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ABSTRACT: A new 3-fold interpenetrated uranyl organic
framework, UO,(bdc)(dmpi), was hydrothermally synthesized
using 1,4-benzenedicarboxylic acid (H,bdc) and 1-(4-(1H-
imidazol-1-yl)-2,5-dimethylphenyl)-1H-imidazole (dmpi). This
framework, which was determined by synchrotron radiation X-
ray, exhibited a new 3-fold interpenetrated (2,4)-connected
topology with the Schlifli symbol of (12¢)(12),. Additionally,
large incurvation happened to the bond angle of [O=U=
0]**, which was always arranged in a rigorous line.
Computational results based on density functional theory
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(DFT) indicated that the bent geometry of uranyl in UO,(bdc)(dmpi) was mainly due to the higher charge populations in the
valence 6d shells of uranium, rendered by the electronegative imidazoles.

B INTRODUCTION

In recent years, crystal engineering of metal organic frameworks
(MOFs) has received increasing attention due to the potential
applications in ion exchange,' seg)arations,2 nonlinear optics,’
adsorption,*® sensing,® catalysis,” and gas storage.*’ When
transition-metal-based MOFs were well studied, people began
to turn their research attention to lanthanides and actinides.
Actinide organic frameworks have unique research significance
besides the above-mentioned ones. By studying the coordina-
tion behavior of actinides with organic ligand, people can
acquire basic principles to design extraction agents used in
spent fuel reprocessing, and it is helpful to find out the novel
precursors of nuclear fuels and the fabrication of waste forms."°
As the most common species of uranium, uranyl always adopts
rigorous linear arrangement and donor atoms of ligands
typically bond to uranyl dication in equatorial planes,
predominantly forming 1D or 2D structures.''~'* Tt is a
challenge to rationally design and synthesize 3D uranyl organic
frameworks. Therefore, the number of uranyl complexes
reported with extended 3D structures is far less than those of
transition metals and lanthanides, not to mention inter-
penetrated ones.

Herein, we report the synthesis and structure of a new 3D
uranyl organic framework, UO,(bdc)(dmpi). It was con-
structed by 1,4-benzenedicarboxylic acid (H,bdc) and 1-(4-
(1H-imidazol-1-y1)-2,5-dimethylphenyl)-1H-imidazole (dmpi),
which had a 3-fold interpenetrated structure. Similar work was
reported only once before. In 2012, Zhong-Ming Sun and co-
workers synthesized two 3-fold interpenetrated uranium
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organic frameworks for the first time.'® Two semirigid ligands
with flexible backbones, 4,4’-[[2-[(4-carboxyphenoxy)ethyl]-2-
methylpropane-1,3-diyl]dioxy]dibenzoic acid and hexakis[4-
(carboxyphenyl)oxamethyl]-3-oxapentane were incorporated
in each structure. The second character of this framework is
the remarkable incurvation of [O=U""=0]%". As we all know,
the three atoms of UO,*" are always arranged in a rigorous line,
exhibiting largely chemical inertness. However, a typical
exception has never been reported. Also in 2012, Arnold and
co-workers reported the structure of a binuclear uranium—oxo
complex.'” In the course of synthesis, UO,>* was reduced to
UO," first and two UO," cations were delimited in a Schiff-base
polypyrrolic macrocycle. The head-to-head oxygen atoms of
two UO," rearranged when they were close enough and formed
a nonlinear [01=U1=02]" with an unusual bond angle of
173.4(2)°. Here, the reason for reducing the hexavalent uranyl
to a pentavalent one was that the latter has larger chemical
reactivity, and that was why oxygen could rearrange and form a
nonlinear bond angle. The bond angle 173.3(5)° of UO,*" in
UO,(bdc)(dmpi) suggests the inertness of hexavalent uranyl
could also be challenged to some extent. It is the first case of a
3-fold interpenetrated uranyl organic framework with a bending
bond angle of uranyl. Furthermore, we try to explain the origin
of bent uranyl units in UO,(bdc)(dmpi) by density functional
theory (DFT).
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B EXPERIMENTAL SECTION

Synthesis. Caution! Uranyl nitrate hexahydrate is a radioactive
material. Suitable measures for precautions and protection should be taken,
and all operations should follow the criterion while handling such
substances.

