecule giving the
possibility of resolving the two vibrational stretching
modes. Evidence for strongly interacting matrices on the
electronic structure of trapped molecules has been given in
an earlier study on the UO, molecule.[']

SUO

The ablated material from the solid SUO/S target was
codeposited with excess argon using two different laser en-
ergies, and infrared spectra of the better experiment are
shown in Figure 3. The initial deposited sample revealed
UO and UO, absorptions®®! and a broad 860 cm™! band,
trace (a). Annealing sharpened the latter into a sharp 860.1,
857.1 cm™! doublet and produced the strongest SUO, band
at 891.1cm ! and weak UOj; absorptions.>!1 Weak S
bands were observed, and no US, was detected. The
857.1 cm™! band is in excellent agreement with a weak
857.0 cm™!' band assigned to the SUO molecule produced
in the U/SO, reaction in excess argon.![!‘]

The experimental infrared spectrum does not provide a
basis to determine whether the SUO molecule is bent or
linear. DFT/PBE and DFT/PBEO results are shown in
Table 1, along with the CASPT2 values. All three methods
provide a triplet state as the ground state; however, some
geometrical differences are found. For example, DFT/PBEOQ
and CASPT2 show a bent structure, whereas DFT/PBE
converges to a linear structure. This difference can be as-
signed to the small energy gap between the two structures.
At the CASPT?2 level, the bent structure is only 2 kcal/mol
more stable than the linear one, whereas at the DFT/PBE
level the bent structure is just slightly less stable than the
linear one (at DFT/PBEO the bent exhibits the same
CASPT?2 energy gap). In Table 3 we give an overview of
the main energy differences between the two conformations,
linear and bent, computed for different electronic states.
4459
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The notable feature is that the linear (5f@)(7s) state becomes
steadily destabilized from UO, to US,, whereas the
(5f¢)(5f0) state becomes more stabilized breaking the linear
structure and favoring a bent conformation. In the next sec-
tion we will give more details about the reasons why each
of the species has a different geometry.

Table 3. Energy differences [kcal/mol] between linear and bent
structures for the UO,, SUO, and US, molecules obtained at the
DFT/PBE/TZ2P level of theory and relative to the most stable
states for each species. Note that at CASPT2 and DFT/PBEO level
of theory, the SUO exhibits the bent structure as the more stable.
We listed the DFT/PBE values because the energy decomposition
has been carried out using this exchange-correlation functional.

Type UO, SUO us,
Linear

(5f9)(7s) 0.0 8.7 14.4
(5f¢)(5f0) 14.9 0.0 14.2
Bent

(5f¢)(5f0) 8.8 1.6 0.0

The experimental band of the SUO molecule at 857 cm™!
matches reasonably well with our calculated vibrational
stretch of the U-O bond: 859 (PBE), 869 (PBEO), and
847 cm~! (CASPT2). As in the case of US,, the ground state
of the SUO molecule shows multireference character
formed by a linear combination of two CSFs whose weight
is 67 and 25% (see Table 2 for more details).

Bent or Linear?

A consideration of the crystal structures of the corre-
sponding solids affords a qualitative explanation for the lin-
ear structure of UO, and the bent nature of US,. In cubic
UO, the U** cation (crystallographic site symmetry m3m
= 0,) is surrounded by eight O  anions at the corners of a
tetragonal bipyramid. The shortest OO distance is 2.73 A,
which is about twice the ionic radius of four-coordinate O
(1.38 A).I'8 Thus, there is no hint of O-O interactions. In
contrast, in tetragonal US,!!'”! one independent U** ion
(site symmetry 42 = D,) is surrounded by eight S>= ions
at the corners of a bicapped trigonal prism and the other
independent U** ion (site symmetry mm = C,,) is sur-
rounded by seven S ions at the corners of a seven-vertex
polyhedron. In the former, the shortest S-S distance is
3.16 A, whereas in the latter it is 3.06 A. These are both
longer than a typical S-S single bond length of 2.06 A, but
are markedly shorter than twice the ionic radius of S*
(1.84 A)!'81 and are indicative of S-S interactions. This is in
keeping with the well known tendency of the chalcogens to
form chains, rings, and other moieties arising from such
interactions. One can thus look upon solid US, as contain-
ing incipient bent US, molecules arising from S-S interac-
tions. This qualitative approach does not afford an insight
into whether the SUO molecule is linear or bent. In solid
SUOP! the U** ion (site symmetry 4mm = C,,) is sur-
rounded by five O> ions and four S> ions at the corners
of a distorted monocapped square antiprism. The shortest
4460
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S--+O distance is 3.11 A, which is slightly shorter than the
sum of the individual ionic radii (3.22 A).

