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ABSTRACT: As an aprotic O-donor ligand, 4,4'-bipyridine N,N'-

dioxide (DPO) shows good potential for the preparation of uranyl

coordination compounds. In this work, by regulating reactant

compositions and synthesis conditions, diverse coordination _Q_O.
assembly between uranyl and DPO under different reaction

conditions was achieved in the presence of other coexisting O- + —
donors. A total of ten uranyl-DPO compounds, U-DPO-1 to U-

DPO-10, have been synthesized by evaporation or hydro/

solvothermal treatment, and the possible competition and ID
cooperation of DPO with other O-donors for the formation of

these uranyl- DPO compounds are discussed. Starting with an

aqueous solution of uranyl nitrate, it is found that an anionic nitrate

or hydroxyl group is involved in the coordination sphere of uranyl in

U-DPO-1 ((UO,)(NO;),(H,0),-(DPO)), U-DPO-2 ((UO,)-
(NO,),(DPO)), and U-DPO-3 ((UO,)(DPO)(u,-OH),), where DPO takes three different kinds of coordination modes, i.e.
uncoordinated, monodentate, and biconnected. The utilization of UO,(CF;SO5), in acetonitrile, instead of an aqueous solution of
uranyl nitrate, precludes the participation of nitrate and hydroxyl, and ensures the engagement of DPO ligands (4—5 DPO ligands
for each uranyl) in a uranyl coordination sphere of U-DPO-4 ([(UO,)(CF,;SO;)(DPO),](CF,;S0;)), U-DPO-S ([UO,(H,0)-
(DPO),](CF;580;),) and U-DPO-6 ([(UO,)(DPO),s](CF;SO;),). Moreover, when combined with anionic carboxylate ligands,
terephthalic acid (H,TPA), isophthalic acid (H,IPA), and succinic acid (H,SA), DPO works well with them to produce four mixed-
ligand uranyl compounds with similar structures of two-dimensional (2D) networks or three-dimensional (3D) frameworks, U-
DPO-7 ((UO,)(TPA)(DPO)), U-DPO-8 ((UO,),(DPO)(IPA),-0.5H,0), U-DPO-9 ((UO,)(SA)(DPO)-H,0), and U-DPO-10
((UO,),(u4,-OH)(SA), s(DPO)). Density functional theory (DFT) calculations conducted to probe the bonding features between
uranyl ions and different O-donor ligands show that the bonding ability of DPO is better than that of anionic CF;SO;~, nitrate, and a
neutral H,O molecule and comparable to that of an anionic carboxylate group. Characterization of physicochemical properties of U-
DPO-7 and U-DPO-10 with high phase purity including infrared (IR) spectroscopy, thermogravimetric analysis (TGA), and
luminescence properties is also provided.
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5—8 bonding features and high coordination numbers in actinide

attention due to their adjustable architectures and topologies
and potential applications in various fields, such as dye
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adsorption, catalysis, nuclide removal, lumines-
cence sensing,zz_24 and so forth. Compared with the rapidly
increasing number of CPs based on transition metal and
lanthanide nodes,” " studies on actinide-involving CPs are

relatively insufficient due to their intrinsic radioactivity and less

compounds, which distinguish them from transition metals or
rare earth ions.

As a representative, uranium-related CPs account for the vast
majority of actinide-based materials. In these compounds, uranyl
(UO,**) cation with a special linear structure is frequently
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The study of actinide-based CPs can inspire new strategies for
spent nuclear fuel management’®”” and also benefit the
exploration of actinide hybrid materials and their utilization.””"'
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Scheme 1. Comparison of Carboxylic Acids and Phosphonic Acids with Aprotic Ligands in Terms of the Need for Deprotonation
Prior to Uranyl Coordination: (a) Carboxylic Acids and Phosphonic Acids That Need to Deprotonate; (b) N-Oxide That Is

Deprotonation-Free.

a)

b)

-

deprotonation-free

employed, in which, since the preoccupancy of axial oxygen
atoms, the exogenous ligands coordinate with a uranium center
around its equatorial plane, resulting in tetragonal, pentagonal,
and hexagonal bipz‘ramidal geometries.”> Besides, the hydrolysis
of uranyl cations’**° and the variety of organic linkers help to
achieve rich combinations of topologies in relevant uranyl
coordination polymers (UCPs) with zero-dimensional clusters/
cages, one-dimensional (1D) chains, two-dimensional (2D)
networks, and three-dimensional (3D) frameworks.”’~*' The
continuous developments of UCPs can not only provide a better
knowledge of coordination assembly’” and selective recog-
nition"”** of uranyl using a portfolio of elegantly selected
organic ligands with different donor atoms, molecular geo-
metries, and coordination patterns but also help to put forward
and identify new functionality that is unique to actinide-based
materials closely related to Sf orbitals or intrinsic radio-
activity.” ™ Up to now, a large number of organic ligands
containing N- and O-donor atoms™”**™>" have been designed
for efficient coordination of uranyl cation, which subsequently
provide valuable hints to the synthesis of various uranyl—organic
hybrid materials. For instance, carboxylic ligands,””*"***" of
which each carboxyl group bears two potential oxygen donors,
realize the high-efficiency coordination with uranium cations
and thus serve as the most employed organic linkers in UCPs
reported so far,””>” even in those heterometallic analogues
based on functional heterocyclic pyridine backbones.*”>>~>°
Similarly, phosphonates or organophosphonic acid compounds
represent another important class of uranyl ligands for the
construction of UCPs."" However, the necessity of deprotona-
tion before complexation with a metal ion makes these organic
acids pH sensitive and easily affected by the acidity of the solvent
environment. Compared to carboxylates and phosphonates,
organic ligands with aprotic O-donors, such as amides, ethers, or
N-oxides, are less pH sensitive and free of deprotonation before
metal coordination (Scheme 1).The attribute of this kind of
ligand being inert to acids and bases has been utilized in metal
complexation and separation.”**>° Recently, 4,4’-bipyridine
N,N’-dioxide (DPO), an aprotic oxygen-donor ligand, has been
employed as building structures to prepare UCPs with varying
dimensionalities,***~°° among which this bidentate ligand with
a single O-donor at each end works together with other O-
donors or N-donors from anions and auxiliary ligands added
when coordinating to a uranyl node. The pioneering exploration
of DPO-based uranyl compounds demonstrates the feasibility of
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such an aprotic ligand for the preparation of UCPs and inspires
further research on UCPs based on this aprotic ligand.

In this work, by regulating compositions of the reactants and
synthesis methods, the coordination assembly between uranyl
and DPO under different reaction conditions is investigated
comprehensively. A total of ten uranyl-DPO compounds
(namely, U-DPO-n, n = 1—10) were synthesized through
different synthesis procedures. The coordination behavior of
DPO with uranyl is evaluated by an intensive analysis of bonding
features and a direct comparison with other ligands involved,
including solvent molecules, counterions, and other auxiliary
ligands added. The results show that, together with solvent
molecules, anions, and auxiliary ligands, crystal structures of as-
synthesized uranyl-DPO products continuously evolve with the
change of experimental conditions. To get a deep insight into the
differences of coordinating groups in the coordination ability of
uranyl, the bonding nature of U—O bonds (U-O(DPO))
between DPO ligands and uranium compared to other U-O
bonds including those of uranium with carboxyl groups (U—
0(CO07)), nitrate (U-O(NO;7)), sulfonate (U—O-
(CF4S057)), and water (U-O(H,0)) were analyzed by
theoretical calculations and discussed. Moreover, physicochem-
ical characterization of two uranyl compounds with high phase
purity (UPO-7 and UPO-10) out of these uranyl-DPO
compounds is also provided.

