Inorganic Chemistry

pubs.acs.org/IC

Magnetic Properties and Electronic Structures of ArsU"V—L
Complexes with Ar = C5(CH;3),H™ or CsH5 and L = CH;, NO, and Cl

Frédéric Gendron,” Boris Le Guennic,** and Jochen Autschbach®*

TDepartment of Chemistry, University at Buffalo, State University of New York, Buffalo, New York 14260-3000, United States
“Institut des Sciences Chimiques de Rennes, UMR 6226 CNRS-Université de Rennes 1, 263 Avenue du Général Leclerc, 35042

Rennes Cedex, France

© Supporting Information

ABSTRACT: Electronic structures and magnetic properties
of the U* complexes (C;Me,H),UNO, (C.Me,H);UC],
(CsH;);UCH;, and (C¢H;);UCI are investigated by quantum
chemical calculations. On the basis of wave function
calculations including spin—orbit (SO) interactions, all
complexes have nondegenerate nonmagnetic ground states.
However, for L = CH; and CI magnetic doublet excited states
are very low in energy, rendering the magnetic susceptibility
strongly temperature dependent above ca. 50—100 K. In
contrast, (CsMe,H);UNO exhibits temperature-independent
paramagnetism even at room temperature. The calculated
susceptibilities agree well with available experimental data. An
analysis of the ground states and the magnetic behavior is
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performed using crystal-field (CF) models with parameters extracted from the ab initio calculations, and with the help of natural
orbitals contributing to the electron density, generated from scalar relativistic and SO wave functions for the ground states and
selected excited states. Electronic g-factors calculated from the CF models agree well with ab initio data. The U-NO bond order
in (CsMe,H);UNO decreases somewhat due to SO coupling, because U-NO bonding 7 orbitals with strong U Sf, character mix
with nonbonding 5fs orbitals under the SO interaction. This complex also exhibits pronounced multireference character. All

complexes afford U-ligand 5f covalent character.

1. INTRODUCTION

Characterizing and rationalizing of the magnetic properties and
electronic structures of complexes containing uranium has
received considerable attention over the last decades.
Compared to lanthanide complexes, the partially covalent 5f
character of uranium-ligand bonds and the fact that for the
uranium Sf shell the crystal-field (CF) interactions and spin—
orbit (SO) coupling can be of comparable magnitudes render
the study of these complexes rather challenging.'™® Besides
being fundamentally interesting in chemistry, the interplay of
covalency, CF interactions, and SO coupling may give rise to
intriguing magnetic behavior. The latter may be useful, for
instance, for single-molecule magnets or spin qubits,*" or to
help deducing information about electronic structure and
bonding from experimental data. A large amount of
experimental magnetic data is available for uranium com-
plexes.'®™'® Despite much progress on the theoretical front, the
relationships between molecular structure, chemical bonding,
and the observed magnetic properties of uranium and other
actinide ions remain insufficiently well-understood.

The magnetic behavior of tetravalent U(IV) 5f* systems is
rather interesting. Typically, such U(IV) complexes possess a
nondegenerate (singlet) electronic ground state and exhibit
temperature (T) independent paramagnetism'* (TIP) at low T,
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typically below ca. 50—100 K. At higher T, temperature-
dependent paramagnetism is observed. However, Siladke et al.
recently synthesized and characterized the U(IV) complex
(CsMe,H);UNO and found TIP even at room temperature."
So far this system is the only example of a U 5f* complex that
does not exhibit T-dependent paramagnetism at ambient
temperatures. For some organo-uranium(IV) complexes it is
even possible to acquire NMR spectra which, however, exhibit
large paramagnetic effects such as methyl proton shifts on the
order of +200 ppm at room temperature for (C;H;);UCH,.'®

TIP is caused by magnetic coupling of a nonmagnetic ground
state with low-energy excited states, i.e., by nonzero transition
matrix elements of the magnetic moment operator (Zeeman
operator). The magnitude of the TIP is inversely proportional
to the energy difference between the ground state and the
excited electronic states. Six decades ago the presence of a
“feeble TIP”'” was used to deduce a covalent participation of
uranium Sf orbitals in the U~O bonds of uranyl(VI), UO3".
Uranyl(VI) is formally in a Sf° configuration; calculated U
charges are around +3. The ground state is closed shell
nonmagnetic. Participation of U Sf orbitals in the U—O bonds
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was shown to generate large enough magnetic transition
moments to support the magnitude of the TIP of uranyl(VI)
found experimentally. For the singlet ground states of U(IV)
complexes, magnetic transition moments between states within
the Sf manifold can be expected to dominate the TIP. Due to
the small excitation energies, TIP is then only observed at low
T where thermal population of the excited 5f states is negligible.

The use of quantum chemistry in the understanding of the
properties of actinide ions is crucial.'"®~*° For example, ab initio
quantum chemistry methods as well as semiempirical models
based on CF models have been applied successfully to magnetic
properties of octahedral Sf' actinide AnRy (R = halide, alkyl,
alkoxide) and of 5> An(III) complexes."*' ™ In recent studies,
we used a combination of complete active space (CAS)
multireference wave function methods [self-consistent field
(CASSCF)** & CASSCF with second-order perturbation
theory for dynamic correlation (CASPT2)**] and density
functional theory (DFT)>® to investigate the magnetic
properties of a series of free actinyl ions (AnOj") and
equatorially coordinated actinyl species.***” The CAS calcu-
lations allowed us to (i) describe the low-energy part of the
electronic spectra properly (ie., states from the Sf manifold),
and (i) reproduce the observed magnetic properties (electron
paramagnetic resonance (EPR) g-factors and in ref 37 also
estimates for NMR ligand shifts). Furthermore, a chemically
intuitive characterization of the electronic states was made
possible with the help of CF models, and with natural orbitals
(NOs, see section 2) and natural orbitals for the spin-
magnetization (“natural spin orbitals”, or NSOs) calculated
from the many-electron wave functions including SO coupling.

In the present study we apply a similar computational
strategy to investigate the magnetic properties of a set of
uranium(IV) complexes, namely, (C;Me,H);UCI, (C;H;),UC],
(CsH;);UCH;, and (CsMe H);UNO (see Figure 1). The
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Figure 1. U(IV) complexes studied in this work (optimized
structures): purple = U; blue = N; red = O, green = Cl, black = C,
gray = H.

magnetic susceptibility of (CsH;);UCI has been experimentally
characterized in the early 1970s.'®*®*° The magnetic
susceptibility was independent of T below 90 K and became
paramagnetic at higher temperature. A similar behavior has
been found for (CsMe,H);UCL"® with TIP below 50 K. The
magnetic susceptibilities of such complexes were rationalized
with the help of CF theory in the late 1980s by Amberger et
al.*** The TIP below 90 K of (C,H;);UCI was attributed to
the effect of the trigonal crystal field which gives rise to a
nondegenerate ground state by splitting the 9-fold degeneracy
of the *H, ground multiplet of the Sf* ion after considering the
SO interaction. As discussed in section 3, with scalar relativistic
calculations, i.e., excluding SO coupling, the complexes with L
= CH; and Cl have spin-triplet ground states. Regarding
(CsMe,H);UNO, Bursten et al. predicted in 1989 with the help
of Xa calculations that the closely related system (CsHs);UNO
has a closed shell spin-singlet ground state at the scalar
relativistic level.*” Results from scalar relativistic DFT
calculations reported in ref 15 confirmed a spin-singlet ground
state. A number of scalar-relativistic DFT studies have been
performed on these systems and related complexes.'>**~**
However, to our knowledge so far no ab initio theoretical
investigation of the complexes of Figure 1 has been conducted
by taking into account the influence of SO coupling, and the
magnetic susceptibilities have not been calculated ab initio.