For a more quantitative approach to the question of con-
formations, we decomposed the XUY molecule into two
interacting fragments: the peripheral X-Y moiety (XY
can be O--0O, S---O or S---S) and the U atom, both of them
computed as neutral species. Under this framework, unfor-
tunately, we do not have any direct information on the in-
teraction between the two peripheral atoms, because they
are both considered inside a single fragment. The fragment
decomposition approach, originally presented by Ziegler
and Rauk,% allows a partition of the bond energy into
several components of chemical relevance: Pauli repulsion,
electrostatic interaction, and orbital interaction, the latter
including both charge transfer and polarization effects. In
all three molecules, the bond energy decomposition occurs
between two fragments that for computational reasons had
to be calculated in a restricted open-shell fashion (the ADF
program does not allow direct computation of the interac-
tion energy between two unrestricted open-shell moieties).
As expected, both the fragments present a significant spin
polarization (i.e. the energy needed to bring the molecule
from an unrestricted open-shell electronic configuration to
a restricted open-shell one): the uranium atom has a known
quintet ground state, and the O--O, S---O, and S---S moie-
ties are computed also as quintet states. These latter species,
when found in their most stable geometrical conformation,
present triplet ground states, but their bond separation in
the fragment moiety X--+Y is about 3.5-4.0 A, in such a way
that we can consider them as two separate atoms. This leads
to two coupled triplet states that give an overall quintet
state. Under this framework, we computed the spin polari-
zation as a separated term, called preparation energy, Ay,
which is always positive, as it implies forcing the alpha and
beta electrons to share the same molecular orbital.

In this analysis (see Table 4), we can firstly compare the
decomposition energies of the linear [(5f¢)(7s)] UO, with
the linear SUO and US, molecules. The same conclusions
on their trend can be drawn from comparing the linear
[(5f¢)(513)] or the bent species. The Pauli repulsion term is
much higher for the UO, molecule and decreases along the
series, SUO and US,. This can be explained by the fact that
the oxygen atoms in UO, are closer than the sulfur atoms
in US,, hence the OO electronic cloud largely overlaps
with the uranium center, yielding a strong repulsive effect.
On the other hand, sulfur is rather diffuse hence the
electrons are more widely delocalized, especially in regions
outside the bond with the uranium, providing a weaker
Pauli repulsion. The electrostatic interaction is more at-
tractive in UO,, but this effect is not as large as the Pauli
term. Indeed, the Pauli repulsion decreases by about
466 kcal/mol from UO, to US,, but the electrostatic inter-
action is reduced by only 108 kcal/mol (Table 4). Hence, the
steric interaction (the sum of Pauli and Electrostatic terms)
is most destabilizing for linear UO,. On the other hand, the
orbital interaction term overcomes such a repulsive effect
leaving UO, as the molecule with the strongest bonding in-
teraction. The charge transfer of 2.33 e from uranium to
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Table 4. Bond energy decomposition [kcal/mol] of the interaction
between the peripheral X-Y [XY = O-O, S-O, S-S] moiety and
the uranium atom for the XUY molecule. These values have been
obtained at the DFT/PBE/TZ2P level of theory. The SUO and US,
geometries have been optimized for each given electronic structure.
Only in the case of UO,, the bent geometry has been selected arbi-
trarily, with the same bond length as the linear ground state and a
forced bent 120° angle. This was done because no local minimum
was found for the bent conformation of UO,.

