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ABSTRACT: On the basis of relativistic density functional
theory calculations, homo- and heterovalent binuclear uranium
complexes of a polypyrrolic macrocycle in a U—O—U bridging
fashion have been investigated. These complexes show a variety
of oxidation states for uranium ranging from III to VI, which
have been confirmed by the calculated electron-spin density on
each metal center. An equatorially S-fold uranyl coordination
mode is suitable for hexavalent uranium complexes, while
silylation of the uranyl oxo is favored by pentavalent uranium.
Uranyl oxo ligands are not required anymore for the
coordination environment of tetra- and trivalent uranium
because of their replacement by strong donors such as
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tetrahydrofuran and iodine. Optimization of binuclear UY'—=U™ complexes with various coordinating modes of U™, donor
numbers, and donor types reveals that 0.5—1.0 electron has been transferred from U™ to UY, Consequently, UY—U" complexes
are more favorable. Electronic structures and formation reactions of several representative uranium complexes were calculated.
For example, a Sf-based 6(U—U) bonding orbital is found in the diuranium(IV) complex, rationalizing the fact that it shows the
shortest U—U distance (3.82 A) among the studied binuclear complexes.

B INTRODUCTION

Uranium has a diverse redox chemistry with four principal
oxidation states of III-VL'™> It is common to form
approximately linear dioxo cations in the V and VI oxidation
states, where the hexavalent uranyl (UO,*") is especially well-
known in most solutions and many solid media.*”'” Because of
its high mobility, the uranyl ion is the dominant uranium
species in contaminated groundwater systems.'®”>' The redox
chemistry of uranium has been widely utilized in its chemical
separation.”>* Strategies to reduce the UO,*" mobility usually
center on its reduction to insoluble uranium(IV) species. In
contrast, the coordination chemistry of low-valent uranium (I1I)
has flourished since starting materials such as [UL;(THF),] 2
U[N(SiMe,),]5,>>" and [U(OTS);]***° were prepared by
facile approaches. An increasing number of trivalent uranium
complexes with various ligands and different coordination,
solubility, and reactivity properties have been synthesized and
characterized.**™3*

Multiple oxidation states of uranium, however, may exist
simultaneously in an aqueous environment, which makes its
chemistry rather complex."” To shed light on this, binuclear
uranium complexes, especially heterovalent bimetallic ones, are
ideal candidates. More importantly, this will facilitate
exploration of the structures of actinides, bonding properties
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and reactivity and further provide support for the safe
processing and long-term immobilization of irradiated radio-
nuclides. In this respect, it is a good choice to theoretically
fabricate homo- and heterovalent diuranium complexes. Not
only has relativistic quantum theory successfully predicted
actinide structures and elucidated relevant properties,”>3¢~**
but this approach avoids constraints imposed on experimental
actinide chemistry by its chemical toxicity, radioactivity, and
scarcity as well.

As a matter of fact, by the careful choice of ligands having
suitable steric and electronic properties, it is possible to stabilize
uranium within a wide range of oxidation states. Besides the use
of multiple ligands,®'* expanded porphyrins, calixpyrroles, and
related Schiff-base macrocycles have the ability to complex
uranium ions.**"® For example, a flexible polypyrrolic
macrocycle (H,L in Chart 1), prepared independently by the
Sessler® and Love®® groups, is capable of accommodating two
metal atoms such as actinide, lanthanide, and transition-metal
atoms.*~%° With the macrocycle ligand, Arnold, Love, and co-
workers have successfully synthesized the diuranium(VI)
complex K,[(UO,),(1-0,)(L)],”” the diuranium(V) complex
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Chart 1. Flexible Polypyrrolic Macrocycle (H,L)

[{(Me;Si)OU(u-0)},(L)],*® and diactinide(II) complexes
[(AnX),(L)] (An = U, X = I, BHy; An = Np, X = I),*°
among others. Because the H,L ligand is able to stabilize two
uranium metal centers in the above oxidation states, we would
question whether it is versatile enough to extend the
complexation to two uranium(IV) atoms or even to binuclear
complexes in a heterovalent mode (including oxidation states
from III to VI). This has posed a challenge and also presented
an opportunity for computational chemistry. Furthermore,
binuclear complexes with mixed-valent uranium atoms are
particularly attractive for both their fundamental interest in
organometallic chemistry and their scarcity and underlying
difficulty in experimental synthesis.

In this work, valence-diversified diuranium complexes of the
Schiff-base polypyrrolic macrocycle (H,L) have been examined
using relativistic density functional theory (DFT). The
calculated electron-spin density on each uranium center is
used as evidence that these complexes have a variety of
oxidation states from III to VL It is found that tuning of the
coordination environment of uranium is the key to obtaining
various homo- and heterovalent diuranium complexes. The
binuclear UY'—U™ complex was calculated to be unfavorable; it
readily switches to the analogous UY—U" one. Electronic
structures and reaction energies of several uranium complexes
have been calculated in a tetrahydrofuran (THF) solution while
considering the spin—orbit coupling (SOC) effects.

B COMPUTATIONAL DETAILS

In this work, 50 diuranium complexes of the polypyrrolic macrocycle
H,L (Chart 1) with different oxidation states (III—VI) have been fully
optimized using scalar relativistic DFT. Analytical frequency
calculations have been performed to confirm the local minima nature
of the stationary points on the potential energy surface. All of these
optimized structures are presented in Figure S1 in the Supporting
Information (SI). A structural feature of one oxygen bridging two

uranium atoms, i.e.,, a U—O—U motif, was used to create the molecular
skeleton, for a large number of binuclear uranium complexes with this
mode have been experimentally reported.®”*~7°

Structural and electron-spin analyses indicate that binuclear
complexes with specific uranium oxidation states have a lot of
commonality in their structures and properties. This will be shown by
a detailed discussion of all possible geometries of UY'—U™ complexes
in the present work. Regarding UY'=U" (m = VI, V, and IV) and U"—
U" (n = V, IV, and III) complexes, seven representative ones are
focused on in the discussion (see Figure 1 for the U'—U"™ complexes,
Figure 2 for UV-U™, and Figure 3 for U"—U"). In most cases, THF
was used as the coordinating donor. Because of the considerable steric
effects of THF, however, smaller-size water was adopted in the
diuranium(V) complex, and iodine atoms were axially coordinated to
the metal in the diuranium(IIT) complex (Figure 3).