This uranium organic framework was prepared hydrothermally
under autogenous pressure using 15 mL Teflon-lined stainless steel
Parr autoclaves. The following reactants were used in synthesis: uranyl
nitrate hexahydrate (Aladdin Reagent, 99.5%), H,bdc (Sinopharm
Chemical Reagent, 99%), dmpi (Acros, 98%), sodium hydroxide
(Beijing Chemical Works, 99%), and ultrapure water (Resistivity 18.2
MQ/cm). All chemical reactants were commercially available and used
without any further purification.

UO,(bdc)(dmpi). A mixture of UO,(NO;),-6H,0 (0.50 M, 0.1
mmol), H,bdc (42.0 mg, 0.25 mmol), dmpi (48 mg, 0.2 mmol), and
ultrapure water (4.0 mL) was placed in a 15 mL tightly closed Parr
autoclave. The solution pH was adjusted to 6.5 with 1 M sodium
hydroxide so as to make H,bdc deprotonated. Then the autoclave was
sealed and heated at 180 °C in an oven for 4 days. Subsequently, the
autoclave was cooled naturally to ambient temperature. Yellow block
crystals appeared accompanied by brown amorphous precipitates,
which were then filtered off, washed with ultrapure water, and dried at
room temperature for further characterization.

Crystallographic Studies. Diffraction data for UO,(bdc)(dmpi)
were collected at 100 K on the beamline station 3WIA of the Beijing
Synchrotron Radiation Facility (BSRF). The parameters are listed
below: wavelength, 0.72 A; resolution, 0.70—50; distance, 60 mm;
width, 3°; exposure time, 2.6 s. Diffraction data were processed using
HKL-2000.'® Structure determination was done by means of direct
methods and refined employing full-matrix least-squares on SHELXL-
97." Selected crystallographic information is listed in Table 1. Atomic
coordinates, bond distances, and additional structural information are
provided in Tables S1 and S2, Supporting Information.

Table 1. Crystal Data and Structure Refinements for
UO0,(bdc)(dmpi)

chemical formula UO,(bdc)(dmpi)
molecular weight 67243
color yellow
habit block
space group C2/c

a (A) 10.674(2)
b (A) 11.584(2)
c (A) 18.116(4)
a (deg) 90.00

B (deg) 100.38(3)
7 (deg) 90.00
vol. (A3) 2203.3(7)
Z 4

T (K) 100(2)

2 (A) 0.7500
max 26 (deg) 25.67
Peitea (g/cm™) 1221
R(F) for Fy> >20(F,*)* 0.0411
GOOF 1.090

“R, =Y,(Fy — F.)/ XFy R, = [Xw(F — F2)*/ Xw(Fy)*]2

Powder X-ray Diffraction and Fluorescence Spectra. The
crystal phase of the synthesized material was examined by powder X-
ray diffraction (XRD, Bruker D8 Advance) with a step size of 0.02° for
Cu Ka radiation (4 = 1.5406 A). Fluorescence spectra of the powdered
UO,(bdc)(dmpi) were measured on a Hitachi F-4600 fluorescence
spectrophotometer equipped with a xenon lamp and solid sample
holder. The fluorescence spectrum of uranyl nitrate hexahydrate
(U0,(NO,),-6H,0) is also presented for comparison.
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Computational Methods. Density functional theory (DFT)
calculations on the model species of UO,(bdc)(dmpi) in the gas
phase were carried out using the Gaussian 09 program package.”
Geometries were optimized by the hybrid B3LYP*"** method without
symmetry constraints. For uranium, the quasi-relativistic effective core
potentials (RECP) including 60 core electrons were used to describe
scalar relativistic effects, and the corresponding2 valence basis sets
developed by the Stuttgart and Dresden groups™ >° were adopted.
The 6-311G(d, p) basis sets were used for carbon, nitrogen, oxygen,
and hydrogen atoms. This level of theorZ has been found to yield
accurate geometries for actinyl species.”*™>® The coordinates of
terminal carbon and nitrogen atoms far away from the central uranium
atom have been fixed during optimization to accurately simulate the
crystal structure. Harmonic vibrational frequency calculations were
carried out at the BALYP/RECP/6-31G(d) level of theory to verify the
minima character of the geometrical structures. In order to provide
insight into the bonding nature, natural bond orbital (NBO) analysis,
Mayer bond order (MBO), and natural population analysis
(NPA)* were performed at the same level of theory.