U0, SUO us,
Linear (5f¢)(7s)
Pauli repulsion 1539.1 1301.9 1073.0
Electrostatic interaction ~ —562.8 -512.1 -454.5
Steric interaction 976.3 789.9 618.5
Orbital interaction —-1400.8 -1143.8 -895.5
Total interaction -424.5 -354.0 -277.1
Aprep 12.9 11.4 9.3
Charge transfer 2.33 2.20 1.99
Total bonding energy —411.6 -342.6 —267.8
Linear (5f¢)(5f5)
Pauli repulsion 1539.1 1269.8 931.8
Electrostatic interaction  —562.8 —498.7 -393.4
Steric interaction 976.3 771.1 538.4
Orbital interaction —1386.0 —1133.7 -815.7
Total interaction -409.6 -362.7 -277.3
Aprep 12.9 11.4 9.3
Charge transfer 2.55 2.52 2.42
Total bonding energy -396.7 -351.3 -269.0
Bent
Pauli repulsion 1444.3 1130.4 920.0
Electrostatic interaction ~ —505.0 -433.7 -387.5
Steric interaction 939.3 696.7 532.5
Orbital interaction —13554 —1058.1 -824.5
Total interaction -416.2 -361.4 -292.0
Aprep 13.4 11.7 9.8
Charge transfer 2.42 2.39 2.27
Total bonding energy -402.8 -349.7 -282.2

the oxygen atoms is somewhat larger than that found in
SUO (2.20 e¢) and US, (1.99 e¢). However, only the charge
transfer cannot explain the huge difference in the orbital
interaction energy within UO, (-1400.8 kcal/mol) and, for
example, US, (-895.5 kcal/mol). The orbital interaction
term, however, includes pair bond formation, and mostly,
charge rearrangement within each fragment. These latter
two terms, which cannot be quantified into separate contri-
butions in our analysis, are most probably responsible for
these large orbital interaction differences. To further corro-
borate the effect of the charge transfer, and particularly the
charge rearrangement, we have computed natural popula-
tion charges for each given species (see Table 5 for details).

In order to explain why the UO, molecule prefers the
linear conformation, we can look at the decomposition en-
ergy of both the linear and bent species. The first notable
feature is the reduction of the Pauli repulsion on going from
the linear to the bent structure. This can be explained intu-
itively by the fact that the maximum repulsion is obtained
along the axis of the linear molecule and distortion from
linearity partially relieves this effect. This damping of the
Pauli repulsion is about 100 kcal/mol (from 1539.1-
1444.3 kcal/mol). The electrostatic term is also reduced (the
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Table 5. Natural population charges and natural population config-
urations computed at DFT/PBE/TZ2P level of theory for each
atom in a given molecular species.

Atomic Electronic Configuration
U (75)2'0(6(1)1 .0(503.0

0 (92°0p)*
S (392G

Natural population analysis UO,
Linear (5f¢)(7s) Linear (5f¢)(55)

U (7s)0.94(6d)0.41(5f)2.43 (7s)0.06(6d)0.37(5f)3.09
[e) (2s)1.98(2p)5.14(3d)0.03 (2s)1.98(2p)5.26(3d)0.03

Bent

(7s)0.51 (6d)0'60(5f)2'47
(2S)1 .98(2p)5. 19(3d)0.03

Natural population analysis SUO

U (75)0‘82(6d)0‘56(5f)2‘50 (75)0‘06(6(1)0‘45(503‘02
O (29)'(2p)>B(3d)P%  (25)98(2p)>14(3d)*
S (35)1‘99(31:))5‘01(4(1)0‘05 (35)1'99(31:))5‘23(4(1)0‘05
Natural population analysis US,

U (75)0.81(6d)0.71(5f)2.53 (7S)0'01(6d)0'55(5f)3'05
S (3S)2'00(3p)4'%(4d)0‘04 (35)2.00(313)5. l7(4d)t)‘05