It is well-known that a diuranium complex with multiple single
electrons is capable of adopting many possible electronic states. In this
work, we will present the structure with the highest electron-spin state.
A binuclear UY—U" complex, for instance, has triplet and singlet
electronic states. The triplet state is the subject herein. We have
compared the two electronic states for seven diuranium(V) complexes
(Figure S2 and Table S1 in the SI). It is shown that the triplet state is
energetically lower than its corresponding singlet state, giving
confidence in our approach.

The Priroda code (version 6)”'™7° was used to optimize the
structures of the complexes in the gas phase without any symmetry
constraints. We applied the generalized gradient approximation
Perdew—Burke—Ernzerhof (GGA-PBE) functional’® in these calcu-
lations, associated with all-electron (AE) correlation-consistent
Gaussian basis sets of double-{-polarized quality for the large
component and corresponding kinetically balanced basis sets for the
small component.”” The calculation on the UY'-UY complex
[(THF)(OU")(u-0){UYO(SiMe;) }(THF)(L)]** (Figure 1), for
instance, includes 122 atoms and 643 electrons; the basis sets were
taken as U(34s33p24d18f6g)/(10s9p7d4flg), Si(14s13pl1d6f)/
(9s7pSd2f), O(10s7p3d)/(3s2pld), N(10s7p3d)/(3s2pld), C-
(10s7p3d)/(3s2p1d), and H(6s2p)/(2slp), and thus 1389 orbital
basis functions with 4076 auxiliary basis functions were used. A scalar
relativistic four-component AE approach’*”” was used to describe
relativistic effects. The approach arises from the full Dirac equation but
with spin—orbit projected out’® and neglected. In addition to
confirming that the optimized structures are local minima on the
potential energy surface, analytical frequency results were also used to
simulate the vibrational spectra via Lorentzian broadening (Figure S3
in the SI). Population-based (Mayer)”” bond orders and atomic
charges (Mulliken) were calculated. For comparison, other types of
atomic charges including natural population analysis (NPA), Hirshfeld,
and Voronoi were calculated using the ADF code® ™% at various levels
of theory.

To further understand the structural and reactivity properties of the
actinide complexes, we have calculated the electronic progerties of
diuranium complexes using the ADF 2010.02 code.”*®* An

VI-VI

VI-V

VI-IV

Figure 1. Optimized structures of binuclear UY'=U" (m = VI, V, and IV) complexes.
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X = THF, Cl, NCH X = Cl, I, NCH, NCMe

X =Cl, NCH X = Cl, NCH

Figure 2. Optimized structures of binuclear UY'—=U™ complexes in various coordination models. See the text.

Figure 3. Optimized structures of homovalent U"—U" (m =V, IV,
and IIT) complexes (a—c), compared with (d) a butterfly-like UY—U"
complex (B1) that has been experimentally synthesized.*®

integration parameter of 6.0 was applied. The PBE functional, the
same as that for the optimizations, was applied. Because experimental
uranyl complexes are isolated and characterized either in the solid state
or in solution, we also considered environmental effects on their
electronic structures. A continuum dielectric model, COSMO,**%* was
employed with the dielectric constant (¢) of THF. Klamt radii were
used for the uranium atom (1.70 A)**™* and the main-group atoms (I
=190A,Si=240A 0=172A N=183A C=200A,and H =

1.30 A).”° The scalar relativistic ZORA method”' ~** and Slater-type
TZP basis sets were used in these calculations. With the small-core
ZORA-TZP basis sets, the core orbitals 1s—4f for U, 1s—4p for I,
1s—2p for Si, and Is for C, N, and O were frozen.

Apart from the scalar relativity, the SOC effects”"** were included
in further studies of formation reactions of [(THE)(UY'0,)(H,L)]
(Mono-VI), [(THF),(OU""),(u-0)(L)]** (VI-VI), [(THE)-
(OUY'OUY)(THF)(L)]** (VI-1V), and [{(THF)U"},(u-O)(L)]**
(IV=IV), where Mono-VI has been experimentally synthesized.>
Additionally, comparisons were also made for the heterovalent VI-IV
complex by varying the functional (GGA-PBE, hybrid B3LYP, and
hybrid mPWI1PW) and relativistic (scalar and SOC) effects and
environmental media (solution and gas phase). The present results
show that the pure GGA-PBE functional is sufficiently reliable for
bimetallic systems, agreeing with previous studies.”> %

B RESULTS AND DISCUSSION

Binuclear UV'-U™ (m = VI, V, and IV) Complexes. U"'—
U"" Complexes. The coordination chemistry of hexavalent
uranyl has been well established by a large number of
experimentally synthesized complexes; for some examples, see
refs 6—17. The approximately linear trans-uranyl is equatorially
coordinated by 4—6 ligands. According to this common
coordination mode, we have created a similar environment
for hexavalent uranium computationally. As shown in Figure 1,
two uranium(VI) atoms feature a trans-uranyl skeleton, sharing

Table 1. Optimized Geometry Parameters and Bond Orders of Binuclear UY'~U" (m = VI, V, and IV) Complexes in the Gas
Phase, Together with the Electron-Spin Density and Atomic Charge of Each Uranium Atom (Bond Lengths in A and Angles in

Degrees)
caled exptl (UY'-M)*
VI-VI VI-V VI-1IV Vac. Mn Co

U;—O4o 1.802 (2.47)° 1.799 (2.45) 1.800 (2.45) 1.766 1.768 1.771
U;—Ocndo 2.051 (1.15) 1.989 (1.43) 1.985 (1.43) 1.790 1.808 1.783
U,—Og 2480 (0.46) 2.585 (0.42) 2.551 (0.41) 2442 2.458 2474
U,—0,0/ Oy 1.801 (2.47) 2.000 (1.44) 2.420 (0.46) 2216 2.117
U,/M=0,,40 2.056 (1.16) 2.140 (0.90) 2.138 (0.89) 2.163 2.084
U,~O, 2.561 (0.44) 2485 (0.43)

Si—Oqyo 1.761 (0.89)

U,Uy,/M 4.088 (0.17) 4.113 (0.16) 3.944 (0.22) 3.804 3.726
Oero—U1—Opndo 1724 176.7 1769 177.6 1774 177.8
Oendo—Us—O4so/ Oy 1752 173.2 157.5 140.7 145.6
U,—O¢nio—U,/M 169.0 169.7 146.1 146.5 148.8

uV
U,"

0.000 (1.569)°

spin (charge) 0.000 (1.660)

0.000 (1.521)
1.195 (1.934)

0.055 (1.610)
2.106 (1.717)

“Experimental values of [(THF)(UO,)(H,L)]*° and [(THF)(OUOM)(THF)(L)] (M = Mn, Co)*' complexes. ®Calculated bond orders are listed

in parentheses. “Calculated atomic charges are given in parentheses.