B RESULTS AND DISCUSSION

Structure Description. UO,(bdc)(dmpi) crystallizes in the
space group C2/c with cell parameters a = 10.674(2) A, b =
11.584(2) A, ¢ =18.116(4) A, and 8 = 100.38 (3)°. As shown in
Figure 1 a, two rigid ligands (Scheme 1), H,bdc and dmpi, are
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Figure 1. (a) Asymmetric unit of UO,(bdc)(dmpi). (b) Bond angle of
UO,*. U atoms are represented in green, O in red, C in gray, and N in
blue. All H atoms are omitted for clarity.

Scheme 1. Structures of Ligands
COOCH
=\ /=
n N

COOH

H,bdc dmpi

both incorporated into UO,(bdc)(dmpi) and their multi-
coordination sites contribute to formation of the 3D structure.
Each uranyl adopts a 6-coordinate geometry in the equatorial
planes, defined by four O atoms and two N atoms, which are
assigned to two deprotonated H,bdc and two dmpi molecules,
respectively. Axially, the bond angle of O=U=0 is 173.3(5)°
(Figure 1 b), which is significantly deviated from normal. This
implies the change of uranyl reactivity in the current
coordination environment. The lengths of U=O are both
1.773(8) A, while the lengths of U—O in the equatorial plane
are 2.496(8) and 2.502(8) A, and the U-N bond length is
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Figure 2. (a) Singlet network of UO,(bdc)(dmpi), viewing along the a axis. (b) One typical sheet abstracted from a. (c) Another fluctuating sheet

abstracted from a.

2.550(9) A. Other bond lengths and bond angles are listed in
Tables S1 and S2, Supporting Information.

UO,(bdc)(dmpi) has a 3-fold interpenetrated framework. In
order to clearly present the 3-fold interpenetrated structure,
UO,(bdc)(dmpi) was split into three singlet molecules.
Viewing along the a axis (Figure 2a), the singlet molecule of
UO,(bdc)(dmpi) presents an infinite network in which four
edges of the irregular quadrangle are constituted by two
deprotonated H,bdc and two dmpi molecules, generating the
network with a size of 18.18 A X 19.30 A. In another
perspective, this network can also be regarded as the
combination of two types of fluctuating sheets. One type is
made up of uranyl and bdc®™ (Figure 2b), and another is
composed of uranyl and dmpi (Figure 2c). Viewing along the ¢
axis (Figure 3), the singlet molecule of UO,(bdc)(dmpi)
exhibits another infinite network, in which the channels seem
like squashed hexagons with a size of 25.32 A X 19.30 A.
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Figure 3. Packing diagram of the singlet molecule, viewing along the ¢
axis.

It can be seen in Figures 2 and 3 that the singlet molecule of
UO,(bdc)(dmpi) has a large void volume. Therefore, triple
equivalent molecules can interpenetrate one another to keep
the stability of the whole structure. To understand the
complicated configuration, topological analyses were utilized
in which the ligands were simplified to 2-connected nodes.
After simplification, the structure of UO,(bdc)(dmpi) exhibits a
3-fold interpenetrated (2,4)-connected topology with the
Schlifli symbol of (12°)(12),. When viewing along the a axis,
the network of a singlet molecule can be represented as shown
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in Figure 44, and it represents the topology of Figure 2a as well.
Three-fold interpenetrated topologies are shown in Figure 4b,
in which triple equivalent interpenetrated molecules are
depicted in red, yellow, and blue. In addition, Figure 4c
illustrates the topology of triple equivalent interpenetrated
molecules viewing along the b axis. Calculated in PLATON,*
the void space of UO,(bdc)(dmpi) amounts to only 3.5%,
which reveals the void volume has been filled with the
interpenetrated molecules.