B EXPERIMENTAL SECTION

Materials and Methods. Caution! Although uranyl nitrate
hexahydrate UO,(NO;),-6H,0 was under a laboratory standard,
suitable methods and effective precautions should be followed to
handle the radioactive and chemically toxic substances. To facilitate
the assembly in organic solvent, UO,(NO;),-6H,0 was
transformed into UO,(CF;S05), by treatment with triflic acid
under high temperature, and the as-synthesized UO,(CF;S0;),
was further dissolved in acetonitrile (CH;CN) to afford a 0.1 M
stock solution (see the Supporting Information for a detailed
synthetic protocol).®" 4,4-Bipyridine-N,N'-dioxide (DPO) was
synthesized according to reported methods,®*®’ and the
synthesis details and characterization can be seen in the
Supporting Information. All the other reagents are commercially
available and used without further purification.

Powder X-ray diffraction (PXRD) characterization was
conducted on a Bruker D8 Advance diffractometer equipped
with a Cu Ka radiation source (4 = 1.5406 A). 20 scanning
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covers the range of 5—40° with a step size of 0.02°.
Thermogravimetric analysis (TGA) was measured within a
temperature range from 25 to 800 °C in air atmosphere using a
TA Q500 analyzer with a heating rate of 5 °C/min. The Fourier
transform infrared (FT-IR) spectra were obtained from a Bruker
Tensor 27 spectrometer using KBr pellets as the matrix, and the
vibration peaks located in the range of 4000—400 cm™" were
recorded. Fluorescence spectra were measured on a Hitachi F-
4600 fluorescence spectrophotometer with an excitation
wavelength of 420 nm that is often used for uranyl compounds.

Synthetic Procedures. Uranyl sources with different anions
(nitrate or triflate) that are dissolved in suitable solvents such as
water or acetonitrile were used. Additional organic carboxylic
acids with different structural flexibility, including terephthalic
acid (H,TPA), isophthalic acid (H,IPA), malonic acid (H,MA),
and succinic acid (H,SA), were also added as second ligands. All
the uranyl compounds reported in this work were synthesized
through evaporation or hydrothermal/solvothermal methods,
during which different solvents (water or acetonitrile), sources
of uranyl cations, and auxiliary ligands were employed as
planned. The synthetic conditions are listed in Table 1. Detailed
synthetic protocols can been seen in the Supporting
Information.

Crystallography. X-ray single crystal structure determi-
nation for all these ten uranyl compounds from U-DPO-1 to U-
DOP-10 were conducted on a Bruker D8 VENTURE X-ray
CMOS diffractometer with a Mo Ka X-ray source (4 = 0.71073
A) or a Cu Ka X-ray source (4 = 1.54184 A) at near room
temperature. Data frames were collected and processed using
APEX 3. The proposed crystal structures were solved by means
of direct methods SHELXT 2014°* and refined with full-matrix
least-squares by using the SHELXL program.®*®® The crystal
data of all the compounds are given in Table 2. Since only a small
size of crystal samples can be obtained even after optimizing
synthesis conditions, the R;,, values for diffraction data of U-
DPO-5 and U-DPO-10 are slightly large but seem to have no
significant effect on the validation of final molecular structures.
All non-hydrogen atoms of these ten compounds were refined
with anisotropic displacement parameters. The carbon-bound
hydrogen atoms were placed at calculated positions and treated
as riding atoms with an isotropic displacement parameter equal
to 1.2 times that of the parent carbon atom. Crystallographic
data in this work have been deposited with Cambridge
Crystallographic Data Centre, and the CCDC numbers are
2153502 (U-DPO-1), 2153503 (U-DPO-2), 2153504 (U-
DPO-3), 2153505 (U-DPO-4), 2153506 (U-DPO-5),
2153507 (U-DPO-6), 2153508 (U-DPO-7), 2153509 (U-
DPO-8), 2153510 (U-DPO-9), and 2153511 (U-DPO-10)
respectively.

Theoretical Calculations. In order to gain a deeper
understanding of the bonding features of different oxygen
donor atoms (U-O(DPO), U-O(H,0), U-O(NO;~), U—
O(CF;8057), and U-O(COO™)) with uranyl ions and make a
comparison between them, simplified model structures that
represent coordination spheres of uranyl in these uranyl-DPO
compounds are extracted from their corresponding crystal
structures and subject to optimization and analyses by means of
scalar relativistic density functional theory (DFT). All the bond
order computing of U—O bonds adopted the ADF 2013.01
package®® at the BP86/TZ2P level of theory. The zero-order
regular approximation (ZORA) method®” was used to consider
the scalar relativistic effects of uranium. The quantum theory of
atoms in molecules (QTAIM)®® and electron localization
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Table 1. Synthetic Information for All the Uranyl-DPO Compounds Ranging from U-DPO-1 to U-DPO-10

U-DPO-6 U-DPO-7 U-DPO-8 U-DPO-9 U-DPO-10

0.05

U-DPO-5

U-DPO-3 U-DPO-4
0.05 0.05

U-DPO-2

U-DPO-1

0.1 0.1 0.1

0.1

0.1 0.1

0.1

DPO (mmol)

UOZ(Nos)z‘
6H,0

0.05

UOZ(NO3)2‘
6H,0

0.05

H,0

UOz(Nos)z‘ Uoz(Nos)z‘ UOZ(CF3SO3)2 UOZ(CF3503)2 UOZ(CF3SO3)2 UOZ(NO3)2‘ UOz(Nos)z‘

UOZ(NO3)2'

uranyl source

6H,0

0.05

6H,0
0.05

H,0

6H,0

0.05

6H,0

0.05

6H,0
0.05

0.025 0.025

0.025

U0, (mmol)
solvent (mL)

H,0

CH,CN CH,CN

CH,CN

H,0

H,SA
0.05
50

H,SA

0.05

H,IPA

0.05

H,TPA

0.05

H,MA

0.05

(mmol)
NaOH (1 M) (uL)

auxiliary ligand
HNO, (4 M) (4L)

20

10

S0 20
2.12 3.12 3.59 2.83 221 2.34 3.36
RT. RT. 150 120 120 120 150 150 RT 150

temp (°C)

st
o

https://doi.org/10.1021/acsomega.3c00640
ACS Omega 2023, 8, 8894—8909


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00640/suppl_file/ao3c00640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00640/suppl_file/ao3c00640_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Crystal Data and Refinement Details of All the Uranyl-DPO Compounds Ranging from U-DPO-1 to U-DPO-10

identification code U-DPO-1 U-DPO-2
formula C,oH,N,0,,U C,oHgN,0,,U
fu 618.27 582.23