In the present study, we provide ab initio data for the
magnetic susceptibilities, assignments of the low-energy parts of
the electronic spectra, as well as characterizations of selected
states based on natural orbitals and their occupations and based
on CF models. For the ground states, we also compare scalar
relativistic and SO CAS calculations with scalar relativistic DFT
in order to connect with prior art. At the SO level, for
(C¢Hy),UCL, (CMe,H);UCL, and (C4Hj);UCH,, zero-field
splitting (ZFS) of the scalar spin-triplet ground states, which is
caused (predominantly for systems with heavy elements) by the
SO interaction, may result in a nondegenerate ground state and
a paramagnetic doublet excited state close in energy. The
calculated magnetic susceptibilities of (CsH;);UC],
(CMe,H);UC and (C4H;);UCH, exhibit the T-dependence
that one would expect from the presence or absence of a
magnetic excited state at very low energy. However, the scalar
relativistic ground state spin-triplets contribute only between
12—40% to the SO ground state wave functions, and the
electronic structure is better analyzed after considering SO
coupling, via the CF splitting of the ] = 4 term of U*". For
(CsMe H);UNO, SO coupling does not alter the fact that the
ground state is nondegenerate, but it has a noticeable influence
on the U-=NO 7 bond order. The excited states of this complex
are energetically well-separated from the ground state. The TIP
of the system is dominated by the second excited state.

Computational and theoretical details are provided in section
2. The results are analyzed and discussed in section 3. A brief
summary can be found in section 4.

2. COMPUTATIONAL DETAILS

DFT optimizations of the molecular structures of the complexes in
Figure 1 were carried out with the 2013 release of the Amsterdam
Density Functional (ADF) package.**™* The open metal shells were
in some cases treated with fractional orbital occupations resembling an
average of electronic configurations. Details can be found in the
Supporting Information (SI), Table S1. The structure optimizations
utilized the scalar relativistic all-electron zeroth-order regular
approximation (ZORA) Hamiltonian,*® the B3LYP*’ hybrid func-
tional, and a triple-{ doubly polarized all-electron Slater type basis
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Table 1. Comparison of Selected Optimized Distances (A) and Angles (deg) for (CsMe,H);UNO, (C;Me,H),UCI, (C;H;),UC],

and (C;H;);UCH;”

U-Ar U-X Ar—U—Ar

(CsMe,H);UNO

2.561 1.951 119.04

(2.491) (2.013) (118.8)

(CsMe,H),UCL

2.576 2.639 117.36

2.591 2.648 117.28

(2.520) (2.637) (117.9)

(CsH;);UCH;

2.511 2.445 117.95

2.538 2.451 117.66

(CsH;),UCI

2.507 2.628 116.97

2.531 2.634 116.65
(2.559) (116.7)

Ar-U-X state AE (em™) ref
95.67 singletb 0
(96.5) 15
99.44 singlet 9679
99.58 triplet 0
(98.4) 54
98.31 singlet 19277
98.89 triplet 0
100.14 singlet 19358
100.68 triplet 0
(101.0) sS

“SF ZORA/B3LYP/TZ2P. Experimental data from X-ray diffraction are given in parentheses where available. YDFT calculations for the spin-triplet
did not converge. A time-dependent DFT calculation using the optimized structure for the spin-singlet ground state gave the lowest SF triplet state

0.393 eV (3170 cm™") above the ground state.

(TZ2P) for ZORA calculations as provided in the ADF basis set
library. This computational protocol has been employed in some of
our recent studies of actinyl species,***” and has produced structures
that were in good agreement with experimental data and with reliable
ab initio calculations from the literature.

CASSCF and CASPT2 wave function calculations were carried out
with a developer’s version of Molcas 7.9°° using the protocol detailed
in refs 36 and 37. The second-order Douglas—Kroll-Hess scalar
relativistic Hamiltonian®" was employed in the calculations without SO
coupling. All-electron ANO-RCC Gaussian-type basis sets contracted
to TZP quality were used. SO coupling was treated by state
interactions between the CASSCF/PT2 wave functions, usin§ the
Restricted Active Space State Interaction (RASSI) program.>* For
brevity, “spin-free” (i.e.,, non-SO, meaning scalar relativistic) and SO
CASSCF and CASPT2 calculations are occasionally referred to as
SCF-SF, SCE-SO, PT2-SF, and PT2-SO. To reduce symmetry
breaking, we employed single state PT2-SO calculations where
CASSCF wave functions are used to calculate the SO Hamiltonian,
but PT2-SF energies are used to correct its diagonal elements.

The active space for (CsMe,H);UCL (CsH;);UCI, and (CHy),-
UCHj, was CAS(2,7) which corresponds to the two unpaired electrons
of the SF spin-triplet ground states and orbitals with large uranium Sf
character. For this active space, there are 21 possible spin-triplet and
28 spin-singlet configurations, and a corresponding number of states
were computed at the SF level prior to the SO RASSI step. For
(CsMe H);UNO, the active space was CAS(4,9) which includes the
five nonbonding uranium Sf orbitals along with the bonding and
antibonding orbitals arising from the interaction between the uranium
Sf, orbitals and the 7* orbitals of the NO ligand. There were 21 triplet
and 28 singlet states also computed for this system prior to the SO
RASSI step. The g-factors were calculated according to ref 24.

A local modification®** of Molcas was used to generate ortho-
normal natural orbitals (NOs) ¢, from SF and SO RASSI calculations,
and corresponding volume data for visualizations. (The index p counts
the molecular orbitals.) For consistency, NOs corresponding to SF
wave functions were obtained with the same code from “SO-RASSI”
calculations with the SO operator suppressed. Isosurface plots of NOs
were created with the graphical user interface of the ADF suite. In eq 1
below, p(r) is the electron density:

() = Llg@F Y n,=N=[o()dv
» p (1)
The numbers n, (NO occupations, all positive) show how much a
given orbital contributes to the electron density, while the visualization
of the shape of an orbital indicates how the contribution is distributed

in space. N is the number of electrons given by the volume integral of
the electron density. In spin-unrestricted SF Hartree—Fock or Kohn—
Sham DFT calculations, the n, are 1 (occupied orbitals) or 0. Due to a
combination of static and dynamic electron correlation and SO
coupling, and/or for orbitally degenerate states, minor to large
deviations from these values may be obtained in the CAS calculations.
For further details and discussion of related natural spin orbitals, see
ref 36.

3. RESULTS AND DISCUSSION

In this section, we use the labels a,, a,, and e of the C;, point
group symmetry species to label different Sf orbitals. It is also
sometimes helpful to refer to the orbital symmetry with respect
to the principal axis (U-L) but use the usual o, 7, §, ¢ notation.
The f, and f; orbitals of the C, point group correspond to the
e species of C;,, the f, orbital corresponds to a;, and the two f;
orbitals are split into a; (fx(x2_3y2)) and a, (fy@xl_yl)). Obviously,
due to the symmetry lowering from C,, to C;, there is mixing
of 6, @, 0, and ¢ species, but the C,, parent symmetry species
is frequently evident in the orbital isosurface plots. It is noted
that SO coupling mixes ¢ with 7, 7 with §, § with ¢, which we
analyze below for (CsMe,H);UNO with the help of natural
orbital occupation numbers.

3.1. Optimized Structures. Selected DFT-optimized
interatomic distances are collected in Table 1 together with
experimental data, where available. The full set of data can be
found in Table S1 of the Supporting Information. Structures for
two possible SF states were investigated, viz. spin-singlet versus
spin-triplet. For the NO complex, scalar spin-quintet states
were found to be much higher in energy at the DFT level,'s and
we have consequently not taken them into consideration in the
present work. For this complex, spin-unrestricted DFT
calculations for a triplet state did not converge. A scalar
relativistic time-dependent DFT calculation (B3LYP/TZP) of
the triplet excitation spectrum placed the lowest spin-triplet
0.393 eV (3170 cm™") above the ground state. The singlet state
corresponds to the case where a degenerate set of the two
highest occupied molecular orbitals (HOMOs) is filled. These
are bonding combinations of the two U 5f; orbitals with the 7*
orbitals of NO (see discussion below). The optimized distances
are in reasonable agreement with available experimental data
determined by X-ray diffraction. Our all-electron ZORA hybrid
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Figure 2. Molecular orbital diagrams for (C;Me,H);UNO, (CsMe,H);UC, and (C;H;);UCHS, from SF DFT calculations for the complexes and
corresponding Ar;U and L fragments [spin-averaged orbital energies for spin-paired occupations].