5440

DOI: 10.1021/acs.inorgchem.5b00483
Inorg. Chem. 2015, 54, 54385449


http://dx.doi.org/10.1021/acs.inorgchem.5b00483

Inorganic Chemistry

an endo-oxo atom. Each metal center adopts a S5-fold
coordination mode in its equatorial plane, of which four
coordination sites are occupied by the N, donors of one
compartment of the polypyrrolic ligand and the fifth is donated
by an extra THF solvent.

Optimization (Table 1) of the binuclear uranium(VI)
complex results in an U=0,,, bond length of 1.80 A with a
bond order of 2.47, which is comparable to those in
experimentally obtained®™'” and theoretically stud-
jed?*88:89,100,101 uranyl complexes. The calculated U=0,,q,
distance is about 0.25 A longer, associated with a much smaller
bond order of 1.15. The U-O,, distances range from 2.48 to
2.56 A, being of dative-bond nature with bond orders of 0.45
on average. These two O,y atoms of the two THF ligands
significantly deviate from the U—N, plane by 1.02 and 1.91 A.
An optimized U--U separation of 4.09 A was obtained for the
binuclear uranium(VI) complex. There is no implication of any
metal—metal bonding interaction because the U—O,,,—U
angle was calculated to be approximately linear (169°) and the
small U---U bond order (0.17) was apparently contributed by
interaction of the electron density around the endo-oxo atom
with the positively charged uranium atoms.

In addition, it is found that changes of the equatorial ligands
from 2THF to neutral 20H, and 20Me,, negative 20H", and
mixed OH,/OH~ (Figure SI in the SI) do not cause large
changes in the geometries of their corresponding complexes.
Thus, only the complexes coordinated by THF will be
discussed in the following text.

U"—UY Complexes. Building on previous experimental and
theoretical studies, one can readily assume the coordination
environment of pentavalent uranium to be the same as that of
the hexavalent one, i.e., a linear trans-UO," feature equatorially
ligated by five donors. So, we shall investigate binuclear UY'—
UY complexes directly using the geometry of the corresponding
optimized UY'—U"" complex. Unexpectedly, some electron
transfer is found from UY to U™ For example, the symmetrical
[(OU")(u-0)(UY0)(L)]* (Mod-1 in Figure SI in the SI),
where the two uranium atoms have equivalent chemical
coordination environments, yields 0.46 and 0.77 electrons
localized on the two metal centers. Apparently, a single electron
that is supposed to be residing in U" of the expected binuclear
UY'-U" complex has been roughly averaged to be distributed
over the two uranium atoms.

Very recently, Parthey and Kaupp'® have suggested that
hybrid functionals with about 30—45% exact-exchange
admixture would provide a reasonable compromise for
heterovalent transition-metal complexes, when augmented by
an appropriate treatment of (solvent or solid-state) environ-
mental effects. Accordingly, the mPWIPW (containing 42.8%
HF exchanges), B3LYP (20%), and PBE (0%) functionals
implemented in the ADF code were used to calculate
[(OU)(u-0)(UYO)(L)]*, while employing the COSMO
model for environmental simulation. The electron-spin density
of U"'/U" was calculated to be 0.00/1.13, 0.00/1.08, and 0.45/
0.79, respectively. We conclude that the hybrid functionals
successfully eliminate possible “delocalization errors” for the
symmetric heterovalent systems.

Excellent experimental work on pentavalent uranium
has further enlightened us. Specifically, silylation of a uranyl
exo-oxo atom of mononuclear [(THF)(UY'0,)(H,L)] allows
easy reduction from U"! to UY.>*7>* According to this type of
complex, we have designed a binuclear U"'—U" complex,
[(THE)(OU") (4-0){U"O(SiMe;) }(THF)(L)]** (Figure 1),

52,103,104
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where one silyl group is added onto the exo-oxo atom of one
uranyl. In this manner, slightly different chemical environments
have been applied for the uranium(VI) and -(V) atoms, which
completely eliminates the case of equivalent metal atoms. As a
result, a truly heterovalent UY'—U" complex has been obtained
even at the GGA-PBE level because a 0.00 electron-spin density
has been found at the uranium(VI) atom while 1.20 electron is
situated around UY (Table 1).

The optimized geometry of this complex yields a long UY=
O,y bond length at 2.00 A. This is close to the experimental
values of 1.99 A in [(THF){(Me;Si)OUYOM,L}(L)] (M = Fe,
Zn),>* 2.00 A in [UY(OSiMe;),I,(*acnac)] [*"acnac
ArNC(Ph)CHC(Ph)O; Ar = 3,5-Bu,C¢H;],"* and 2.01 A in
[{(Me;$i)OU(-0)},(L)].*® Our calculated UY=0,(-Si)
distance is a little longer than the experimental UY=0,,,(—M)
(M = Li*, K, TP, U")3*195710 distances of 1.85—1.92 A
because the O,,—M interaction (so-called cation—cation
interaction) is obviously weaker than the O,,—Si covalent
bond. In addition, elongation (by about 0.16—0.18 A) is found
in comparison with experimentally known pentavalent uranyl
complexes such as [(UYO,)(OPPh,),](OTf),” [(UYO,)(py)s)-
[1]-py,""° and [(UY0,)(OTf)(py),]""" that possess a bare
uranyl exo-oxo atom (OTf is triflate).