(75)0'36(6(1)0‘49(502‘39
(25) 1 .98(2p)5, l4(3d)0A03
(35) 1 .99(3p)5, l4(4d)0A05

(75)0.22(6(1)0.55(563‘05
(3S)2'00(3p)5' 10(4d)0A04

maximum attraction is still obtained when the molecule is
linear), but in a less extensive way (from -562.8 to
—505.0 kcal/mol). Combining these two contributions, we
obtain an overall steric interaction less repulsive by
37.0 kcal/mol for the bent molecule (939.3 vs. 976.3 kcal/
mol). Regarding the orbital interaction term, the linear mo-
lecule obtains an overall relaxation of the electron density
from the isolated fragments, which is more stabilizing
(45.4 kcal/mol) with respect to the bent structure. This con-
tribution overturns the relative stabilization of the two con-
formers, causing the linear structure to be more stable.

Moving to the US, molecule, we find the steric interac-
tion in the bent structure less repulsive by about 86 kcal/
mol than the linear molecule (532.5 vs. 618.5 kcal/mol).
This is quite striking compared to the UO, molecule where
the linear/bent difference in the steric term was only
37.0 kcal/mol. This effect is mostly driven by the large re-
duction of Pauli repulsion from the linear to the bent con-
formation of about 153 kcal/mol (100 kcal/mol in UQO,).
The orbital interaction term still favors the linear structure,
however, not enough to overturn the overall stabilization of
the bent structure. Indeed, the orbital relaxation stabilizes
linear US, by 71 kcal/mol, somewhat similar to that ob-
tained for UO,, (85.4 kcal/mol), but still smaller than the
steric interaction that prefers the bent form. In conclusion,
for US, the relief of Pauli repulsion going from linear to
bent helps to keep the bent structure more stable, despite
the fact that orbital interaction favors the linear conforma-
tion.

In SUO the situation is intermediate between the UO,
and US,. The most stable structure at DFT/PBE level is the
linear (5f¢)(5f5) state by just 1.6 kcal, hence the comparison
is made with respect to this state. The steric interaction is
less repulsive in the bent structure by 65.0 kcal/mol,
whereas the orbital interaction favors the linear structure
by 75.6 kcal/mol. This makes the linear structure more
stable, but the energy difference remains small. At the
4461
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CASPT?2 level, this energy gap is only 2 kcal/mol and well
within the error of the computational method (DFT/PBEOQ
gives the same value as CASPT?2).

Conclusions

Laser ablation and matrix isolation spectroscopy have
been used to produce US, and SUO molecules in solid ar-
gon using new methods. The asymmetric stretching mode
of US, is found at 438.7 cm™!, about 4 cm™' lower than in
solid neon. Unlike the UO, molecule, there is no ground
state reversal in changing the matrix environment. The
SUO molecule exhibits a U-O stretching mode at
857.1 cm™!, in agreement with the DFT and CASPT?2 calcu-
lations that compute the ground state as a bent triplet struc-
ture. Theoretical results also show that US, presents a bent
triplet ground state, which has a multiconfigurational na-
ture of mainly two configuration state functions. A similar
multireference character is found for SUO. From the frag-
ment decomposition above we find that the linear structure
is favored in UO,, and the bent structure is favored in US,.

Experimental Section

General: Laser-ablated U atoms were treated with Sg mixtures in
neon during condensation at 5 K using methods described in our
previous papers.[$10-1421.221 Natural isotopic sulfur (Electronic
Space Products, Inc.), enriched sulfur (98 % 34S, Cambridge Isotope
Laboratories), and different mixtures of the two isotopic samples
were also employed. The vapor pressure of sulfur feeding the depo-
sition tube was controlled by resistance heating of the sample reser-
voir. The Nd:YAG laser fundamental (1064 nm, 10 Hz repetition
rate with 10 ns pulse width) was focused onto a rotating uranium
target (Oak Ridge National Laboratory, high purity, depleted of
235U). FTIR spectra were recorded at 0.5 cm™! resolution with a
Nicolet 750 with 0.1 cm™! accuracy using an HgCdTe range B de-
tector.