DFT optimized structures are also in good agreement with
previous calculations performed by Evans et al.'® using a
pseudopotential for uranium and the meta-GGA TPSS or the
hybrid TPSSh functionals. The computed Ar—U—Ar and Ar—
U—-NO angles (using the aryl centroids as reference points)
fully reproduce the experimentally determined structure since
the largest deviation between optimized and experimental
geometries does not exceed 1°. The U—Ar distance is
overestimated by 0.07 A in the optimized structure which is
close to typical differences of 0.05 A between calculations and
experiment.***” At the SF level, the lowest DFT energies of
(CsMe,H),UCI, (C4H;);UCL, and (CiHg);UCH, correspond
to spin-triplet states. The optimized bond lengths and Cp—U-—
Cp and Cp—U—Cl angles associated with the triplet states are
in reasonable agreement with available experimental data. The
optimized U—Cl distances compare well with previous
computational studies. For instance, Elkechai et al. obtained
2.615 A for (C4Hy);UCL*

3.2. Ar;U-Ligand Bonding According to the Scalar
Relativistic DFT Calculations. The nature of the ground
states according to the SF DFT calculations can be interpreted
with orbital interaction diagrams as shown in Figure 2. The
electronic structure of the complexes is described here via the
interaction of the frontier fragment orbitals (FFOs) of a Ar;U
moiety (Ar = CsH; or CsMe, H) with those of the L = NO, C,
and CH; ligands. The relevant FFOs of Ar;U were previously
discussed in refs 43, 42, and S8, following the original work of
ref 59. In C;, symmetry, the seven U S5f orbitals of Ar;U are
split into two a;, one a,, and two e species. The highest
occupied FFOs correspond to one of the e species, which are
linear combinations of the 5f; and Sfs orbitals, and one a,
orbital corresponding to a linear combination of 5f, with one of
the 5f; orbitals. These FFOs are predominantly nonbonding in
character. The first unoccupied Ar;U FFO is of symmetry a,
and corresponds to a 6d-rich uranium 6d,?/6p, hybrid. In older
work,* a 5£6d! configuration was thought to be the ground
state of the Ar;U fragment, but this was later revised.>® An
unoccupied 5f, orbital of symmetry A, is energetically
separated from the other S5f orbitals. The destabilization is
due to antibonding #-type interactions with a, combinations of
orbitals of the aryl ligands. The corresponding occupied
bonding orbital is mainly of Ar; character and lies below the
set of occupied Sf orbitals.

The interaction between the FFOs of the Ar;U fragment and
the nitrosyl ligand in (C;Me,H);UNO is indicated by two
major contributions. A ¢ donation occurs from the doubly
occupied o frontier orbital of NO to a uranium 6d,2/6p, hybrid
which also has aryl contributions (Figure S1 of the Supporting
Information shows the corresponding natural orbital). Further,
the antibonding 7 orbitals of the nitrosyl ligand can interact
with the 5f; orbitals of the Ar;U moiety, leading to a set of two
bonding and two antibonding 5f,—myo combinations with 4
electrons to fill the bonding level. The two z-bonding
combinations correspond to the highest occupied molecular
orbital (HOMO) set of the (CsMe,H);UNO complex. The
Kohn—Sham DFT orbitals as well as the SF and SO natural
orbitals discussed below (Figure 6) indeed afford U-N
bonding and N—O antibonding character. In the SF DFT
calculation, the HOMO level is energetically well-separated
from the set of lowest unoccupied MOs consisting of five
nonbonding Sf orbitals and the antibonding z*(U-NO)
combinations. The strong covalent 7 interaction between the
NO ligand and the Ar;U fragments leads to a diamagnetic
complex at the SF level.

A different electronic structure is found for (C;Me,H),UCL
The SF DFT ground state is a spin-triplet. Compared to the
NO complex, a more pronounced o-bonding interaction
involving Cl 3p and a U 6d;:/6p, hybrid is found for
(CsMe H);UCL (Supporting Information Figure S1). The
MO diagram in Figure 2 indicates that the valence p orbitals
of chlorine are at considerably lower energy than the z* orbitals
of NO. One can therefore conceptualize the bond formation by
first transferring an electron from U to CI to form chloride,
which then forms an ionic bond with some covalent character
with the 5 U center. (The Supporting Information shows the
corresponding MO diagram based on ionic fragments where
the set of CI™ 3p orbitals is significantly higher in energy than
those of neutral Cl, and an energetic stabilization is
subsequently obtained by covalent interactions with the UAr}
moiety.) In a ligand-field framework, the chloride 3p, orbitals
can form bonding combinations with Sf orbitals of local 7 but
not 0 symmetry. The destabilized 5f; level in the MO diagram
represents the corresponding antibonding combination. The
interaction shifts the balance of & versus ¢ contributions in the
nonbonding Sf orbitals toward 6. This 5-dominant nonbonding
U 5f pair constitutes the e-symmetry HOMO level. With an
electron count of two, a spin-triplet ground state results. As
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expected, the electronic structure of (CsH;);UCI was found to
be very similar to the one of (C;Me,H);UC], and it is therefore
not discussed further.

The orbital interaction diagram for (CsHs);UCH; is also
shown in Figure 2. The occupied FFOs of the pyramidal CH;
ligand are composed of an e-symmetric pair formed by linear
combinations of carbon 2p, and 2p, orbitals with hydrogen 1s,
and a singly occupied orbital of symmetry 4, mixing carbon 2s,
2p, and hydrogen 1s. The main interaction between the two
fragments is the formation of a ¢ electron pair bond via a
bonding combination of the methyl a, orbital with a 6d-rich U
6d,2/6p, hybrid affording minor Sf, contributions (Supporting
Information Figure S1). The result may be conceptualized via
promotion at the U center from 5f; to 6d,> and formation of a
covalent two-electron bond with the methyl radical, or via an
initial U — methyl electron transfer followed by formation of a
dative electron-pair bond. Contrary to the Cl complexes, the
nonbondi% Sf orbitals do not interact strongly with the methyl
¢ orbitals™ (the electron density of the latter is shifted
somewhat toward the plane of the hydrogens) and remain
dominant in 7 character.

3.3. Electronic States from the ab Initio Calculations.
We now turn to the low-energy part of the electronic spectrum
obtained from the SF and SO CAS wave function calculations.
In the following subsections, we occasionally refer to the levels
of the U* ion from which the various 5f* states of the
complexes derive. A qualitative level splitting diagram can be
found in Figure 3. According to Hund’s rules, at the SF level

3H6
G G, G
3F —\/ °Fs 3F
) 3H ®Hs 3H
2
w .
— -‘3 %F,
,,?5
4
i oty
SF SF + CF SF + SO + CF SF + SO SF

Figure 3. Energies of the spin-free (SF) and spin—orbit (SO) states of
a 5f* complex with the crystal-field (CF) treated a priori (left) and a
posteriori (right).

the ground state of U* is the °H term, i.e, L = 5, S = 1 with 33
microstates when counting spin and spatial degeneracies. The
trigonal CF of the complexes splits this multiplet into three
spatially nondegenerate spin-triplets of symmetry A, and A,
and into four 2-fold spatially degenerate spin-triplets E. The SO
interaction couples these among each other as well as with
levels deriving from the excited SF 'G term (L = 4, S = 0) of
U*. The SO ground states of the complexes have moderate to
small contributions from the SF triplet ground states of the
complexes. Therefore, we chose to analyze the SO electronic

structures by considering SO coupling for U* first: The SF *H
term of the spherical ion is split by the SO interaction into *H,,
*H,, and *H levels, with the subscript indicating J, the total
angular momentum. For a less than half filled f-shell, the
ground state is the 9-fold degenerate | = 4 level with spin and
orbital angular momentum antiparallel. The 9-fold degeneracy
is then split by the CF into 3 singlets and 3 doublets. Further,
the SO interaction mixes *H, with contributions from the
excited 'G, level of U*" (same J).