T, K 294.97 292.76
crystal sys triclinic monoclinic
space group P1 C2/c

a A 5.9851(2) 16.2039(9)
b A 8.3549(3) 8.7697(4)

¢ A 8.5969(3) 13.5603(7)
a, degree 82.8950(10) 90

P, degree 76.1440(10) 116.234(2)
7, degree 79.9520(10) 90

v, A3 409.47(2) 1728.48(16)
Dc (grem™) 2.507 2237

yu (mm™) 9.986 9.447

F (000) 288 1072

Riye 0.0469 0.0365

Ry, wR, [I>26(1)]
R;, wR, (all data)

0.0114, 0.0277
0.0124, 0.0279

0.0263, 0.0539
0.0301, 0.0552

U-DPO-3 U-DPO-4 U-DPO-$
C1oH1oN,04U CyH FN,0 1,8, U CyH 7 FN,0,38,U
492.23 944.54 961.55
298.28 297.00 273.18
triclinic monoclinic tetragonal
P1 P2,/n 142d
7.4179(S) 10.6097(11) 23.2537(6)
9.4446(7) 23.866(2) 23.2537(6)
9.7682(6) 13.3086(14) 11.4512(4)
75.670(3) 90 90
83.440(2) 103.625(5) 90
74.674(2) 90 90
638.61(8) 3275.0(6) 6192.1(4)
2.560 1916 2.063
12.733 5.179 5.483
448 1800 3672
0.0452 0.0641 0.1537

0.0166, 0.0354
0.0195, 0.0366

0.0431, 0.1010
0.0564, 0.1058

0.0154, 0.0281
0.0188, 0.0283

identification code U-DPO-6 U-DPO-7
formula C,6H,0F;N;0,,SU C;sH,N,O5U
fw 889.56 622.33

T, K 28231 296.06
crystal sys monoclinic monoclinic
space group P2,/c P2/c

a, A 15.510(3) 7.1519(3)

b A 18.580(4) 11.5518(3)
oA 14.734(3) 11.4531(3)
a, degree 90 90

B, degree 101.745(9) 90.3040(10)
7, degree 90 90

v, A3 4157.0(14) 946.21(5)
Dc (grem™) 1421 2.184

u (mm™") 4,015 8.627

F (000) 1704 580

Ry 0.0574 0.0406

Rl) WRZ [I Z 26(1)]

0.0289, 0.0753

0.0329, 0.0836

U-DPO-8 U-DPO-9 U-DPO-10
C52H32N4OZ9U4 C14H14N209U C16H15N2013U2
2128.93 592.30 919.36
297.64 295.54 296.45
monoclinic monoclinic monoclinic
C2/c P2,/c P2/n
35.205(5) 10.1492(19) 14.1065(16)
6.8919(12) 11.6946(19) 10.7833(13)
23.235(3) 14.417(2) 15.0099(18)
90 90 90
96.982(5) 92.409(6) 111.510(4)
90 90 90
5595.6(15) 1709.7(5) 2124.2(4)
2.527 2.301 2.875
11.641 9.546 15.301
3888 1104 1652
0.0732 0.0977 0.1096

0.0657, 0.1695

0.0589, 0.1444

0.0301, 0.0815

R, wR, (all data) 0.0348, 0.0781 0.0355, 0.0858

0.1268, 0.2087 0.0861, 0.1637 0.1047, 0.0979

function (ELF)®”’° analysis were performed by Multiwfn
software 3.6.”

B RESULTS AND DISCUSSION

Structure Description of All Uranyl-DPO Compounds.
U-DPO-1 ((UO,)(NO;),(H,0),-(DPO)) was prepared
through evaporation from water. Crystallographic analysis
reveals that it is a cocrystal compound of uranyl nitrate hydrate
and DPO (Figures 1 and S2a) that crystallizes in the P1 space
group (Table 2). It is noted that, though H,MA is added
together with DPO, it is not present in the final crystallization
product. In U-DPO-1, the only uranyl center is 8-fold
coordinated, resembling the coordination geometric structure
of uranyl in uranyl nitrate hydrate: two axial oxygen atoms and
six equatorial oxygen atoms from two water molecules (U—
O(H,0), 2.406(2) A) and two bidentate coordinated nitrate
ions (U-O(NO;™), 2.500(2) and 2.533 (2) A) (Figure 1a).
Interestingly, DPO molecules are not involved in the uranyl
coordination sphere but connect with the uranyl coordination
units by several hydrogen bonds (Figure 1b). With the bridging
of DPO, a two-dimensional supramolecular network is formed
by alternate arrays of uranyl units and DPO units (Figure 1c,d).
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Further, intensive 7—7 interactions between bipyridine rings of
DPO ligands with a spacing of ~3.327 A between adjacent
planes (Figure S3) result in a close packed 3D lattice in U-DPO-
1 (Figure le).

Crystallographic analysis of U-DPO-2 ((UO,)-
(NO;),(DPO)) shows that it crystallizes the C2/c space
group with a 1D chain structure (Figure 2), which is previously
reported by Muthiah et al.®’ In U-DPO-2, the uranyl cation is
also eight-coordinated, which is similar to that of U-DPO-1.
Besides two axial oxygen atoms with equivalent [U=0,,] bonds
of 1.765(3) A, the uranium center is coordinated by two
equivalent nitrate ions and two equivalent DPO ligands on the
equatorial plane, where both the nitrate ions take a chelated
coordination mode (U—O(NO;7), 2.540(3) and 2.540(4) A),
while the DPO ligand is monocoordinated to uranyl by one of its
end oxygen atoms (U—O(DPO), 2.360(3) A) (Figures 3a and
S2b). Two nitrate ions are symmetrically distributed on the
equatorial plane of uranyl center, and the bidentate DPO ligand
further bridges two uranyl cation centers through both ends
forming a 1D extended chain (Figure 2b). Since there is an
inclined angle of 66.09° between the equatorial plane of the
uranium center and the adjacent pyridine ring, the 1D extended
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Figure 1. Crystal structure and lattice stacking of U-DPO-1: (a) coordination sphere of uranyl center in U-DPO-1; (b) hydrogen bonds between the
uranyl nitrate unit and free DPO molecules in U-DPO-1 (distance between hydrogen atom to oxygen donor: O(2)—H(2A)--0(6), 1.841(2) A;
0(2)—H(2B)--06, 1.811(2) A; C(1)—H(1)--O(1), 2.799(2) A; C(5)—H(5)--O(3), 2.604(2) A); (c, d) lattice stacking diagram along the plane
perpendicular to a-axis (c) and c-axis (d) showing that two-dimensional supramolecular networks formed by each of the uranyl units and DPO units
stack alternately; (e) the molecular stacking in a 3D lattice of U-DPO-1.