Several microwave discharge experiments were performed with
neon in the previous apparatus using a 5 K substrate,'# but the
discharged effluent provided too much heat for the surface to con-
dense neon effectively. However, similar neon experiments were per-
formed without discharge, and the deposited samples revealed in-
frared spectra of new reaction products.

A sample of solid SUO synthesized as described® was pressed into
a 1/4 inch dia pellet, which was not cohesive enough to handle, but
10 English tons of pressure applied to this material premixed with
half again more elemental sulfur formed the pellet used for laser
ablation and trapping in solid argon. Similarly, a sample of pressed
solid US,; did not hold together, but mixing with half again more
sulfur enabled a usable laser ablation target to be prepared using
10 English tons of pressure.

Computational Details

All ab initio calculations were performed using the complete active
space CASSCF method'®! followed by multiconfigurational sec-
ond-order perturbation theory (CASPT2).'”! Scalar relativistic ef-
fects were included using the Douglas—Kroll-Hess Hamiltonian(?3!
and relativistic ANO-RCC basis setl> of VTZP quality im-
plemented in the MOLCAS 7.4 package.*’! In the CASSCF treat-
ment, the ideal active space of US, and SUO was composed of 19
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orbitals, 13 of which come from a linear combination of the 5f, 6d,
and 7s orbitals of the uranium atom and the remaining six from
the 3p orbitals of the sulfur atom (or 2p orbitals for the oxygen
atom). This means that the active space would contain 14 electrons,
i.e. six valence electrons from the uranium and eight valence elec-
trons from the two peripheral atom 3p (or 2p) orbitals. Unfortu-
nately, an active space of (14e/190) is computationally unfeasible
owing to the large number of configuration state functions in-
volved. We thus decided to make a consistent truncation of the
space by removing the two lowest (6dm,—2p,,) bonding orbitals
and the corresponding antibonding orbitals. This yields a more af-
fordable space of (10e/150). Test calculations have also shown that
a smaller active space, (8e/130), gives results in good agreement
with the larger (10e/150),['!) hence we decided to proceed with this
smaller CAS for computational advantage. In this new CAS we
removed the bonding (6dc,—2p,) and its antibonding combination.
This active space is similar to that chosen by Infante et al.l'!l At
this level of theory we applied the C,, symmetry for the US, mole-
cule and C; for the linear and bent SUO. We performed geometry
optimizations and numerical second order derivatives to retrieve
the vibrational frequencies of each given species. This approach has
been successful in studying many actinide-containing systems.[!!-26]

We have also performed calculations using DFT, employing the
PBE correlation-exchange (xc) functionall'™! as it has been proven
to provide similar results to the CASPT2[!!], A TZ2P basis-set was
used for all computed optimized geometrical structures and vi-
brational frequencies.

In addition, we have carried out a fragment decomposition analy-
sist?% using the ADF2009 program!®”! to study the interaction be-
tween the U atom and the peripheral S, moiety within the US,
molecule or between U and SO moieties within SUO. The bonding
energy between the two fragments at the equilibrium is expressed
as the sum between two terms: the first contribution is a stabilizing
term called 8E;,;, which includes the interaction between restricted
closed-shell/open-shell densities of the two fragments. SE;, is itself
decomposed into three quantities that have a direct physical mean-
ing: the Pauli repulsion, the electrostatic interaction, and the or-
bital interaction (includes the polarization and the charge transfer
effects) between the two moieties. The second term is usually a
small spin polarization term, AEgp, which is the energy difference
between the individual spin polarization term, Egp, of each molecu-
lar fragment. The Egp contribution is always positive as it is the
deformation of the electron density from a relaxed unrestricted
open-shell density to a restricted closed-shell one. The AEgp can be
either positive or negative depending on how each fragment con-
tributes to the spin polarization.
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