3.3.1. (CsMe,H)sUCH, (CsHs)sUCHL and (CsHs)sUCH;. For
(CMe,H);UCL, (C¢Hy),UCI, and (CsHg);UCH,;, the main
results obtained at the SCF-SF and SCF-SO level are collected
in Table 2. Corresponding PT2 data are provided in Table S2
of the Supporting Information. The PT2 calculations did not
lead to better agreement with experimental data than the SCF
calculations and afforded artifacts from symmetry breaking
despite our best efforts. The PT2 data are therefore not
discussed in detail. For (CsMe,H);UCI, results both for the
optimized geometry and for the experimental X-ray crystal
structure are provided in order to demonstrate the impact of
small structural changes on the spectrum and its assignment.
SCEF-SF and SCF-SO state level diagrams based on the data
calculated with the optimized structures are displayed in Figure
4.

In agreement with the DFT calculations, the SF ground
states of (C;Me,H);UCI and (C4H;);UCI are *A, spin-triplets.
The first excited states are of symmetry °E and are separated
from the ground state by small energy gaps of 133 and 179
cm™!, respectively (see Table 2). For the experimental structure
of (CsMe,H);UCL a larger energy gap of 288 cm™' was
computed. The two next higher levels, %A, and 3E, have similar
energies. The ordering for (C;Me,H);UCI depends on which
geometry is used. Compared to the L = Cl systems,
(CsH;);UCH; exhibits an opposite ordering of the spatial
symmetry of the ground and first excited state, with A, at 74
cm™" above a E ground state. In all cases, 11 spin-triplets are
obtained within 3000 cm™ of the ground state energy (see
Table 2 and Figure 4). These states have their origin in the SF
3H term of a spherical U*" ion, with the degeneracy of the L = 5
manifold broken by the trigonal C;, crystal field. States deriving
from other U* SF terms, namely, °F, °P, 'G, 'D, 'I, and 'S,
were calculated to have much higher energy and are therefore
not shown. For example, SF states of °F parentage are
computed in the range 5S000—7500 cm™' above the ground
state, and states arising from the lowest spin-singlet U*" term
'G are found between 5000 and 9000 cm™ above the ground
state.

Isosurface plots of selected natural orbitals (NOs) of the SF
ground state of (CsH;);UCI and (CsH;);UCH, are shown in
Figure 5. In both cases, a seventh orbital with dominant 5f
character has no occupation. The program generating the NOs
creates linear combinations of this with other orbitals of
occupation n, = 0, and therefore, it is not visualized. In
(C¢H,);UCL the unpaired electrons are described predom-
inantly (1, = 0.90) by two Sf orbitals that belong to the e
symmetry species. For a Hartree—Fock single-determinant
spin-triplet wave function or in a Kohn—Sham DFT calculation,
the occupations of these orbitals would be 1 exactly. Due to
electron correlation entering the multideterminant CAS wave
function, the occupations are lowered to 0.9, but the electronic
structure remains described predominantly by a single orbital
diagram as in Figure 2. In the C;, point group, orbitals with &
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Table 2. Relative Energies (cm™') and Assignment of Low-Energy SF and SO States, CAS(2,7)SCF Calculations

SCE-SF SCE-SO
state AE major conﬁgurations“'b state AE weight of 2S“L] g’ eingenvectors in the J = 4, IM)) basis? g’
(CsMe H),UCY
34, 0 61(£f3), 19(fif2) 14, 0 91.6 °H,, 7.7 'G, 0.97510) + 0.15713) — 0.1571-3)
°E 288 64(f3f}), 10(£ifL) ’E 218 91.1 °H, 7.6 'G, 1.123 0.918I+1) + 0.3561F2) + 0.174l+4) 1.136
°E 676 38(F3), 31(£6)), 23(£:f)) 2E 628 90.4 °H,, 7.7 'G, 0.350 0.780 IF2) + 0.485+4) + 0.395I+1) 0.192
3A, 741 63(f)f)), 30(f3}) 1A, 779 912 %H,, 53 'G, 0.70713) + 0.7071-3)
°E 2095 30(£f,), 23(f3fy), 16(fify) ’E 1268 863 °H,, 11.3 'G, 3.456 0.8571+4) — 0.514 IF2) + 0.036l+1) 3.855
’E 2557 44(£5f), 38(£3f}) A 1740 83.5 °H,, 12.8 'G, —0.68913) + 0.6891—3) + 0.22210)
34, 3069 47(£461), 3041, 15(£4})
(CsMe,H);UCE
%A, 0 63(f3f}), 18(fifL) A, 0 91.2 °H,, 8.0 'G, 0.96610) + 0.181I3) — 0.1811-3)
’E 133 69(f3f}), 11(£}) ’E 168 91.1 °H,, 7.5 'G, 1.040 0.8711+1) + 0.4221F2) + 0.248|+4) 1.039
A, 532 60(£3£1), 25(£f2) 2E 483 90.1 °H,, 8.1 'G, 0.773 0.6681F2) + 0.564I+4) + 0.485|+1) 0.984
3E 552 36(fify), 27(£3f5) 1A, 602 91.1 °H,, 59 'G, 0.70713) + 0.7071-3)
E 1697 29(f5f)), 24(££5), 16(£:£}) ’E 954 87.4 °H,, 109 'G, 2.559 0.7871+4) — 0.612IF2) + 0.072I+1) 2.775
°E 2241 41(££3), 38(f3f2) A 1450 85.0 °H,, 12.5 'G, —0.683I3) + 0.683 1-3) + 0.256l0)
3A, 2747 46(£3£2), 22(6£), 18(£f))
(CsHy);UCl
A, 0 79(£33), 10(fifL) A 0 912 °H, 7.9 'G, 0.95710) + 0.205I3) — 0.205|-3)
’E 179 81(fif}) ’E 186 912 *H, 62 'G, 0.854 0.8371+1) + 0.476 IF2) + 0.2671+4) 0.854
A, 685 69(f£1), 16(f3f%) ’E 523 89.9 °H,, 83 'G, 1.206 0.5991+4) + 0.599 IF2) — 0.5311+1) 1.598
’E 758 16(£32), 17(£5£), 16(£3£;) A, 668 91.5 3H,, 5.5 'G, 0.70713) + 0.7071-3)
’E 2078 S3(f48), 29(£3f3) E 1028 87.3 °H,, 10.6 'G, 2.188 0.755l+4) — 0.643 IF2) + 0.125+1) 2.347
’E 2641 37(6£), 25(£4f), 17(££)) A, 1686 83.6 °H,, 13.6 'G, —0.67613) + 0.676/1—3) + 0.29010)
A, 3431 61(£3f}), 24(£3£))
(CsH;);UCH;
’E 0 80(£}f5) A, 0 91.5 3H, 7.5 'G, 0.94210) + 0.23513) — 0.235|-3)
34, 74 79(£563), 11(£i£2) ’E 192 91.6 °H,, 59 'G, 2.194 0.6431+4) + 0.556l+1) + 0.5251F2) 2257
34, 801 67(f4f), 16(f3t}) 2E 347 88.9 °H,, 10.0 'G, 3.016 0.782I+1) + 0.6191+4) + 0.0711F2) 3.414
’E 880 25(£4), 20(£ifL), 16(£4L) A 490 91.4 °H, 54 'G 0.70713) + 0.7071-3)

pln 5o Sl 2 4 4

’E 1780 37(f48,), 32(f}) ’E 925 88.1 °H,, 10.8 'G, 0.849 0.8471F2) + 0.5411+4) + 0.2791+1) 0.872
’E 2789 30(£6,), 22(£3f}), 21(£45) 'A 1418 85.3 °H,, 12.5 'G, —0.66613) + 0.6661—3) + 0.33310)
3A, 3330 61(£3f}), 24(£3£))