©)

Figure 2. Crystal structure of U-DPO-2: (a) coordination sphere of uranyl cation in U-DPO-2; (b) 1D extended zigzag chain of U-DPO-2 with a
torsion angle of 66.09°; (c) hydrogen bonds between adjacent 1D chains in U-DPO-2 (distance between hydrogen atom to oxygen donor: C(1)—
H(1)--0(3),2.389(1) A); (d) lattice stacking of 2D hydrogen bonded networks in U-DPO-2; (e) different extension directions of the 1D chain units
in adjacent hydrogen bond networks with an angle of 140.89°.

chain takes a zigzag shape. Furthermore, the 1D uranyl-DPO hydrogen bond with a H(1)---O(3) distance of 2.389 A) (Figure

chains are arranged side by side in the same layer with intensive 2¢). The resultant 2D hydrogen bonded networks are stacked
interchain hydrogen bonds between C—H motifs of the pyridine closely in the 3D lattice (Figure 2d), though the extension
rings and oxygen atoms of nitrate ions (C(1)—H(1)--O(3) directions of the 1D chain units in adjacent hydrogen bond
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Figure 3. Crystal structure of U-DPO-3: (a) coordination sphere of the uranyl center; (b) 1D extension of polymeric uranyl chain in U-DPO-3; (c) the
2D extension of uranyl coordination chains by 7—x stacking with a spacing of ~3.372 A between adjacent planes; (d) 7—x stacking-based 2D
supramolecular network viewed from the a-axis; (e) 3D-space lattice stacking of an array of 2D networks through intensive hydrogen bonds (distance

between hydrogen atom to oxygen donor: C(1)—H(1)--0(1),2.587(3) A; C(2)—H(2)--O(1), 2.466(3) A; C(5)—H(S)--O(1), 2.799(3) A; C(6)—
H(6)--0(5), 2.385(3) A; C(10)—H(10)--0(6), 2.443(3) A; C(9)—-H(9)--0(2), 2.506(3) A).

“n/

Figure 4. Crystal structure of U-DPO-4: (a) the asymmetric unit of U-DPO-4 with thermal ellipsoids shown at 50% probability; (b) coordination
environment of the uranyl center in U-DPO-4; (c) 2D coordination network structure of U-DPO-4; (d) the lattice stacking of the 2D networks in U-
DPO-4 viewed from the a-axis; (e) the lattice stacking of the 2D networks viewed from the c-axis to give a 3D supramolecular framework; (f) free
CF;S0;™ counterions filling in the cavities of the 3D framework in U-DPO-4.

networks are not in parallel but have an angle of 140.89° (Figure Crystallizing in space group of P1, U-DPO-3 ((UO,)(DPO)-
(4,-OH),) has an infinite polymeric chain structure that is

2e). bridged all by p1,-hydroxyl oxygen atoms (Figure 3). The [0, =
8899 https://doi.org/10.1021/acsomega.3c00640
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Figure 5. Crystal structure of U-DPO-5: (a) the asymmetric unit of U-DPO-S with thermal ellipsoids shown at 50% probability; (b) uranyl
coordination environment of the mononuclear uranyl center of U-DPO-S; (c) the twisted alignment of four DPO ligands around the uranium center in
U-DPO-S; (d) the 3D supramolecular framework in U-DPO-S; (e) the channels of the 3D framework in U-DPO-S; (f) CF;SO;™ counterions filling in

channels of the 3D framework in U-DPO-S5.

U=O0,,] angle of the uranyl cation is 177.61(14)° with an
equivalent [U=O0,,] distance of 1.780(4) A. Each 7-fold
coordinated uranyl cation in the polymeric uranyl chain has five
oxygen atoms coordinated in its equatorial plane: four oxygen
atoms from p,-hydroxyl groups (U—O(u,-OH), 2.348(3),
2.351(3), 2.340(3), and 2.334(3) A) and another one from a
monocoordinated DPO ligand with a slightly longer U-O
distance (U—O(DPO), 2.441(3) A) (Figure 3a). It is notable
that, while a ditopic DPO ligand generally serves as a
biconnected linker through two-end uranyl coordina-
tion,””"°>”* such a monodentate coordinated DPO is rarely
reported, only being found in DPO ligands enclosed by
cucurbituril macrocycles.** All these monodentate DPO ligands
are arranged alternately on both sides of the “spine” of the y,-
hydroxyl bridged uranyl chain, thus forming a “fishbone” shape
(Figure 3b). There is enough room between every two adjacent
ligands on the same side of the uranyl chain, leaving space for a
neighboring U-DPO-3 chain to insert via a n—n stacking
interaction with a spacing of ~3.372 A between adjacent planes.
Hirshfeld surface analysis of DPO motifs in U-DPO-3 using
CrystalExplorer program’> was conducted and compared with
that in U-DPO-1 (Figure S4). The fingerprint plot of a couple of
DPO molecules in U-DPO-3 shows up as a typical dark region in
the vicinity of (dj, d,) ~ 1.7—1.8 A,”* which is consistent with the
interplanar spacing of DPO. In contrast, given that the stacking
in U-DPO-1 involves only partial overlap of the DPO units,
unlike complete overlap in U-DPO-3, it is reasonable to see that
the dark region in the fingerprint plot for U-DPO-1 is not that
obvious. The 1D coordination chains can be stacked through the
above-mentioned 77— interactions, forming an extended 2D
network structure (Figure 3¢). Again, since the extension
direction of the DPO side group deviates from the plane of the
polymeric uranyl chain, the two-dimensional chain formed by
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the 7— interaction is not an ideally planar structure but has a
certain fluctuation (Figure 3d), which stacks with each other to
realize the 3D-space lattice packing of U-DPO-3 through
intensive hydrogen bonds (Figure 3e).

When a different uranyl source UO,(CF;S0O;),, instead of
uranyl nitrate hydrate, is used to react with DPO, new uranyl
compounds with CF;SO;™ ions involved as coordinated anions
(U-DPO-4) and/or counterions (U-DPO-4, U-DPO-5, and U-
DPO-6) could be obtained. U-DPO-4 ([(UO,)(CF,;S0,)-
(DPO),](CF;50;)) crystallizes in the P2,/c space group with a
2D network structure. The mononuclear uranyl center is seven-
coordinated (Figure 4a,b). In the equatorial plane, there are five
oxygen atoms coordinated with the uranyl center: four from four
different DPO ligands and another one from a CF;SO;™ anion.
The lengths of U—O bonds are in the range of 2.334(5)—
2.418(6) A (Table S1). Four DPO ligands around the uranyl
center are all aligned as twisted quadrilaterals and further extend
out as ditopic ligands to form a planar 2D network within the
plane perpendicular to the c-axis (Figure 4c). The uranyl-DPO
2D network with a coordinated CF;SO;™ anion is similar to a
previously reported uranyl-DPO compound with Keggin-type
polyoxometalate as coordinated anion and cavity-filling agent,*®
which might be related to the fact that this network structure has
enough room to accommodate anions with different sizes.
Adjacent layers of 2D networks pack with each other in an
antiparallel manner (Figure 4d) via intensive weak interactions
such as hydrogen bonds in the lattice to form a final 3D
supramolecular framework (Figure 4e). It is interesting to find
that, unlike the case of compounds U-DPO-1, U-DPO-2, and U-
DPO-3 using uranyl nitrate in an aqueous environment, U-
DPO-4 that was prepared from UO,(CF;S0O;), in nonaqueous
solvent turns out to be a cationic framework, though the
coordinated CF;SO;™ partially offset the positive charge of the
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Figure 6. Crystal structure of U-DPO-6: (a) the asymmetric unit of U-DPO-6; (b) coordination environment of the uranyl center in U-DPO-6; (c) a
comparison of five DPO ligands in U-DPO-6 pointing to different directions; (d) the 3D structure linked by two kinds of DPO ligands; (e) the 3D
structure linked by two kinds of DPO ligands viewed along the c-axis; (f) free CF;SO; ™ ions filling in the channels of the 3D framework of U-DPO-6.
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Figure 7. Crystal structure of U-DPO-7: (a) the asymmetric unit of U-DPO-7; (b) the coordination sphere of 8-fold coordinated uranyl cation center
in U-DPO-7; (c) the 2D coordination network based on TPA*~ and DPO ligand in U-DPO-7; (d) “ABAB” stacking between the 2D layered networks
in U-DPO-7; (e) the stacking pattern of the 2D layered networks viewed from the c-axis; (f) packing of coordination layers in the 3D lattice of U-DPO-