In this binuclear UV'-UY complex, the bond order of the
UV=0,,, bond was calculated to be 1.44, indicative of a bond
that is weaker than a normal double bond. The O, 4,—U"—0,,,
and UY-0_,—Si angles are 173° and 166°, agreeing with the
experimental values®™>¥'%* of 172° and 163° (mean values),
respectively. The UY'=0,,, bond length in the same molecule
was calculated at 1.80 A with a bond order of 2.45,
corresponding to the usual partial triple bond. Again, a long
U--U separation (4.11 A) is found. Our designed UV'-U"
complex [(THF)(OUY)(u-0){UYO(SiMe;) }(THF)(L)]*" is
comparable to the experimentally synthesized [(UY'0,)-
(BIPMH)(u-C)UYO(¢-O)(BIPMH)] [BIPMH = HC-
(PPh,NSiMe,),].”°

UY-U" Complexes. By mimicking the experimentally
known bimetallic complexes [(THF)(OUOM)(THF)(L)]
(M = Mn, Fe, Co),>" we have successfully optimized a
heterovalent UV'—U" complex, as shown in Figure 1. The
heterovalent nature of the diuranium complex is confirmed by
the calculated spin density. A negligible 0.06 electron spin is
distributed on the uranium(VI) atom, and a 2.11 spin is
localized on the uranium(IV) atom. In this complex, the
tetravalent uranium does not possess the linear uranyl
molecular skeleton. The U"V—0,,4, and U"V—O(THF) bond
lengths were calculated at 2.14 and 2.42 A, respectively. This
structural feature actually resembles the uranium(IV) com-
plexes found in the experimental synthesis.""'~"'* It is worth
pointing out that the hexavalent uranyl is rigid enough to be
retained throughout in the above-discussed UY'=U" (m = VI,
V, and IV) complexes (Table 1).

Atomic Charge and Electron Spin. The atomic charge and
electron-spin density have been calculated for the binuclear
UV'-U" (m = VI, V, and IV) complexes (Table 1 and more
detailed information in Table S2 in the SI). The atomic charges
of UV change slightly along the series, i.e.,, +1.57 and +1.66 in
the diuranium(VI) complex, +1.52 in the UY'=U" complex, and
+1.61 in the UV'=U" complex, although they are far lower than
the formal oxidation state of uranium (6+). It is surprising that
more positive charges were calculated for the second uranium
atom, +1.93 for U in the U'~U" complex and +1.72 for U"
in the UY'=U" complex. This absolutely destroys any possible
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simple correlation that the atomic charge is increasing with
increased oxidation state. Further NPA of the UY'—U" complex
at the ADF: PBE/Gas level shows similar charges of 1.50 for
U and 1.99 for UV (see Table S3 in the SI). At the other
levels of theory (ADF: PBE/Sol, B3LYP/Sol, mPW1PW/Sol,
and mPW1PW/Gas), the calculated Mulliken charges of the
uranium atoms, for example, remain much lower than their
formal oxidation states. Very similar cases are found for other
binuclear uranium complexes (U"—U", where m = VI-III) at
the ADF: PBE/Sol level (Table S4 in the SI). In other words, it
is impossible to make use of the calculated atomic charges to
identify the oxidation state of uranium in these diuranium
complexes.

On the other hand, the calculated electron-spin density is a
good indicator to identify the oxidation state of the uranium
atom. The present studies indicate that the GGA-PBE
functional can precisely calculate the electron spin of the
homovalent diuranium complexes and the heterovalent systems
with the different coordination environments for two uranium
centers (i.e., unsymmetrical structural systems). For example,
the uranium centers with oxidation states of VI, V, and IV in
the above complexes (Table 1) display electron-spin densities
of ~0.00, 1.20, and 2.11, respectively, corresponding to zero,
one, and two 5f single electrons; the unsymmetrical
homovalent UY'—U" complex (Table S3 in the SI) shows
0.17/2.09, 0.01/2.11, and 0.01/2.13 for UY'/U" at the ADF:
PBE/Sol, B3LYP/Sol, and mPW1PW/Sol levels, respectively,
close to the value of 0.06/2.11 at the Priroda: PBE/Gas level.
Regarding the symmetrical heterovalent systems (as indicated
above for [(OUY")(u-0)(UYO)(L)]*), however, the hybrid
functionals are capable of eliminating possible “delocalization
errors”, in contrast to the roughly averaged results of the GGA-
PBE functional. Because the present study focuses on the
unsymmetrical heterovalent diuranium complexes, the GGA-
PBE functional is sufficiently accurate for their calculations.

Tuning the Structures of UY'-U" Complexes. Optimiz-
ing the heterovalent UV'—U™ complex is not an easy task. The
U°®" ion is formed by losing all of the six 5f valence electrons.
Therefore, it is in an electron-deficient state. On the other
hand, the U ion retains its three 5f single electrons and is
electron-rich accordingly. Therefore, electron transfer from U™
to U"! is most likely to occur, especially given that there is an
oxo ligand to bridge them. In accordance with this picture,
optimizations at the GGA-PBE level demonstrate that the
heterovalent UY—U" complexes are favored over their UV'—U™
counterparts. Further hybrid functional calculations also
support this conclusion, as seen in Table SS in the SI

We have designed four different coordination modes to
model the binuclear UY'=U™ complex (Figure 2). In each case,
the coordination environment of the hexavalent uranyl ion is
adopted at the uranium(VI) atom end, while that of U™ has
been varied greatly. Models 1 and 2, for instance, include
variations of the number (one and two) of ligands, donating
ability (THF, Cl, and I), and electronic properties (¢ of Cl and
I, as well as 7 of NCH and NCMe). As shown in Table 2, the
obtained structure is best described as a U'—U" complex in
each case because 0.53—1.10 electron is localized on the
uranium(VI) atom that is supposed to be zero and 2.12—2.40
electron is distributed over the expected uranium(III) atom.
The optimized geometry parameters (Table 3) also support a
pentavalent uranium structure. The U;=0,,, bond lengths
were calculated to be within 1.81—1.83 A, close to the
experimental UY=0 values”*>**'®~"'% and longer than the
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Table 2. Calculated Electron-Spin Densities Localized
around Each Uranium Atom for Heterovalent UY'—U™
Complexes, Which Are Effectively U'—U" Ones

e OAZ U,
Mod-1 THEF 0.889 2.334
Cl 1.057 2.167
HCN 0.700 2.371
Mod-2 Cl 1.100 2.123
I 1.096 2.171
HCN 0.532 2.397
MeCN 0.688 2.360
Mod-3 Cl 0.975 2.178
HCN 0.548 2.376
Mod-4 Cl 1.120 2.055
HCN 1.014 2.082

1.80 A UY'=0,,, distances calculated for the binuclear U~
U™ (m = VI, V, and IV) complexes. It is also found that ligands
NCH and NCMe with #-donating ability are capable of
reducing, to some extent, electron transfer from U™ to U but
cannot completely stop this electron transfer.