“Numbers indicate the weight of the configurations in %, only contributions larger than 10% are listed. “In the C,, symmetry, the 5f, orbital is
labeled 5f,;, 5f,, and 5f; are labeled 5f,, and the two 5f orbitals are split into 5f,; and 5f,,. “Electronic g-factor obtained as described in ref 24 with g,
= 0.000. “Eigenvectors obtained from the crystal field procedure detailed in the text and the data from Table 3. “Electronic g-factor obtained by using
eq 4 and wave functions in the J = 4, IM)) basis set, with g, = 0.000. fExperimental geometry. *Optimized geometry.

and 7 parentage both belong to the e species. The NOs in
Figure 5 representing the unpaired electrons support 7z
interactions with the CI ligand but exhibit a large degree of 6.
The electronic configuration derives from the component M; =
0 of the term *H of U*, here with a mixture of M; = Ym; = 42
F2and M; =)m; = =1 F 1, involving 5f § and 7 orbitals with
mutual cancellation of their orbital angular momenta. Indeed,
as detailed in Table 2, the SF ground state wave function of
(C4H;),UCI corresponds to an admixture of the 5f55f; and
S£.5f, configurations with a combined weight of 89%.

In (CsH;);UCH, the unpaired electrons are described by Sf
orbitals of symmetry a; and e, with occupation numbers of 0.9
each. The ground state derives from the M; = + S component
of the *H term, with M; = Y'm; = +3 + 2. The approximate ¢
and 6 character is evident in the NOs displayed in Figure S. In
the SF DFT calculation the two unpaired orbitals have e
symmetry; i.e., the electron density corresponds to the SCF-SF
%A, excited state. However, the splitting of the nonbonding Sf
orbitals in (C;H;);UCH, is small, and the *A, and ’E states are
very close in energy. Therefore, a DFT calculation may easily

converge to a density reflecting some state other than the
desired one. Such behavior was already noted previously in
studies of actinyl ions.>”%%¢"!

The spin—orbit states were calculated by diagonalizing the
SO operator in the basis of all calculated SF states. The SO
ground state of the optimized (C;Me,H),UCI, (C;H;);UC],
and (CsH;);UCH, complexes is nondegenerate, of symmetry
A, in the C;, double group. It is separated from a doublet E by
168, 186, and 192 cm ™}, respectively. In each case, the SCF-SO
state ordering starting from the ground state is A, E, E, A,, E,
and A, (see Table 2). These states derive from a CF splitting of
the U* term *H,. The 9-fold degeneracy of this term is
expected to split by a trigonal crystal field into three doublets of
symmetry E and into three singlets, 2A; + A,. The spin—orbit
coupling mixes states with the same | = 4, and therefore, these
nine states contain a relatively important admixture from states
deriving from the singlet 'G, term. Furthermore, the CF
interaction strongly mixes the nine components of the *H,
ground multiplet, leading to an SO ground state which contains
a relatively small contribution from the SF ground state. The
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Figure 5. Selected NOs ¢, and occupation numbers 1, of eq 1 for (CsH;);UCI (top) and (CsHs);UCH; (bottom). As indicated in Figure 4, the SF
ground state of (CsH;);UCI is of symmetry *A; (M, = 0 and M = 1), whereas the SF ground state of (CsH;);UCHj is of symmetry °E (M, = £5
and M = 1). Isosurface values: +0.03 au. The NO isosurfaces for (CsMe,H);UCl are very similar to those of (CsH;);UCI and therefore not shown.
Side view with the horizontal view plane coinciding with one of the &, symmetry planes, except for f,; [n, = 0.876 of (CsH;);UCH,] which is viewed

approximately along the U—Me direction to show the 3-fold symmetry.

most dramatic case is (CsH;);UCH; where the SF ground state
3E contributes only 12% to the SO ground state A,. For
(CsMe,H);UCI and (C¢H;);UCI the SO ground state contains
a40% contribution of the SF ground state *A,. The influence of
the CF and SO interactions is clearly reflected in the natural
orbitals given in Figures S3—SS of the Supporting Information.
For example, for (CsH;);UCI there is a strong increase of the
occupations of the second pair of 5f, and of the Sf,; orbitals.
For the A, ground state of (CsMe,H);UC], (CsH;);UCI, and
(CsH,);UCH;, the balance between the *H, and 'G,
contribution is approximately 90% versus 8%, respectively,
and it increases to 85% versus 13% for the second A, state. For
(CsMe,H);UC], the state ordering does not change among the
experimental and optimized structures. However, the magni-
tude of the splitting of the *H, term differs between the two
geometries. Compared to the X-ray structure, the SO excited
states of the optimized structure shift to lower energy. The low-
energy part of the absorption spectrum of (CsH;);UCI has

been observed experimentally by Amberger et al*' The first
excited states have been assigned to two doublets E at 210 and
450 cm™'. A third excited state was observed at 4425 cm™
above the ground state and was assigned to the first doublet of
symmetry E deriving from the °F, multiplet. The calculations
are in reasonable agreement with experiment: we find the first
two excited doublet states at 186 and 523 cm™’, respectively,
whereas the first doublet deriving from the F, multiplet is
found at 5246 cm™. Overall, the lowest electronic states
deriving from the °H, term are well-separated from states
deriving from the °F, term by 3965, 3561, and 3768 cm™" for
(CsMe,H);UCI, (CsH;);UC, and (CsHs);UCHS, respectively.

PT2 data are provided in Supporting Information Table S2
for (CsMe H),UCl, (C,H;);UCl, and (CH;);UCH;. The
perturbative inclusion of dynamical correlation does not lead to
a better agreement with the experimental data for (CsH;);UCL
For instance, the two lowest doublets E are shifted to higher
energy. The second doublet is around 800 cm™' above the
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ground state, which strongly overestimates the experimental
value of 450 cm™'. Furthermore, there is considerable
symmetry breaking as indicated by energetic splitting of
doublet states. A failure of PT2 to reproduce properly the
lower part of the energetic spectrum of f-element complexes
has already been noted previously.*>®* It is furthermore known
that the magnetic susceptibility is relatively insensitive to
correlation,®*~%” and therefore, CASSCF calculations as used in
this work should describe the magnetic properties reasonably
well.

3.3.2. Crystal-Field Models Derived from the CAS
Calculations, and Calculated g-Factors. The splitting of the
*H, term, and the resulting magnetic properties of the
complexes, can be rationalized with the help of crystal field
theory and simple model wave functions. In lowest order of
approximations, the wave functions associated with the SO—CF
states are made up of linear combinations from | = 4 wave
functions with M; = +4, +3, £2, +1, and 0. The crystal field
operator can be expressed as

@)

where the Of are the Stevens operators, B{ are the CF
parameters, and 3, parameters are obtained from the ngner—
Eckart theorem, depending on the f conﬁguratlon In G,
symmetry, the nonvanishing BZ terms have k=2, 4, 6 and q = 0,
+3, +6. A restriction to the *H, multiplet has the advantage
that we can use matrix elements (]MIIOZI TM;') tabulated for the
C,, point group by Stevens®® and Judd,” and by Abragam and
Bleaney’® for other symmetries. We have determined the
crystal ﬁeld parameters from the energy spectra of the CAS
calculations by a least-squares procedure (see Supporting
Information). The CF parameters Bf determined in this way are
collected in Table 3. The corresponding eigenvectors of the CF
states in the IM;) basis for ] = 4 are given in Table 2.