7.

framework. Since the 2D network is extended in a serpentine
style, there are channels with proper sizes in the 3D cationic
framework for accommodating free CF;SO;~ counterions for
charge balance (Figure 4f).

Crystallographic analysis of U-DPO-S ([UO,(H,0)-
(DPO),](CF;80;),) reveals that it crystallizes in the I42d
space group with a 3D coordination framework structure. In the

8901

asymmetric unit of U-DPO-5 (Figure Sa), the uranyl center is
seven-coordinated with four DPO ligands (U-O(DPO),
2.330(4) and 2.349(3) A)) and one water molecule (U—
O(H,0), 2.431(5) A) coordinated in the equatorial plane
(Figure Sb). The unexpected water molecule coordinating with
the uranyl cation is presumed to originate from residual water in
CH;CN solvent. Four DPO ligands around the uranium center
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Figure 8. Crystal structure of U-DPO-8: (a) the asymmetric unit of U-DPO-8; (b) coordination environment of the uranyl center in U-DPO-8; (c) the
rectangular ring unit based on DPO and IPA*" ligands; (d) 2D network structure of U-DPO-8; (e) stacking of adjacent coordination networks with
slight sliding; (f) stacking of coordination networks in the 3D lattice of U-DPO-8 viewed along the b-axis.

in U-DPO-5 align in a twisted geometry and point toward
different directions in 3D space (Figure Sc) to form a 4-
connected unit, which finally results in a 3D cationic
coordination framework structure (Figure 5d). Along the c-
axis, there are two kinds of channels in the framework of U-
DPO-S (Figure Se), among which the smaller one is formed by
two DPO ligands with a rectangular shape and the larger one is
formed by four DPO ligands with an approximately square
shape. Further, CF;SO;” ions that originate from the
UO,(CF;S0;), source all fill in the channels of 3D framework
as counterions (Figure Sf). This result shows that the
combination of aprotic DPO ligand with uranyl ion successfully
produces the U-DPO-5 compound with a cationic framework
structure that can be a potential candidate as anion exchange
material, which is distinct from those neutral or anionic uranyl
frameworks built from carboxylate or phosphonate ligands.*”*!

U-DPO-6 ([(UO,)(DPO),](CF;S0;),) crystallizes in the
P2,/c space group with a 3D framework structure. As shown in
Figure 6a,b, the uranyl cation center has similar 7-fold
coordinated geometry with that observed in U-DPO-4 and U-
DPO-S. A slight difference is that all the five oxygen donors on
the equatorial plane are provided by five different DPO ligands
with U—O lengths in the range of 2.369(3)—2.423(3) A (Table
S2). According to the spatial orientation of DPO linkers, these
five DPO ligands around the uranyl center can be classified into
two categories (Figure 6¢): first, four DPO ligands (highlighted
in red color) bridge uranyl cation centers (O-donors: O3 and
04, OS5 and O6) in the same layer, forming a 2D network;
second, the fifth DPO ligand (highlighted in blue color)
pointing out the layer connects adjacent layers of networks (O-
donor: O7) to form a final 3D framework (Figure 6d,e).
Specifically, viewed along the b-axis, four DPO ligands first
bridge the uranyl center forming a 2D layer, and the fifth DPO
ligand coordinates with two uranyl centers from two layers,
leaving a 3D framework with a lot of channels along the b-axis
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(Figure 6d). Viewed along the a-axis, the quadrilateral cavities
formed from the four DPO ligands are blocked by the fifth DPO
ligands (Figure 6e). Along the c-axis, a large number of channels
can be seen, where there are a lot of free CF;SO;™ ions as
counterions of the cationic 3D framework (Figure 6f).

Uranyl compounds containing both DPO and organic
dicarboxylic acid as ligands are also synthesized. U-DPO-7
((UO,)(TPA)(DPO)) was prepared from a DPO and H,TPA
mixed-ligand system. Single-crystal structure analysis reveals
that it crystallizes in the P2/c space group with a monomeric
uranyl center, which is totally different from the tetrameric
uranyl-based product from a similar mixed-ligand reaction
system.”” As shown in Figure 7a,b, the uranyl center is 8-fold
coordinated, including two axial oxygen atoms and six equatorial
oxygen atoms from two DPO ligands and two TPA*" ligands in
1*-chelating mode. In the equatorial plane, U—O bond lengths
are 2.390(5) A (U(1)—0(2)) for the DPO ligand and 2.520 (5)
A (U(1)-0(3)) and 2.522 (5) A (U(1)—0O(4)) for y*~TPA*".
The TPA*™ and DPO ligands coordinate with the uranyl center
in a symmetrical pattern, forming a rectangular 2D network
(Figure 7c). In the plane perpendicular to the a-axis, the layered
networks are divided into two groups and align orderly in an
“ABAB” pattern. Although there are large cavities in each
ordered rectangular network, the sliding of the neighboring
layers partly block the voids of the cavities and reduce the size of
the channels (Figure 7d,e). Furthermore, these 2D networks
show a stacking mode similar to U-DPO-2 through hydrogen
bonds between adjacent 2D networks from axial oxygen atoms
and C—H motifs of DPO (Figure SS), resulting in a final 3D
supramolecular framework (Figure 7f).