B DISCUSSION

When this structure was refined, large incurvation was found
accidentally in uranyl ions. After much deliberation, two
different hypotheses were proposed on the reasons for
incurvation. The first one is that the bending is caused by
interpenetration. O=U==O0 in a singlet molecule was originally
arranged linearly, and its protruding O atoms had certain steric
hindrance. When the molecule was penetrated by another, the
O atoms might give their way; thus, bending occurred to the
uranyl ion. The second is assigned to the effect of the imidazole
rings around the uranyl ions. It is well known that imidazole is
an aromatic heterocyclic compound with large charge density.
When U—N bonds formed, imidazole rings exhibited notable
affinity to uranyl ions and induced the electron transformation
in orbits of uranium. Thus, bending occurred in uranyl ions for
the change of electron orbits. However, two proposed
hypotheses need to be confirmed by more evidence.

Computational Study. For further insight into the
incurvation and bonding nature of UO,(bdc)(dmpi), a model
species of the uranyl organic framework has been studied using
DFT. Figure S shows the optimized structure of the mode
fragment. As can be seen, the geometry optimized at the
B3LYP/6-311G(d, p)/RECP level of theory agrees well with
the experimental structure determined by X-ray diffraction,
which is an eight-coordinate structure with two bidentate bdc*~
ligands and two dmpi ligands in the equatorial plane of the
uranyl ion. As listed in Table 2, the DFT-optimized bond
distances for the model species are found to be in very good
accord with the experimental data, and the discrepancy between
the calculated and the experimental bond distances is less than
0.06 A. In addition, the calculated O=U=0 angle for
UO,(bdc)(dmpi) is 170.6°, which compares well to the
corresponding experimental value of 173.3(5)°.

The calculated Wiberg bond indices (WBIs) and Mayer bond
orders (MBOs) of the U—O and U-N bonds are also
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Figure 4. (a) Topology representation of the singlet network, viewing along the a axis. (b) Topology representation of a 3-fold interpenetrated
network, viewing along the a axis. (c) Topology representation of a 3-fold interpenetrated network, viewing along the b axis.

Figure S. Optimized structure for the model species of UO,(bdc)-
(dmpi). Red, green, blue, and pink spheres represent O, C, N, and U,
respectively (hydrogen atoms were omitted for clarity).

Table 2. Comparison of Selected Calculated and
Experimental Bond Lengths (Angstroms), and the WBIs and
MBOs of the U-O and U—N Bonds for the Model Species
of UO,(bdc)(dmpi)

bond expt caled WBIs MBOs
U=0(axial) 1.773(8) 1.792 2.167 2.102
U-01 2.502(8) 2.513 0.468 0.431
U-02 2.496(8) 2.436 0.525 0.448
U-03 2.496(8) 2.436 0.525 0.448
U-04 2.502(8) 2.513 0.468 0.431
U-N1 2.550(9) 2.619 0.382 0.179
U-N2 2.550(9) 2.619 0.382 0.179

summarized in Table 2. In general, the WBIs and MBOs of
these bonds are between 0.1 and 0.6, indicating the small
covalent character of the bonding. Compared to the U-N
bonds, the U-O bonds show slightly higher bond orders.
Besides, the electron localization function (ELE)***¢ (Figure
S3, Supporting Information) results also suggest that the U-O
bonds have a higher degree of covalent character than the U-N
bonds. According to natural population analysis, the calculated
natural charge on uranium is 1.389, which is much smaller than
that of the free uranyl cations (2.736). This suggests significant
charge donation from the ligands to uranium. Moreover, net
charges of the oxygen atoms in the bdc ligands and the nitrogen
atoms in the dmpi ligands are about —0.6 and —0.5,
respectively, which indicates that the bidentate bdc ligands
have stronger coordination ability to the uranyl cations than the
monodentate dmpi ligands.
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As mentioned above, UO,(bdc)(dmpi) has an unusual
structure because it possesses a rare bent uranyl with a O=
U=O0O bond angle of 173.3° which is consistent with the
calculated O=U=O0 bond angle of 170.6° for UO,(bdc)-
(dmpi). This result can help to exclude the first hypothesis.
According to this data, the incurvation remains even in the
optimized mode fragment, which is only a representative part of
the singlet molecule. Therefore, it can be concluded that the
bending has no direct relationship with the structure inter-
penetration.