The nature and the ordering of the singlet states are similar
for the Ar;U-L complexes with L = Cl and CH;. The ground
state A; has a dominant contribution from M; = 0, the excited

Table 3. Relative Energies (cm™") and Crystal Field
Parameters (cm™') Obtained by a Least-Squares Fit to the
SCF-SO Energies for (CsMe,H);UC], (CsH;),UCl, and
(CsH;);UCH,*

(CsMe, H),UCI®  (CMe, H),UCI® (C4H;),UCl (C,H,),UCH,
1A, 0 0 0 0
’E 205 156 158 186
’E 623 480 521 349
1A, 796 617 697 495
’E 1287 973 1059 942
'A 1724 1430 1651 1396
B —-955 —634 —647 —140
B} 344 306 352 365
BY -6 —11 -28 22
B} —-355 —334 —411 -350
B} —150 —143 —202 —222
B¢ —360 —308 —349 -319
rms? 143 14.7 26.4 12.0

“See Supporting Information for details. bExperimental geometry.
“Optimized geometry. 9Root mean square deviations of the fitted
energies vs SCF-SO energies (em™).

13181

A, state is a pure linear combination of M; = +3, and the A,
excited state has a dominant M; = +3 character. The three
doublets of symmetry E are characterized by eigenvectors Iy, )
of the type”"

ly,) = al4, £4) + bl4, F2) + cl4, £1) 3)
where a*> + b* + ¢ = 1 for normalization. Contrary to the
nondegenerate states, the ordering of the doublets differs
among (C;H;);UCH; and the chloride complexes. For
(CsMe,H),UCl and (C4H;);UCI, the first doublet is
characterized by a large M; = +1 contribution, with ¢* ranging
from 84% to 70%, and by two smaller M;=F2 and M; = +4
contributions. The second doublet has a strong M; = F2
character for the experimental structure of (CsMe,H);UCL In
(C¢H,);UC], this contribution decreases to 36% in favor of an
increase of the M; = +4 (36%) and M; = +1 (28%)
components. The third doublet E is dominated by M; = +4,
with contribution ranging from 73% for the experimental
geometry of (CsMe,H);UCI to 57% for (CsH;);UCL These
results are in good agreement with previous assignments by
Amberger et al.*" who attributed a dominant M;=+land M; =
F2 character to the first and second doublet, respectively.

A different doublet ordering is found for (C;H;);UCH,,
where the major components change with increasing energy
from M; = +4 (41%) to M; = 1 (61%) to M; = F2 (72%).
This difference in the ordering of the doublets arises from the
different magnitude of the CF parameter B) which is much
smaller for (CsH;);UCHS. As seen in eq S7 of the Supporting
Information, the diagonal matrix elements (4, M]|OO|4 M;) for
M; = +4, +2, and +1 are equal to 2813, —8b3, and —17b
respectively. Consequently, a decrease of the CF parameter B)
leads to less destabilization of the M; = +4 components.

The electronic g-factors associated with the doublet states
can be evaluated as follows:”"”*

2 2

8= Zg](4a2 — 20> 4 %) and g =0 )
Here, g is the Landé factor and equal to */; for a 3H, term. The
values of g, b, and c are collected in Table 2, and the resulting g-
factors obtained with eq 5 are given in the same table. The
magnitude of g depends directly on the magnitude of the M;
contributions. A larger M; = +4 component in the wave
function will lead to a larger magnitude of g. For instance, for
the experimental structure of (CiMe,H);UCI, the parallel
component for the three doublets E are g; = 1.136, 0.192, and
3.855, respectively. The magnitudes of g are the results of the
dominant M; = +1 and M; = +4 character for the first and third
doublets, respectively. The small magnitude of g for the second
doublet corresponds to a cancellation of the M; = +4 and M =
F2 angular momenta in the wave function.

The magnitude of these g-factors can be compared to ab
initio g-factors, obtained as g = 2(‘P|L” + geS”I‘P) if I¥) is the
pseudo-spin-up component of the doublet. As seen in Table 2,
overall the g-factors obtained with the simple CF model agree
quite well with the CAS results. The differences highlight the
approximation of taking into account only the *H, ground
multiplet and not also 'G,. It was mentioned in the literature
that the treatment of the CF interaction as a perturbation of the
SO ground multiplet might not always be a good approx-
imation for actinide complexes.®

3.3.3. Electronic States of (CsMe,H);UNO. The energies and
the assignment of the ground and first excited states obtained at
the SCF-SF level for the experimental X-ray and optimized
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structures of (CsMe,H);UNO are collected in Table 4. The
energies of the electronic states obtained at the SCF-SO level

Table 4. Relative Energies (cm™') and Percentages of
Different Configurations (Indicated by 1 and | for
Occupations of the a- and f-Spin Frontier Orbitals)
Contributing to the Lowest SF Electronic States of
(CsMe,H);UNO Complex

state AE configurations®

(CsMe,H),UNO*

'A 0 23mimlritadt, 14al'al, 152l alnyt
8al'mlmst, salaltait, 15amltast

°E 3746 34n il 107] e}

(CsMe,H);UNO"

'A 0 20wt ey, 18altalt, 12Vl
13a}‘altast, 127l 13n)alinst

°E 4433 2rlxl'fl, 13a]mifes

“Experimental geometry. bOptimized geometry. “According to Molcas
output.

are provided in Supporting Information Table S3, and the
corresponding PT2 results are provided in Table S4 of the
Supporting Information. As suggested by Bursten et al. in a
previous computational study using SF DFT with the Xa
functional,** the SF ground state of (C;Me,H);UNO
corresponds to a nonmagnetic nondegenerate state 'A that is
well-separated in energy from the lowest excited states. The
natural orbital occupations for the ground state of (CsMe,H)-
UNO are given in Figure 6. In qualitative agreement with the
SF DEFT results of section 3.1, for the SF ground state large NO
occupation numbers, ie., n, = 1.64, are found for the two z-

12
type orbitals which correspond to the bonding interaction

*

™ T2 ™
SF 1.635 1.635 0.323
SO 1.489 1.489 0.306

up) s s
SF 0.323 0.034 0.034
SO 0.306 0.148 0.148

.fa f(Z) fd>
SF 0.001 0.007 0.005
SO 0.095 0.009 0.008

Figure 6. Ground state of (C;Me,H);UNO: Selected NOs ¢, and
occupation numbers n, of eq 1 for (C;Me,H);UNO. Occupation
numbers listed for the SCE-SF and SCF-SO ground states of the
optimized geometry. The figure shows the NOs from the SO
calculation; the orbitals for the SF state appear very similar and can be
found in Figure S6 of the Supporting Information. Isosurface values:
+0.03 au. Hydrogen atoms have been removed to reduce clutter.

between the Sf, orbitals of the U(CsMe,H); moiety with the
7% orbitals of the nitrosyl ligand. However, the occupations are
significantly below 2 while large occupations (n, = 0.32) are
obtained for the two related antibonding 7* combination. Such
a situation was };reviously also noted by Wang et al. for the
NUNH complex” and in refs 74 and 75 in the case of multiple
metal—metal bonds.