Starting from DPO and H,IPA, another uranyl-DPO
compound with 2D network structure, U-DPO-8
((U0,),(DPO)(IPA),-0.5H,0), is obtained. It crystallizes in
the C2/c space group with two crystallographically non-
equivalent uranyl cations (Ul and U2, Figure 8a). Different
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Figure 9. Crystal structure of U-DPO-9: (a) the asymmetric unit of U-DPO-9; (b) the coordination environment of the uranyl cation center in U-
DPO-9; (c) the 2D network extending through the connection of SA*~ and DPO ligands with uranyl in U-DPO-9; (d, e) the 2D coordination networks
in U-DPO-9 viewed from the c-axis (d) and a-axis (e), respectively; (f) the lattice packing of 2D networks in U-DPO-9.
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Figure 10. Crystal structure of U-DPO-10: (a) the asymmetric unit of U-DPO-10; (b) the coordination environment of two uranyl centers of binuclear
uranyl node in U-DPO-10; (c) arc-like SA> ligands for linking two binuclear uranyl centers in U-DPO-10; (d) three kinds of SA> ligands contributing
to build up the framework of U-DPO-10 (blue color, bidentate chelating coordination modes in a normal staggered conformation with the whole alkyl
chains being stretched; green color, p,-(17", ') bridging bidentate pattern in a stretched shape; pink color, bidentate coordination modes at both ends is
of arc-like geometry; (e) the spatial packing of U-DPO-10 in 3D lattice viewed from the b-axis (DPO, blue; succinate, red; uranyl polyhedron, yellow);
(f) the spatial packing of U-DPO-10 in a 3D lattice viewed from the c-axis.

from the monomeric uranyl node in U-DPO-7, all the uranyl 8b). Each uranyl in the dimeric motif coordinates with seven
nodes occur in pairs through the bridging bidentate coordina- oxygen atoms and has a similar coordination environment.
tion of a pair of carboxyl groups from two IPA*” ligands (Figure Besides the two axial oxygen atoms, there is one oxygen atom
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Figure 11. Preparation of ten uranyl DPO compounds though coordination assembly between uranyl and DPO based on different synthesis
procedures. U-DPO-1, U-DPO-2, and U-DPO-3: DPO with uranyl nitrate in water; U-DPO-4, U-DPO-S, and U-DPO-6: DPO with uranyl triflate in
acetonitrile; U-DPO-7, U-DPO-8, U-DPO-9, and U-DPO-10: DPO and dicarboxylic acid (H,TPA for U-DPO-7, H,IPA for U-DPO-8, H,SA for U-

DPO-9 and U-DPO-10) with uranyl nitrate in water.

from a DPO ligand (U-O(DPO), 2.37(2) and 2.370(19) A)
and four oxygen atoms from three IPA*” ligands: two in
bidentate-bridging mode (U—O(u,-IPA*"), 2.27(2),2.279(19),
2.31(2), and 2.32(2) A) and one in bidentate mode (U—O(5*
IPA*7), 2.53(2), 2.345(19), 2.496(15), and 2.394(19) A). The
binuclear uranyl-IPA nodes extend to form ladder-like chains,
which are further connected by DPO ligands to form a 2D
network structure with rectangular ring units (Figure 8c,d). It is
noted that, in spite of the presence of dimeric uranyl nodes in U-
DPO-7, the total structure and local structural unit (Figure S6)
of U-DPO-8 is still similar to U-DPO-7. Furthermore, the
coordination layers accumulate together along the b-axis with a
slight sliding (Figure 8e) and finally afford a dense packing
structure for U-DPO-8 (Figure 8f).

Crystallographic analysis of U-DPO-9 ((UO,)(SA)(DPO)-
H,O) reveals that it crystallizes in the P2,/c space group with a
2D network structure. Apart from two axial oxygen atoms, the 7-
fold coordinated uranyl cation center coordinates with two DPO
ligands and two carboxyl groups from two different succinate
ligands on its equatorial plane. Two carboxyl groups at two ends
of each succinate ligand are bidentate chelated and mono-
dentate-coordinated, respectively (Figure 9a,b). All the U-O
bond lengths on the equatorial are in the range from 2.297(13)
to 2.463(11) A, where U-O(DPO) bond lengths are 2.350(9)
and 2.369(10) A, while U-~O(SA*") bond lengths are 2.297(13)
A for the monodentate carboxyl group and 2.446(13) and
2.463(11) A for the bidentate one. As is shown in Figure 9c, the
SA’” ligands are arranged in line along the c-axis to give 1D
chains, which are further connected by ditopic DPO linker to
form a 2D network. Although the resultant 2D network is similar
to that in U-DPO-7, the flexible SA>™ linkers have more
distorting cis-conformation compared to TPA*>~ in U-DPO-7
and lead to obvious wrinkles of the 2D networks (Figure 9d,e).
Figure 9f shows the lattice packing of these 2D coordination
networks in U-DPO-9.

U-DPO-10 ((UO,),(¢,-OH)(SA),s(DPO)) crystallizes in
the P2/n space group with a 3D framework structure. Both
uranyl centers from the binuclear uranyl node are 7-fold
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coordinated. The [U=O0,,] bond lengths are in the range of
1.766(6) and 1.776(6) A with the angles of [0,=U=O0,,]
being 178.7(3)° (U1) and 178.3(3)° (U2). Two uranyl cations
in the binuclear uranyl center are connected with a y,-hydroxyl
oxygen atom (U—O(hydroxyl), 2.348(6) and 2.334(6) A) and a
Uy-(17", ") bridging carboxyl group from a SA>” ligand (U—
O(uy-SA*™), 2.301(7) and 2.401(5) A) (Figure 10a). Mean-
while, with a similar coordination environment, each uranyl
center in binuclear motif further coordinates with one DPO
ligand (U-O(DPO), 2.359(5) and 2.363(7) A) and a second
bidentate chelating SA>” ligand, respectively (U(1)-O(n*
SA?7), 2.421(7) and 2.472(7) A; U(2)-O(n*-SA*"), 2.489(6)
and 2.479(S) A) (Figure 10b). Similar to the cis-conformation of
flexible SA*™ ligand observed in U-DPO-9, SA>" ligands that
take a folding conformation to bridge two adjacent binuclear
uranyl centers are also present in U-DPO-10 (Figure 10c).
Actually, there are a total of three different kinds of SA?™ ligands
in U-DPO-10: the first one that bridges two uranyl cations via
bidentate chelating coordination modes at both ends of SA*~
ligands has a normal staggered conformation with the whole
alkyl chain being stretched (Figure 10d, in blue color); the
second one that connects two binuclear uranyl centers via a i,-
(7', n') bridging bidentate pattern for each carboxyl group at
both ends also takes a stretched shape (Figure 10d, in green
color); the third one, as mentioned above, bridges two binuclear
uranyl centers via bidentate coordination modes at both ends is
of arc-like geometry (Figure 10d, in pink color). The two kinds
of stretched SA*” ligands coordinate with uranyl nodes to form
an array of 1D chains, which are further connected by the third
arc-like SA”” ligands (Figure 10e). Furthermore, based on the
SA’” ligand-connected networks that are arranged along the ac
plane, DPO ligands cross-link these layers to form the final 3D
framework (see Figure 10f; the SA>~ auxiliary ligands and DPO
ligands in U-DPO-10 are shown as red and sky blue,
respectively).