Further attempts were also made by changing the fifth ligand
of the hexavalent uranyl simultaneously (Mod-3 and Mod-4)
and even introducing a BH,™ group to stabilize the trivalent
uranium (Mod-4). Optimizations while replacing BH,~ with
BF,” and BF; were not successful. The expected UY'—U™
structure was not obtained for these complexes either, as seen
in Tables 2 and 3; the UY—U" structure is still preferred. So
what is the reason? First of all, there exists a spontaneous
driving force, i.e., a thermodynamic motivation that an electron
flows from the electron-rich U™ to the electron-poor U"". One
can note that complexes coordinated by halide atoms (some of
the complexes in Mod-1 to Mod-3) and by a BH,™ group (all
complexes in Mod-4) are completely changed into their UY—
UY counterparts (Table 2) because they have ~1.0 and ~2.0
electrons on the respective metal centers. These complexes
have essentially localized electrons on the uranium(V) and
-(IV) centers and thus feature small U—U bond orders between
0.16 and 0.27. However, other complexes show an obvious
resonance feature between UY'—U" and U"M-U", displaying
0.53—0.89 and 2.33—2.38 electron-spin density, respectively.
This dynamic electron exchange causes charge-transfer
interaction between the two uranium centers. Consequently,
relatively large U—U bond orders of 0.48—0.60 were calculated
for these complexes, albeit with long distances of 3.82—4.08 A.
Second, the oxo-bridging structure (U—O—U) would facilitate
this charge-transfer process from U™ to UY' to some degree.
Last but not the least, the trans-UO, structure is also suitable
for the uranium(V) atom. Consequently, heterovalent UY—U"
complexes were obtained in these calculations instead of UY'—
U™ complexes.

Finally, we can propose an optimal UY—U" structure (as
shown in Figure S4 in the SI) based on the results of the
present study. In this structure, one silyl is added onto the
uranyl exo-oxo atom to fabricate an optimal environment for
the pentavalent uranium. In addition, the uranyl endo-oxo atom
directly coordinates to the tetravalent uranium that is axially
saturated by a THF ligand. The optimized structural parameters
of this complex are shown in Table 3.

Homovalent U"-U" (m =V, IV, and Ill) Complexes.
The above results regarding uranium in various oxidation states
can readily be extended to the study of homovalent U"—U" (m
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Table 3. Optimized Geometry Parameters and Corresponding Bond Orders (in Italic Font in the Following Row) of Binuclear
UY'-U™ Complexes in the Gas Phase (Bond Lengths in A and Angles in Degrees)

Keg/ax U=0u U0t Ui—Xyq  Up=Oengo
Mod-1 THEF 1.816 2.063 2.611 2.074
246 1.21 03§ 1.13
Cl 1.823 2.054 2.592 2.090
244 1.24 035§ 1.10
HCN 1.811 2.024 2.575 2.117
245 1.31 0.37 1.01
Mod-2 Cl 1.831 1.987 2.594 2.183
243 1.49 0.32 0.85
I 1.830 2.003 2.565 2.148
243 144 0.33 0.90
HCN 1.808 1.964 2.560 2.178
2.44 1.52 0.37 0.83
MeCN 1.812 1.987 2.575 2.144
248 1.44 03§ 0.89
Mod-3 Cl 1.838 2.015 2.660 2.163
243 1.41 1.10 091
HCN 1.812 1.964 2.656 2.190
245 1.53 0.28 0.80
Mod-4 Cl 1.837 2.060 2.662 2.108
2.40 1.32 1.11 1.01
HCN 1.823 2.030 2.698 2.119
243 1.38 0.27 0.96
X U104 U;—Oendo U—0O¢ Uy=Oendo
V-1v® THF 2.005 2.054 2.560 2.078
142 1.24 0.39 1.12

Uy —Xeq/ax U,-H Up-U, a a” a®
—/2491 3.820 176.4 161.5 134.9
—/0.40 048
—/2.599 3.896 176.2 146.7 140.2
—/1.22 0.27
—/2.513 3.890 174.9 148.3 139.9
—/0.45 0.56
2.645/2.622 4.130 175.0 176.2 164.2
1.10/1.11 0.16
3.121/3.069 4.132 173.6 173.7 168.9
1.00/1.08 0.17
2.501/2.573 4.082 175.3 173.5 160.5
0.43/0.38 0.57
2.531/2.598 4.083 174.5 169.9 162.3
0.44/0.37 0.56
2.629/2.668 4.090 179.6 173.3 156.4
1.15/1.04 0.26
2.519/2.580 3.952 170.9 178.4 144.0
0.46/0.37 0.60
2.618/2.628 2.442 4.116 175.2 178.6 161.9
1.21/0.36 0.16 0.17
2.560/2.578 2.381 4.043 179.0 166.7 154.1
0.39/0.40 0.19 0.25

U,—-0,, Si—O4yo U,-U, a? a,” a”

2432 1.756 3919 178.9 160.6 143.0
045 091 0.20

“ay, o, and a5 denote angles of O o—U;—Ocnger Oendo—Ur—Xaw and U;—O,,g,—U,, respectively. bThe optimized structure of the binuclear UV—U"
complex is shown in Figure S4 in the SL This complex has 1.189 and 2.102 electron-spin densities on the uranium(V) and -(IV) atoms, respectively.

Table 4. Optimized Geometry Parameters and Bond Orders (in Parentheses) for Binuclear U"—U" (m = V, IV, and III)
Complexes in the Gas Phase, Together with Electron-Spin Density of Each Uranium Atom (Bond Lengths in A and Angles in

Degrees)
caled caled and exptl
V-V V-1V II-III V-V (B1)*

U =040/ X 1.996 (1.45) 2.440 (0.45) 3.238 (0.87) 2.048 (1.28) 2.034
U;=Oendo 2.081 (1.14) 2.075 (1.17) 2.080 (1.16) 2.109 (1.19)/2.085 (1.23) 2.098/2.099
U,—0,, 2.502 (0.47) 2.710 (0.26)
Si;—Opyo 1.758 (0.89) 1.703 (1.03) 1.666
Up—0,o/ X 1.999 (1.43) 2.440 (0.44) 3.386 (0.65) 2.051 (1.26) 2.034
U,—Orndo 2.068 (1.23) 2.075 (1.18) 2.088 (1.19) 2.101 (1.21)/2.111 (1.16) 2.098/2.099
U,—0,, 2.714 (0.33) 2.825 (0.24)
Si,—Opyo 1.757 (0.90) 1.702 (1.04) 1.666
U,-U, 3.999 (0.16) 3.819 (0.34) 4.156 (0.25) 3.379 (0.33) 3.356
0,0/ %= U1=Ocngo 1712 158.5 164.6 173.8/100.7 173.4/101.1
Oendo=Uy—=0 4o/ X 171.6 158.8 166.4 173.3/100.5 173.4/100.5
U;=0engo—U, 149.1 134.0 1713 107.2/106.8 106.6/106.3

) 1.166 2.126 2.684 1.125
i 1.150 2.125 2.522 1.126

“Experimental values of the butterfly-like complex [{(Me;Si)OU(u-O)},(L)] (labeled as B1 in the text) come from ref 58.