In spin-restricced MO theory, a two-electron bond is
described by a doubly occupied bonding orbital. However,
this is a picture of bonding where a single-determinant wave
function (Hartree—Fock, or the wave function for non-
interacting quasielectrons in Kohn—Sham DFT) represents a
single MO diagram and vice versa. A correlated multi-
determinant wave function may reflect large contributions
from various different MO diagrams if the state in question is of
multiconfigurational character. A suitable description of
bonding in such a situation may then be obtained with the
pair of bonding and antibonding orbitals which are both
fractionally occupied.”®”” The singlet ground state of
(CsMe,H);UNO clearly exhibits such a multiconfigurational
character with several competing configurations. The “DFT
configuration” 7]*}'#%n5® (note that the Kohn—Sham DFT
orbitals are only qualitatively the same as in Figure 6)
contributes only 18% to the wave function for the optimized
structure (see Table 4). The major configuration (20%)
corresponds to a double excitation to the z* orbitals
(zlzlz# ). Furthermore, the wave function contains
configurations corresponding to single excitation from one of
the bonding 7 orbitals to the antibonding ones. From the NO
occupation numbers 1, an effective bond order can be obtained
as the difference of the total occugancies of the bonding and
antibonding orbitals divided by 2.”° According to this criterion
the U-NO 7z-bond order is 1.31 instead of 2.

The first excited state of (CsMe,H);UNO corresponds to a
spin-triplet state of symmetry °E, calculated at 3746 and 4433
cm™' above the ground state for the experimental and
optimized structure, respectively. The corresponding natural
orbitals for one of the spatial components of this triplet state
are given in Figure 7. This state corresponds mainly to a one-
electron spin-flip excitation from the bonding 7 orbitals to the
5f, orbital. Indeed, compared to the singlet SF ground state, the
combined electronic occupation for one of the z/z* pairs is
decreased by 0.83 in the triplet state, while the occupation of
one of the 5f; orbitals increases from 0.01 to 0.85. The
excitation is qualitatively in agreement with what would be
expected from the DFT orbital diagram in Figure 2. A sizable
occupation number, ie., 0.14, is also calculated for one of the
Sfs orbitals. As seen in Table 4, the wave function of the first
excited spin-triplet contains a significant percentage (10—13%
depending on the geometry used) of the electronic
configuration ﬂ}ﬂ{f&fg. The energies of higher SF excited states
are given in Table S3 of the Supporting Information. Above the
first excited doublet °E, a relatively large number of excited
states is calculated in the range 4000—6000 cm ™. Due to their
strong multiconfigurational character, the nature of these
excited states is not discussed further.

The SO ground state of (C;Me,H);UNO is of symmetry A
and derives principally from the SF ground state (64% and 67%
for the experimental and optimized structure, respectively). The
SO ground state contains a large admixture predominantly
from the first two spin-triplet states (combined 35% and 32%).
The effect of spin—orbit coupling in the SO ground state is
clearly visible in the NO occupation numbers which are also
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m ) i
SF 1.014 1.547 0.114
SO 1.241 1.233 0.266

e s s
SF 0.301 0.140 0.011
SO 0.244 0.091 0.091

fcf f¢ f¢
SF 0.019 0.848 0.004
SO 0.031 0.610 0.231

Figure 7. First excited state of (C;Me,H);UNO: Selected NOs ¢, and
occupation numbers n, of eq 1 for (CsMe,H);UNO. Occupation
numbers listed for the SCF-SF and SCF-SO first excited states of the
optimized geometry. The figure shows the NOs from the SO
calculation; the orbitals for the SF state appear very similar and can be
found in Figure S7 of the Supporting Information. Isosurface values:
+0.03 au. Hydrogen atoms have been removed to reduce clutter.

given in Figure 6. In linear symmetry, SO coupling mixes 77 with
o and 6 with 7. Correspondingly, there is an obvious buildup of
occupations of the 5f; and to a lesser degree for 5f, at the
expense of the U-NO # antibonding and in particular of the
U—NO 7#-bonding orbitals. One consequence of SO coupling is
therefore a reduction of the bond order to 1.18. The first
excited SO state corresponds to a magnetic doublet E and is
calculated at 3415 and 3899 cm™' above the SO ground state
for the experimental and optimized structure, respectively
(Supporting Information Table S3). The NO occupations
shown in Figure 7 are not very similar to those of the first SF
excited state, because this SF state contributes only 35% to the
SO wave function. However, we note overall a significant
increase of population of the Sfy orbitals and a decrease for 5f;
compared to the SO ground state, which has some resemblance
to the SF case.

3.4. Magnetic Susceptibility from the ab Initio
Calculations. The paramagnetic susceptibility y, for the
magnetic fleld in direction u coinciding with one of the
magnetic axes of a complex can be computed according to the
van Vleck equation

%, = oo DB X L, + g S )
0

A a,a’

2

)

Y Y [l + 880w,
A'#A a,a’ E/l/ - Eﬂ

)

The summation goes over the set of electronic states, with Q, =
Y 16" being the partition function and = 1/kT. The
indices a,a’ count the components within degenerate states.
The factors 4, and pp are the vacuum permeability and Bohr
magneton, respectively. The isotropic susceptibility y is the

average of the principal components y, of the susceptibility
tensor. There is also an implementation for the susceptibility in
Molcas that employs wave functions diagonalizing the Zeeman
operator within the requested set of electronic states and then
Boltzmann-averages the magnetic moment expectation val-
ues.”® Equation S represents a second-order perturbation
theoretical equivalent of this approach. Here and in previous
work on actinide species we found that within the calculated set
of states the results were numerically equivalent to using eq S.
In principle, the sum over states in the van Vleck equation
should include all excited states of a system, but in practice we
found that for our samples the calculated susceptibility
converges quickly with the number of states.

Figure 8 shows the calculated isotropic susceptibilities times
temperature, ¥T, for (C;Me,H),UCl and (C;Me,H),;UNO in
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Figure 8. Comparison of the calculated and measured magnetic
susceptibility yT (cm® K mol™) of (C;Me,H);UCI and (C;Me,H);-
UNO as a function of T (K). The experimental curves were generated
using data extracted from graphical material of ref 15. Experimental
structures used for the calculations.

comparison with each other, and in comparison with
experiment. Clearly, the different nature of the electronic
ground state and low-energy excited states is reflected in the
curves, displaying TIP (linear yT) for (CsMe,H);UCI only at
low temperatures but for (C;Me,H),;UNO all the way up to
room temperature in agreement with experiment. The relative
magnitudes of the susceptibilities are also correctly reproduced
by the calculations. Additional plots are provided in Figures 9
and 10, and numerical data are collected in Table 5. As far as
the convergence of the summation in eq S with the number of
states is concerned, the curve for (CsMe,H);UCI in Figure 9
labeled (a) represents the susceptibility calculated from all
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Figure 9. Magnetic susceptibility yT (cm® K mol™") as a function of T
(K) calculated at the SCF-SO level for (C;Me,H);UCI from eq 5: (a)
sum over all calculated states, optimized structure; (b) optimized
structure, using only the states listed in Table 2; (c) same as part b but
with experimental structure; (d) experimental structure, using only the
lowest A, and the lowest E state to calculate the susceptibility. The
experimental (exp) curve was generated using data extracted from
graphical material of ref 185.
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Figure 10. Magnetic susceptibility yT (cm® K mol™) as a function of
T (K) obtained at the SCF-SO level for (a) X-ray structure of
(CsMe,H);UCI, (b) optimized structure of (CsMe,H);UCL (c)
(CH),UCIL, (d) (C4Hg);UCH,, (e) X-ray structure of
(CsMe H);UNO, (f) optimized structure of (CsMe,H);UNO and
(exp) experimental curve of (C;Me,H);UNO generated using data
extracted from graphical material of ref 15.

electronic states that were requested in the calculation, while
curve (b) is based only on the low-energy states characterized
in Table 2 deriving from the *H, level of U*". There is close
agreement between (a) and (b), with only minor differences
appearing at higher T. The small contributions from the other
calculated states is due to the considerable energy gap (over
3500 cm™') computed between the highest state deriving from
the 3H, level and the lowest state deriving from the °F, level.
We can therefore assume that, within the investigated
temperature range, electronic states that are even higher in
energy than the ones used to generate curve a are negligible for
the susceptibility, and likewise we assume that the calculated set
of states gives converged susceptibilities for the other
complexes.