Structural Diversity of Uranyl-DPO Compounds
Related to Varying Conditions. As discussed above, a total
of ten DPO-involved uranyl compounds, ranging from U-DPO-
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1 to U-DPO-10 with diversity in structures, were synthesized
here under different conditions (Figure 11 and Table S2). In
these compounds, different kinds of coordination spheres of
uranyl could be observed, including those coordinated only by
DPO ligands, coordinated by DPO ligands together with
oxyanions, hydroxyl ion, or water molecules, or coordinated by
DPO ligands together with carboxyl ligands. It can be seen that
the coordination of uranyl by DPO, together with other O-
donors, plays a crucial role. As for DPO, it is interesting that this
ditopic ligand shows three different coordination modes (Figure
$7) including the most observed biconnected linker and another
two exceptions (i.e., DPO without uranyl coordination in U-
DPO-1 and monodentate DPO in U-DPO-3). Indeed,
coordination behaviors of DPO ligands with uranyl centers in
these uranyl compounds are largely affected by the presence or
absence of other O-donors including solvent molecules, anions,
and carboxylate ligands added during the formation of uranyl-
DPO compounds. Meanwhile, other factors such as reaction
temperature and solution acidity also have an indirect effect on
the formation of uranyl-DPO compounds though promoting
uranyl hydrolysis and reducing the coordination capacity of O-
donors. A comprehensive discussion on the syntheses of these
uranyl compounds, especially on coordination behaviors of
DPO ligands among them, are discussed in detail as follows.

As a starting point, U-DPO-1, U-DPO-2, and U-DPO-3 are
synthesized in aqueous solution using uranyl nitrate as the
uranyl source. Due to the involvement of nitrate and water, there
is competitive coordination of DPO with nitrate and water
molecules toward uranyl ion, which can be effectively regulated
by different reaction conditions. For instance, although both U-
DPO-1 and U-DPO-2 were obtained by evaporation at room
temperature, the former was synthesized at lower initial pH
while the latter was at higher pH. Although there is no
deprotonation process for DPO ligands, low acidity is
unfavorable for the competitive coordination between DPO
ligands and water molecules for uranyl. Therefore, unlike the
separated structures of DPO and uranyl nitrate in U-DPO-1, the
ditopic DPO ligands in U-DPO-2 coordinate directly with
uranyl cation to a 1D chain structure, through nitrate ions still
present in the coordination sphere of uranyl center. Moreover,
U-DPO-3 is obtained under hydrothermal conditions with the
same ratio of DPO to uranyl cations as U-DPO-1 and U-DPO-2.
When comparing U-DPO-3 with U-DPO-1 and U-DPO-2, it
can be seen that the increase of reaction temperature promotes
the hydrolysis of uranyl ion, thus resulting in the formation of a
final 1D polymeric uranyl chain.

In order to avoid competitive coordination from nitrate and
water, another uranyl source UO,(CF;S0O;), is employed, and
due to the hydrophobicity of UO,(CF;SOs3),, an organic solvent
CH,CN is used to prepare the stock solution of UO,(CF;SO3),
and serves as the reaction medium for solvothermal assembly.”
As a result, three uranyl coordination polymers with 2D and 3D
cationic skeletons ranging from U-DPO-4 to U-DPO-6 were
obtained. In these CF;SO; -involved uranyl compounds, the
uranyl centers are all five-coordinated on the equatorial plane,
but there are minor variations in ligand types and numbers.
Specifically, four DPO molecules and a CF;SO;™ anion are
included in U-DPO-4, four DPO ligands and one H,O molecule
are in U-DPO-5, and all five DPO ligands are in U-DPO-6. The
results show that using a uranyl source UO,(CF;S0;), with
weakly coordinating CF;SO;™ anion dissolved in the organic
solvent CH;CN significantly increases the engagement of DPO
ligands in the uranyl coordination sphere (4—5 DPO ligands for
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each uranyl), though the CF;SO;™ ions and water molecule also
participate in coordination with a uranyl center in U-DPO-4 and
U-DPO-5. Beneficial to the feature of monodentate coordina-
tion, DPO shows the high degree of engagement in a uranyl
coordination environment to achieve coordination saturation of
the uranyl center. As a consequence, the space around the
equatorial plane of uranyl becomes crowded. In order to reduce
the possible steric hindrance of these co-occurring DPO
molecules, two rigid pyridine rings have to rotate out and
keep away from each other by adjusting their spatial orientation
and dihedral angles with other adjacent DPO ligands. Along this
line, high connectivity of the uranyl node and variable spatial
orientation of DPO linkers lead to the formation of uranyl
coordination polymers with higher dimensionality as exempli-
fied by 2D networks observed in U-DPO-4 and 3D frameworks
in U-DPO-5 and U-DPO-6.

Moreover, three aromatic or alkyl dicarboxylic acids, i.e.,
terephthalic acid (H,TPA), isophthalic acid (H,IPA), and
succinic acid (H,SA), are employed as auxiliary ligands to
synthesize mixed-ligand uranyl compounds. Four uranyl
compounds, including uranyl compounds from U-DPO-7 to
U-DPO-10, have been obtained. Interestingly, DPO ligands
show good compatibility with these carboxylate linkers, both of
them being involved in the final uranyl compounds serving as
two complementary components. It can be seen that aromatic
carboxylate linker TPA*>~ and IPA*~ with better rigidity and
comparable size to DPO ligands are easier to form 2D network
structures together with DPO. On the other hand, the SA*™
linker with a flexible aliphatic backbone easily changes its
conformation in space and thus leads to more structural
variation of the resultant uranyl compounds. Specifically, the
evaporation method produces U-DPO-9 with a monomeric
uranyl-linked 2D network similar to that of U-DPO-7, while the
hydrothermal reaction gives the product of U-DPO-10 with a
final 3D framework based on a monohydroxyl-bridging dimeric
uranyl node. Again, a comparison between U-DPO-9 and U-
DPO-10 shows that elevated pH, together with increasing
temperature, facilitates the hydrolysis of uranyl and subse-
quently promotes the formation of uranyl compounds with
more complex structure.

A Comparison of Bonding Nature between Different
Kinds of U—O Bonds. As a kind of N-oxide group with typical
Lewis basicity,”* DPO shows good uranyl coordination ability in
uranyl-DPO compounds discussed above. Meanwhile, the
comparison between this series of uranyl-DPO compounds
from U-DPO-1 to U-DPO-10 demonstrates the possible
competitive coordination between different O-donors in the
reaction system. In order to quantitatively figure out the bonding
strength of different oxygen donors with uranium, theoretical
analyses using DFT calculations are conducted on several
simplified models of uranyl-DPO compounds including
representative U—O bonds of interest.

The bond distance and bond orders including Wiberg
(WBO),”” Gophinathan—Jug (GJBO),”® and Nalewajski—
Mrozek bond orders (NMBO)” of the associated U—O
bonds from optimized models of selected uranyl UPO
compounds were shown in Table 3. All these three kinds of
bond orders follow the trend of U=0,, < U-O(#*-CO0") <
U-0(DPO) < U-O(NO;", H,0, CF;SO;7, and #'-COO™).
For example, the WBO bond orders of U-=O(DPO) bonds are
within the range of 0.559—0.605, which are generally larger than
that of U-O(H,0) (0.348). Compared to anionic donors like
nitrate and triflate, the bond affinity of DPO with uranium is also
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Table 3. Bond Distances Including U-O(DPO), U-
O(H,0), U-O(CF;80;7), U-0(COO~), and U-O(Axial)
Bonds (A) in Simplified Models That Are Extracted from
Representative Crystal Structures of U-DPO-2, U-DPO-4, U-
DPO-5, U-DPO-7, and U-DPO-9 and Optimized by DFT and
the Corresponding Bond Orders at the BP86/ZORA/TZ2P
Level of Theory

optimized

compound bond type distance WBO GJBO NMBO

U-DPO-2 U=0,, 1.765 2113 2368 2710
U-0(DPO) 2.361 0.590  0.600  0.789
U-0(NO;") 2.541 0.398 0389  0.500

U-DPO-4 U=O,, 1.768 2073 2320 2.669
U-0(DPO) 2.367 0.570  0.545  0.662
U-0(S0;7) 2.408 0443 0478  0.584

U-DPO-S U=O0,, 1.758 2.090 2330 2677
U-0(DPO) 2.339 0.605  0.621  0.816
U-0(H,0) 2431 0348 0362 0514

U-DPO-7 U=O0O,, 1.770 2.130 2370 2.70S
U-0(DPO) 2.387 0.559 0561  0.737
U-0(n* 2.517 0387 0397  0.509
CO0")