Previous theoretical studies®”~** on linear and bent actinyls
indicate that the 6d and Sf orbitals of actinides are mainly
involved in the metal-ligand bonding. Additionally, the
actinide Sf orbitals prefer linear geometries, while the 6d
orbitals are more effective for bent structures. To explore the
bent geometry of the uranyl unit in UO,(bdc)(dmpi), Mulliken
orbital population analysis has been performed at the B3LYP/
6-311G(d, p)/RECP level of theory. For comparison, we also
calculated Mulliken orbital populations for the free uranyl
cation at the same level of theory, which exhibits linear
geometry with a O=U=O0 angle of 180.0°. The calculated
results of the valence s, p, d, and f shells for the uranium in
UO,(bdc)(dmpi) and the free uranyl cation are shown in Table
3.

Table 3. Calculated Mulliken Orbital Populations (s, p, d,
and f) for Uranium of the Model Species of
UO,(bdc)(dmpi) and the Free Uranyl Cation

species s p d f
U0, (bdc)(dmpi) 4.139 12.054 11.745 2512
uo,* 4.030 11.797 11.450 2.646

It should be noted that the small-core RECPs attribute
5525p®3d'%6s%6p® as the ground-state valence subconfigurations
for U(VI). According to our calculations (Table 3), Mulliken
orbital populations show relatively higher charge populations in
the valence 6d shells for uranium in UO,(bdc)(dmpi)
compared to the free uranyl cation, and this change is rooted
in the impact of electronegative imidazole. Moreover, the
uranium Sf shell is slightly less occupied in UO,(bdc)(dmpi)
than that in UO,*". These results suggest that the bending of
uranyl in UO,(bdc)(dmpi) attributed to a greater 6d orbital
and less occupied 5f shell of uranium.

Fluorescence Spectra and Powder X-ray Diffraction.
Most of the uranyl compounds containing the UO,*" moiety
can emit green light from 450 to 600 nm with strong vibrational
coupling, yielding a well-resolved five-peak pattern. The
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fluorescence spectra of UO,(bdc)(dmpi) were measured on a
Hitachi F-4600 fluorescence spectrophotometer. As illustrated
in Figure S2, Supporting Information, UO,(bdc)(dmpi) can
emit green light when excited at 310 nm, and the emission
peaks are resolved at 526, 546, 567, 589, and 617 nm. These
emission peaks are attributed to the transitions from the first
excited electronic level to the symmetric and antisymmetric
vibration levels of the uranyl ion. Compared with uranyl nitrate
whose emission peaks are located at 488, 510, 534, 560, and
588 nm, UO,(bdc)(dmpi) reveals a remarkable red-shifted
fluorescence spectra. The remarkable red shift of 38 nm is
greater than those of the compounds reported in the
literature,™** in which the compounds have a red shift of 10
and 27 nm, respectively, compared with uranyl nitrate as well.
The red shift may be caused by various influencing factors such
as disorder within the equatorial plane of the uranyl group or a
distinct coordination pattern around the UO,** moiety, etc.
In addition, the PXRD data of UO,(bdc)(dmpi) is shown in
Figure S1, Supporting Information, which coincides well with
the simulated pattern. This proves the synthesized material is
identical with the measured single crystals.

H CONCLUSION

In this work, a new uranyl organic framework, UO,(bdc)-
(dmpi), was hydrothermally synthesized using H,bdc and
dmpi. It exhibits a new 3-fold interpenetrated (2,4)-connected
topology with the Schlifli symbol of (12°)(12),. Large
incurvation of UQ,** was found for the first time in a 3-fold
interpenetrated framework. In addition, theoretical calculations
found that in UO,(bdc)(dmpi) the uranium 6d shells showed
higher occupations than the free uranyl cation, and the uranium
Sf shell was less occupied in UO,(bdc)(dmpi) than that in
UO,*", implying the change in the uranium Sf/6d orbital made
a greater contribution to the bent uranyl in UO,(bdc)(dmpi),
and imidazoles close to uranyl played a significant role in this
change. Guided under the experimental and theoretical studies,
it can be predicted that a larger incurvation in uranyl
compounds would be found if uranyl interacted with a more
electronegative heterocyclic compound, and this incurvation
could provide new insight into the reactivity and functionaliza-
tion of uranyl ions.

B ASSOCIATED CONTENT
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Crystallographic data for UO,(bdc)(dmpi) in CIF format;
solid-state fluorescence spectra and PXRD pattern of
UO,(bdc)(dmpi); information about selected bond lengths
and angles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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