The shape of the yT curve for (CsMe,H);UCl is character-
istic of 5f* uranium complexes.'® A qualitatively similar behavior
is predicted for (CsH;);UCH; (Figure 10). Experimental
susceptibilities are not available for this complex, but a very
similar behavior has been observed for related Ar;U-R
complexes with organic ligands R such as C,Hy, C4H;, and

Table S. Temperature-Independent Paramagnetism (TIP)
Range, TIP Magnetic Susceptibility, and Magnetic
Susceptibility ¥T at 300 K for (C;Me,H),UCI, (CsH;),UCI,
(C4H;);UCH;, and (C;Me,H),;UNO"

TIP range (K) 1 (cm® mol™) x 103 T (cm® K mol™)

(CsMe,H),UCI®

0—-60 8.515 1.174

(0—50) (7.777) (0.947)
(CsMe,H),UCI*

0—-40 10.440 1.220

(0-50) (7.777) (0.947)
(CsH;);UCl

0-50 8911 1.149

(0-90) (6.6)

(C4Hs);UCH,

0-60 6.620 1.103

(CsMe,H),UNO”

0-300 1.074 0.322

(0-300) (0.777) (0232)
(CsMe,H);UNO*

0-300 0.843 0.253

(0-300) (0.777) (0232)

“Experimental data are given in parentheses where available.
bExperimental geometry. “Optimized geometry.

trans-2-butenyl.'® At low temperature, yT increases linearly
with T. This is the TIP regime, as y is constant and equal to the
slope. The ground state of (CsMe,H);UCI is nondegenerate,
and consequently the first term on the right-hand side of eq 5 is
zero for A being the ground state itself. At low T, thermal
population of excited states is negligible. The second term, with
the energy denominators, is responsible for the TIP
susceptibility. The calculated and experimental curves are in
reasonably good agreement. The calculated TIP susceptibility
Xt is 8.52 and 10.44 (here and in the remainder of the text in
units of 10> cm® mol™") for the experimental and optimized
structure, respectively. The result for the X-ray structure is
closer to the experimental yrp of 7.78 but still overestimates
somewhat. This may suggest that the energy of the first excited
doublet state is calculated somewhat too low, as a too small
energy denominator in the right-hand side of eq S would render
the TIP susceptibility too large. Compared to the calculation
with the experimental structure, the larger slope of xT
calculated for the optimized geometry is indeed consistent
with a lower energy of the first *E state for this geometry
(Table 2). However, the magnetic transition moment matrix
elements and contributions from excited states other than the
lowest one also affect the magnitude of yjp. Assuming accurate
matrix elements and yrpp arising only from the first excited
state, the initial slope of the experimental T would require this
2E state to be 268 cm™! above the ground state. However, the
aforementioned experimentally determined energy of 210 cm™
is close to the SCF-SO energy calculated for the experimental
structure. Hence, a combination of small errors in the magnetic
moment matrix elements and possibly an underestimation of
the energies of other excited states deriving from the *H, level
is likely responsible for the overestimation of the TIP
susceptibility. If yT rises too fast in the TIP region this then
also leads to an overestimation at higher T.

The susceptibility of (C;Me,H);UCI becomes temperature
dependent around ca. 70 K. In this regime, thermal population
of degenerate excited states leads to nonzero contributions
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from the first term on the right-hand side of eq S, which has an
intrinsic 1/T dependence from the factor f. In a two-state
model with a nondegenerate ground state and a magnetic
excited state, the high-T limit is characterized by (nearly) equal
populations of the two states. Due to the sign change in the
denominator of the second term in eq S, the TIP contributions
from the two states then cancel. In this case, the susceptibility y
would be proportional to 1/T from the excited state
contribution to the first term, and consequently yT would
become constant at high T. Obviously there are other excited
states, but the behavior seen in the experimental curve
approximately reflects this scenario. If we use only two states
in the calculation of yT, the curve is in fact nearly horizontal
around 300 K (curve d in Figure 9). The initial slope of curve
(d) is still somewhat too high compared to experiment but
closer than the calculations including all states. At 300 K the
experimental yT is above curve (d) and has nonzero slope,
showing that at this temperature the susceptibility affords
contributions from other excited states. The overestimation of
the calculated yT around 300 K can be attributed to an
underestimation of the energies of these states, an over-
estimation of the relevant magnetic transition dipole matrix
elements, a combination thereof, or solid-state packing eftects
affecting the experimental yT. The calculated T curves for
(CsMe,H);UCI and (CgH;);UCI are very similar. Slightly
larger values for yrp and yT at 300 K for the latter are
consistent with a smaller energetic separation of the ground
state and the lowest excited state.

In contrast with the other complexes, for (C;Me,H);UNO
the TIP regime extends to room temperature, in agreement
with experiment. y1;p and yT at 300 K are in good agreement
with experiment when using the optimized structure; for the
experimental geometry the susceptibility is somewhat over-
estimated. This magnetic behavior is clearly a reflection of the
strong stabilization of the ground state by the covalent
interaction between the U center and NO, placing the first
excited electronic state well above 3000 cm™". As seen in Figure
11, the TIP behavior of (C;Me,H),NO does not arise from the
magnetic coupling between the ground state and the first

0.4r
~03 (a)
5
= (b)
é 0.2
S (exp)
&~
=
~0.1
©
0.0 1
0 50 100 150 200 250 300

T(K)

Figure 11. Magnetic susceptibility yT (cm® K mol™') as a function of
T (K) calculated at the SCF-SO level for (CsMe,H);UNO from eq S:
(a) sum over all calculated states, experimental structure; (b)
experimental structure, using only the lowest A; and the two lowest
E states to calculate the susceptibility; (c) experimental structure, using
only the lowest A} and the lowest E state to calculate the susceptibility.
The experimental (exp) curve was generated using data extracted from
graphical material of ref 15.

excited doublet E (see curve (c)), but is due principally to the
magnetic coupling between the ground state and the second
excited doublet E (see curve (b)).

4. SUMMARY

Magnetic properties and the low-energy part of the electronic
spectra of (CsMe,H);UCI, (C;H;);UCl, (C;H;);UCH;, and
(CsMe,H);UNO have been analyzed with the help of ab initio
wave function calculations including SO coupling via state
interaction of scalar relativistic CAS wave functions, and by
DFT calculations. Chemical bonding, the nonbonding Sf
orbitals, and the influence of SO coupling thereupon have
been rationalized for selected states on the basis of the natural
orbitals and their occupations. All complexes have non-
degenerate ground states at the SO level. For the nitrosyl
complex, the SF ground state is a closed-shell spin-singlet. For
the other complexes the SF ground states are spin-triplets, with
no orbital degeneracy for the chloride complexes and an
orbital-doublet for the methyl complex (with an orbital-singlet
very close in energy; in the SF DFT calculation the orbital
singlet is the ground state). For the L = Cl, CH; complexes, the
SE spin-triplet ground state wave functions contribute only
between 12% and 40% to the SO ground state wave functions.
The electronic structure of these complexes is therefore best
analyzed by considering SO coupling first, and then consider
the CF splitting of the *H, term of U*" from which the lowest-
energy states of the complexes derive. Electronic g-factors for
the low-energy states of these complexes calculated with a CF
model and the *H, term agree well with ab initio data.
Differences can be attributed to admixtures of the 'G, term of
U* in the ab initio wave functions which were not considered
in the CF model. For (CsMe,H);UNO, SO coupling does not
alter the fact that the ground state is nonmagnetic, but it has a
noticeable influence on the U-NO z bond order. The excited
states of (CsMe,H);UNO are energetically well-separated from
the ground state. The TIP of the system is dominated by the
second excited state. The qualitative difference of the magnetic
susceptibility as a function of temperature within 0 and 300 K is
well-reproduced by the calculations. Quantitatively, the agree-
ment of theory and experiment is reasonable.
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