= V, IV, and III) complexes. Diuranium(V) complexes
[(X)o{(Me;$1)OU"}, (u-0)(L)] (X, = 20H,, 20H", 2CI,
and OH,0”") have been obtained (see Mod-2 in Figure S1 and
Table S1 in the SI). Regarding the equatorial X, we have tried
to optimize large THF-coordinated and relatively small OMe,-
coordinated complexes but did not get converged results. This
is obviously caused by their large steric effects. However, as
shown in Figure 3a, the obtained complex [(H,O),{(Me;Si)-
OU"},(u-O)(L)] resembles the experimentally known
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uranium(V) complexes [{(Me;Si)OU"(4-0)},(L)],>® [(THE)-
{(Me,;Si)OUYOM}(THF)(L)],>* and [UY(OSiMe;),I,-
(Aracnac)].104 Optimization results in an approximate C;
symmetry for this OH,-coordinated complex. Its triplet state
is found to be the ground state, being 15.9 kcal/mol lower in
energy than its singlet state. Thus, the two spins are arranged in
parallel. The calculated spin densities on the uranium(V) atoms

are 1.17 and 1.15 electrons.
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Figure 4. Diagrams of high-lying singly occupied U(f) orbitals for the binuclear UY—U" complex (a and b) compared with those of the butterfly-like

diuranium (V) complex (c and d).
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Figure 5. Diagrams of high-lying singly occupied U(f) orbitals for the binuclear UV—U" complex.

To further assess the present calculation, we also optimized
the experimentally synthesized [{(Me,;Si)OU(u-0)},(L)].*®
This butterfly-like complex is labeled as B1, as seen in Figures 3
and S2 in the SI. Excellent agreement between calculation and
experiment has been achieved (Table 4). The differences in the
U=0,y0/endo bond lengths are less than 0.02 A, and the angular
deviations are no more than 1°. B1 also possesses an electron-
spin-parallel triplet ground state, which was calculated to be
14.2 kcal/mol lower in energy than its singlet state.

It is feasible to access a diuranium(IV) complex (Figure 3b)
according to our above study. About 2.13 electrons have been
calculated to be localized on each uranium atom, confirming
that a binuclear tetravalent uranium complex can be obtained. It
is worth noting that its U---U distance was calculated at 3.82 A
with a bond order of 0.34. This distance is the shortest one
among the presently considered diuranium complexes (Tables
1, 3, and 4). Previous calculations of U,(OCHO),"" presented
an outer minimum with a U—U distance of 3.42 A that was
assigned as a single ¢ bond. Comparatively, we therefore get a
relatively weak U—U single bond in the diuranium(IV)
complex, based on the U-U distance. Moreover, we can rule
out the possibility that this U-U bonding interaction derives
from contributions of charge transfer like the situation in the
binuclear UY'—U™ complexes because these two tetravalent
uranium atoms are totally equivalent. Certainly, the unpaired
electrons localized on the uranium(IV) centers and the small
U=0O,,4—U angle of 134° also provide the necessary
conditions for this U-U bonding. Further evidence will be
given in the analysis of the electronic structures.

Again, the fabrication of diuranium(III) complexes finds that
only 2.52—2.68 electrons (Table 4) are localized at each
nominally trivalent uranium, even if the strong iodine donor is
used. Inspection of the calculated results shows that about 0.75
electrons in total transfer to the polypyrrolic ligand. Further
attempts using NCH and NCMe donors coordinating to
uranium (Figure S1 in the SI) did not increase the electron-spin
densities of uranium, corresponding to 2.53/2.50 and 2.52/
2.61, respectively. Herein, we question whether the computa-
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tional approach (GGA functional) might overestimate electron
back-donation from the uranium(III) center to the ligand and,
as a result, would not give accurate electron-spin values for the
various trivalent uranium complexes. In order to further test
this hypothesis, trivalent complexes UL;(THF),, Ul;(py),, and
U[N(SiMe,),]; were calculated to display spin densities of
3.10, 2.84, and 3.09, respectively, using the same approach. The
complex UL;(py), with the conjugated pyridine ligands shows a
lower uranium spin, which further demonstrates significant
electron transfer from metal to ligand. Therefore, we conclude
that we can, indeed, obtain diuranium(III) complexes with the
present approach; the back-donating effect from metal to ligand
is responsible for the lower electron-spin density and not
artifacts of the methodology.

Electronic Structures of Diuranium Complexes. On the
basis of the above-optimized geometries, we have calculated the
electronic structures of uranium complexes in a THF solution
while employing the COSMO model. The binuclear UY'-UY!
complex shows eight low-lying virtual orbitals of U(f) character,
with the 7*(U=0) ones lying above energetically. A total of
12 high-lying occupied orbitals are based on the polypyrrolic
macrocycle ligand; in the bottom three (H-9 to H-11, where H-
n stands for the orbital HOMO-n) of these orbitals, the aryl
hinges are becoming dominant. Below them are the two
orbitals contributed by the equatorial THF ligands. It is worth
noting that all of the U=0 bonding orbitals occur in a lower-
energy area. The H-26 orbital, being 2.81 eV below the
HOMO, is of primarily 6(U=0) character, composed of 21%
U(5f), 25% Oeo(2p), and 4% O,,q0(2p) (Table S7 and Figure
SS in the SI).

With respect to the diuranium(V) complex, the two highest-
energy orbitals are mainly occupied by the 5f single electrons
(Figure 4). They are spin-parallel, showing a triplet ground
state. These two a-spin orbitals are essentially degenerate and
have similar character. No bonding interaction is found
between the two uranium(V) atoms. Doubly occupied orbitals
of silyl character are found in the low-energy area (H-14 to H-
17). For comparison, we also present the Sf singly occupied
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orbitals of [{(Me;Si)OUY(u-0)},(L)], which has been
experimentally synthesized. This complex shows two equivalent
5f single-electron orbitals (Figure 4). The net U'—U" bonding
is still not found because of the essentially nonbonding Sf &
character''¢ for the HOMO and H-1.

The diuranium(IV) complex has been optimized to show a
short 3.82 A U--U distance with a bond order of 0.34.
According to the above structural analysis and comparison with
a previous theoretical study,'” a weak U—U single bond is
presumed in the U—U" complex. Upon further inspection of
the electronic structure, we find that the H-3 occupied by one
5f single electron is obviously of ¢ character, while the HOMO,
H-1, and H-2 (5f ¢ and ) are essentially nonbonding (Figure
5). Note that the H-3 does not include the oxo bridge. So, the
effective formal bond order is 0.5, according to the electron
occupation numbers. As seen in Figure S, this ¢ bond is formed
with an angle of ~140°, different from a common head-to-head
o bond (~180°), which results in a relatively weak U—U
bonding and also rationalizes the calculated U—U bond order
of 0.34. With the ADF code, the Mayer bond orders of U-U
were calculated to be 0.75 and 0.72 in the gas phase and
solution (Table S11 in the SI), respectively. A relatively weak
uvV-u bonding is confirmed, although the numerical value of
the bond order is larger than the one from the Priroda code.
The deviation is attributed to the difference of the basis sets
used in the ADF and Priroda calculations. Our results agree
with the previous conclusion of Bridgeman et al.''’ that the
Mayer bond order shows significant basis-set dependence,
especially for weak bonds. See also the detailed discussion in
the SI.

Six 5f single electrons are included in the calculations of the
diuranium(III) complex. The calculated electronic structure
demonstrates that all of these electrons are a-spin and occupy
six high-lying orbitals. The electron density is mainly localized
on uranium in the HOMO, H-1, and H-2 (Figure S7 in the SI).
However, pronounced electron transfer is found for the H-3, H-
4, and H-5, as shown by ligand contributions of 15%, 22%, and
9%, respectively. This agrees with the conclusions of the
structural and electron-spin density analyses above.

In Figure 6, we present characteristic orbitals of the
heterovalent complex [(THF)(OUY'OU"Y)(THF)(L)]** (VI—
IV) calculated by various functionals (PBE, B3LYP, and
mPWI1PW). The PBE calculation yields singly occupied
U(5f)-character HOMO and H-1 orbitals that are mainly
contributed by the tetravalent uranium atom. Ligand-based
doubly occupied character is found for the H-3 orbital. The
density of states (DOS; Figures 7 and S8 in the SI) shows that
the a-spin electrons contribute to the HOMO and H-1. The H-
2 orbital is formed by one a electron and one f-spin electron
that come from the polypyrrolic ligand. In contrast, the hybrid
B3LYP and mPWIPW functionals give rise to different
electronic structures, in addition to a wider HOMO—-LUMO
gap. However, from the point of view of the electronic
arrangement, the PBE functional is sufficiently reliable to
describe the heterovalent VI-IV complex. Additional calcu-
lations were also performed at the PBE/scalar ZORA/Gas and
PBE/spin—orbit ZORA/Sol(THF) levels. A comparison
reveals the same character and order of molecular orbitals at
all three levels of theory (see Figure S9 in the SI). Therefore,
the environmental media and extra SOC effect have only a
slight effect on the electronic properties of the complex.

Reaction Energies of Uranium Complexes. The
following reactions have been designed and calculated to
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Figure 6. Characteristic U(f) and ligand-based orbitals of the
heterovalent UY'~U" complex calculated by the PBE, B3LYP, and
mPWIPW functionals, associated with the TZP basis sets, scalar
ZORA relativistic effects, and COSMO solvation model. The a-spin
orbital energy levels were used.
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Figure 7. a-Spin DOS of the heterovalent UV'—U" complex calculated
at the PBE/scalar ZORA/Sol(THF) level.

form mononuclear [(THF)(UY'0,)(H,L)] (Mono-VI), homo-
valent bimetallic [(THF),(OUY),(x-0)(L)]** (VI-VI) and
[{(THF)U"},(u-O)(L)]* (IV—1V), and heterovalent bimet-
allic [(THE)(OUY'OUY)(THE)(L)]** (VI-IV). Hexavalent
[UO,L(THF);] and tetravalent [UI,(THF),] were applied as
uranium sources reacting with the H,L polypyrrolic macrocyclic
ligand in these reactions.

H,L + [UO,L,(THF),]
= [(THF)(U"0,)(H,L)] (Mono-VI) + 2HI + 2THF

H,L + 2[UO,1,(THF),]
= [(THF),(0OU"), (u-O)(L)** (VI — VI) + 2HI
+ 2" + 4THF + H,0
H,L + [UO,L,(THF),] + [UL(THF),]
= [(THF)(0U"'OUY)(THF)(L)** (VI — IV) + 4HI
+ 21" + 4THF
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H,L + 2[UL(THF),] + H,0
= [{(THE)U"}, (u-O)(L)** (IV = IV) + 6HI + 21~
+ 4THF

Solvation effects of THF were considered for all reactants
and products at the PBE/scalar ZORA/COSMO level. Apart
from the scalar relativistic effects, the SOC effects were
calculated by introducing the spin—orbit-coupled ZORA. The
results show that the SOC energy is as large as —424 kcal/mol
for the Mono-VI complex and —855 kcal/mol (mean value) for
the diuranium complexes. For the whole reaction, however, the
free-energy contribution (AG,,) was calculated to be quite
small, less than 2.5 kcal/mol (Table S).

Table S. Calculated Reaction Energies (kcal/mol) of Mono-
and Binuclear Uranium Complexes in Oxidation States of VI
and/or IV?

Mono-VI® VI-VI® VI-IV® V-1v®
A E(gas)* 38.0 366.0 358.6 361.5
AE(gas)* 292 3514 3373 334.0
A, H(gas)* 293 354.0 339.7 336.0
A,G(gas)* 39 290.1 263.5 249.0
A,G(sol)? 32 107.4 77.9 66.5
A,G(sol+s0)? 28 104.9 76.7 67.5
AG ¢ -0.7 —182.7 —185.6 —182.5
AG,*° —0.4 -25 -1.1 1.0

“See formation reactions in the text. “Calculated complexes are
[(THF)(U"'0,)(H,L)] (Mono-VI), [(THF),(OU""),(k-0)(L)]**
(VI=VI), [(THF)(OUY'OU™)(THE)(L)]** (VI-1IV), and [{(THF)-
UYL (u-0)(L)]** (IV-1IV); see the text. “AE(gas), AEq(gas),
A,H(gas), and A.G(gas) denote the total energy, total energy
including zero-point vibrational energy, enthalpy, and free energy of
the reaction in the gas phase, respectively. 9A,G(sol) stands for the
reaction free energy in a THF solution, which includes scalar
relativistic corrections and is calculated by A,G(sol) = A,G(gas) +
AG,,. A,G(sol+so) is the reaction free energy, containing both the
solvation effect and scalar and spin—orbit relativity, i.e., A,G(sol+so) =
ArG(gaS) + AGsol + AGso' eAGsol = ZVBGSOI(B) and AGSO =
Y Gy (B), where G, (B) and G,,(B) are the calculated solvation and
SOC free energies of each molecule (B) in the formation reaction,
respectively.

Different cases are found for the solvation free energy of
reaction (AG,). Upon formation of Mono-VI, a AG, value of
—0.7 kcal/mol was calculated, in contrast to —182 to —186
kcal/mol for the diuranium complexes. The difference in AG,;
can be qualitatively interpreted according to charges of the
uranium complexes and the other reactants and products.'*® To
first order, the solvation stabilization is proportional to the
square of the charge and inversely proportional to the distance
between the charge and polarizable medium. (This model
would be exact for a point charge within the center of a
spherical cavity.) So, AG,, was calculated to be almost zero for
the formation reaction of the neutral Mono-VI complex;
because all of the reactants and products are neutral, a perfect
cancellation is found in the whole reaction. However, large
solvation energies AG,, were calculated for other complexes.
Careful inspection of their formation reactions finds that two
parts contribute to these large values. First, the VI-VI, VI-IV,
and IV—IV complexes, which have quite similar molecular sizes,
carry two positive charges. Second, the I” ion, which has one
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negative charge, provides a very large contribution because of
its relatively small ionic radius.

In Table S, we list reaction energies in the gas phase and
THEF solution. A,G(sol) includes solvation only, while A,G(sol
+s0) contains SOC as well. We plotted A G(sol+so) in Figure
8. Thermodynamic calculations show that a small amount of

$ Mono-vI  VI-VI VI-IV V-1V
1004 104.9

% 4
E 80
R 76.7
< 60 675
CO
S 40
OL 4q
< 20

1 28

) -

Figure 8. Free energies A, G(sol+s0) of formation reactions of mono-
and binuclear uranium complexes in oxidation states of VI and/or IV
including both solvation and scalar/SOC relativistic effects.

energy (3.9 kal/mol) is required in the gas phase upon
formation of the Mono-VI complex. Solvation and SOC have
almost no effect on its formation reaction energy. The
calculation agrees with the experimental result of the successful
synthesis of the mononuclear complex Mono-VL>® A high
endothermic reaction energy, 104.9 kcal/mol A,G(sol+so), was
calculated for formation of the VI-VI complex because one
stable uranyl bond has to be cleaved in this process.
Comparatively, much lower A,G(sol+so) energies were
calculated for the VI-IV (76.7 kcal/mol) and IV-IV (67.5
kcal/mol) complexes.

Bl CONCLUSIONS

A series of homo- and heterovalent diuranium complexes have
been examined using relativistic DFT for their structural,
electronic, and reaction properties. The major conclusions can
be summarized as follows:

Tuning of the coordination environment of uranium is a key
way to obtain various homo- and heterovalent binuclear
uranium complexes of different oxidation states. A uranyl
coordination mode with five equatorial donors is suitable for a
hexavalent uranium complex. The same model is applicable for
pentavalent uranium; however, the coordination mode where
the uranyl oxo is functionalized by silyl or an alkali-metal ion is
strongly recommended instead. This mode has been shown to
be more selective for the UY oxidation state. The uranyl oxo
structure is not required anymore for the coordination
environment of tetra- and trivalent uranium. In these cases, it
is replaced with strong donors such as THF and iodine.

The electron-spin density of uranium is a good indicator to
identify the oxidation state of the uranium center, instead of the
commonly used atomic charge, which has little predictive value.
The GGA-PBE functional accurately predicts the electron spin
of the metal center for the homovalent biuranium complexes
and works well for the heterovalent systems with an
unsymmetrical structural feature. Symmetrical heterovalent
biuranium systems must be treated by hybrid functionals to
eliminate possible “delocalization errors” because the GGA-
PBE functional gives roughly averaged results for the spin
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density. Both GGA and hybrid functional calculations suggest
that an unsymmetrical heterovalent UY—U" complex is much
more favorable than its analogous UY'—U™.

Like the hybrid functional, pure PBE yields a reasonable
description of the electronic properties of the heterovalent
UV complex; moreover, variation of the relativistic levels
(scalar and SOC) and environmental media (gas and solution)
has only a slight effect. Regarding the homovalent U"—U" (m =
VI-III) complexes, high-lying occupied orbitals of macrocyclic
ligand-based character are found for the diuranium(VI) and
predominant U(Sf)-character ones for other open-shell
complexes. In most orbitals, U(Sf) retains its character of the
respective atomic orbital, showing no contribution to the U-U
bonding. Interestingly, a weak 6(U—U) bond, derived from the
overlap of two S5f orbitals in a nonlinear direction, has been
assigned to the diuranium(IV) complex, which explains its
short U-U distance of 3.82 A and small but non-negligible
bond order of 0.34. This calculated bond order does not arise
from participation of the oxo bridge.

Thermodynamic calculations reveal that the SOC contribu-
tion to the reaction energy is quite small, while the role of
solvation is significantly increased if the complex carries
charges. A low reaction energy (<4 kcal/mol) was calculated
for the Mono-VI complex that has been experimentally
synthesized. However, it requires rather rigid conditions to
synthesize the UY'—U"' complex starting from hexavalent
uranyl sources but relatively mild conditions to prepare the U"-
containing complexes.
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