U-DPO-9 U=O0,, 1.765 2.108 2356  2.700
U-0(DPO) 2.360 0.572  0.588  0.775
U-0(n'- 2.308 0.626  0.682  0.853
CO0")
U-0(n* 2456 0416 0431  0.551
CO0")

stronger, as exemplified by the WBO bond orders of U—
O(NO;7) (0.398) or U-O(SO;~) (0.443). Moreover, the U—
O(DPO) bond is comparable to the anionic carboxylate group,
where the bond affinity of DPO with uranium is slightly weaker
than that of #'-COO~ (0.626) but significantly stronger than
that of #>-COO~ (0.387, 0.416). The DFT analysis of bond
orders of different U—O bonds here shows that, as an aprotic
oxygen donor, DPO exhibits good binding ability to the uranium
metal center, which should be the underlying driving force to
achieve competition or cooperation between DPO and other
anionic ligands, just as we have seen in those uranyl DPO
compounds.

Meanwhile, the Electron Localization Function (ELF)
diagrams located on the equatorial planes of the uranyl ion are
shown in Figure 12. It is found that the electron density is mainly
located near the coordinating oxygen atoms, which is consistent

1.00
‘I

0.80

0.60

0.00

Figure 12. ELF diagrams for the equatorial plane of uranyl for
simplified models from U-DPO-2 (a), U-DPO-4 (b), U-DPO-5 (c), U-
DPO-7 (d), and U-DPO-9 (e).
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with the fact that oxygen atoms serve as good electron donors of
uranium. Indeed, the electron donating ability of these oxygen-
donor ligands are all good enough that no obvious difference
between them is observed here. The topological analysis of
electron density for the U—O bonds has been also explored by
means of QTAIM analysis, and the related parameters including
electronic density (p), Laplacian of electron density (V?p),
energy density (H) and delocalization index (DI)* are shown in
Table S2. Generally, p > 0.20 au and V?p < 0 au at the BCPs are
the conditions of typical covalent bonds, while p < 0.10 au and
V2p > 0 au at the BCPs indicate an ionic bond. The U=O0,,
bonds have obvious characteristic of covalent bonds, while the
U—-O(DPO) and U-O(NO;, H,0, CF;S0;7, and COO™)
bonds are mainly ionic interactions. For all the U-DPO
compounds, the p values of U-~O(DPO) are larger than the
U-0O(NO;~, H,0, CF;SO;7, and #>-COO~) bonds (as
mentioned above), which provides more evidence that the
bond strength of U-O(DPO) is stronger than U—O(NO;",
H,0, CF;S0;7, and #>-COO™~) bonds. Meanwhile, the DI value
that represents the number of electron pairs shared between two
atoms is also calculated. Again, the DI values of U—O(DPO) are
larger than the U-O(NO;~, H,0, CF;SO;", and #°-CO0O")
bonds, which suggest stronger delocalization and sharing of
electrons in U—O(DPO) bonds.

Characterization of Physicochemical Properties. In all
these ten uranyl-DPO compounds, only those that can be
isolated in high phase purity, U-DPO-7 (Figure S8) and U-
DPO-10 (Figure S9), are subject to subsequent physicochemical
characterization including infrared spectroscopy (IR), thermog-
ravimetric analysis (TGA), and photoluminescence (PL)
spectra.

In IR spectra of U-DPO-7 and U-DPO-10 (Figure S10), the
absorption peaks near 918 cm™" for U-DPO-7 and 914 cm™" for
U-DPO-10 confirm the presence of the uranyl cation with the
asymmetric stretching. Vibration peaks around 1687 cm™ in U-
DPO-7 and 1656 cm™ in U-DPO-10 are assigned to the
vibrations of carboxyl groups in these two compounds.
Furthermore, the shift of vibrations resulting from the N—O
bond (1240 cm™ in DPO ligand vs 1215 cm™" in U-DPO-7 and
U-DPO-10) before and after uranyl coordination are also
observed. TGA analyses of U-DPO-7 and U-DPO-10 (Figure
S11) demonstrate their good thermal stability. For U-DPO-7,
two obvious weight losses in the whole temperature range of
30—800 °C can be observed. The first weight loss within 230—
280 °C can be ascribed to the loss of solvent water molecules
filling in the lattice channel. Following this weight loss, the
integral framework of U-DPO-7 begins to collapse at 380 °C. U-
DPO-10 is more thermally stable than U-DPO-7 with only one
sharp weight loss at ~350 °C that might correspond to the onset
temperature of framework collapse.

In the photoluminescence spectrum (Figure 13), U-DPO-10
shows a characteristic emission similar to that of uranyl nitrate
but with a minor red shift. Nevertheless, the fluorescent
emission of U-DPO-7 affords a broad peak, resembling the
phenomenon observed for [(UO,),(OH)(DPO),][Ir(CN),]-
nH,0 reported previously by Chorazy et al.”” A recent work by
Thuéry et al.*" attributes this broad emission to strong uranyl—
uranyl interactions within the hydroxo-/oxo-bridged clusters,
but this mechanism could not be applied in U-DPO-7 that has
only monomeric uranyl node, let alone U-DPO-10 with a
dimeric uranyl unit but exhibiting typical luminescence
characteristics of uranyl. Considering the light-absorbing nature
of the aromatic TPA>~ ligand anchored to the uranyl center, the
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Figure 13. Solid-state luminescence emission spectra of U-DPO-7 and
U-DPO-10 with UO,(NO,),-6H,0 as control.

occurrence of this kind of broad peak should be originated from
the interaction between uranyl and the two TPA?~ linkers in its
coordination sphere, which diminishes the characteristic “five-
finger” emission peaks of the uranyl node in U-DPO-7. Such
interference stemming from aromatic TPA ligand is also
reported in other uranyl-TPA compounds.82

B CONCLUSIONS

Under different reaction conditions using varying uranyl sources
and/or auxiliary ligand, the N-oxide ligand DPO featuring an
aprotic nature was used to construct uranyl compounds, and ten
DPO-involved uranyl compounds, U-DPO-1 to U-DPO-10,
have been successful. In U-DPO-1 to U-DPO-3, the
participation of anionic nitrate or a hydroxyl group affects the
coordination mode of DPO to uranyl, and three different kinds
of coordination modes (i.e., uncoordinated, monodentate, and
biconnected) are observed. Crystal structures of U-DPO-4 to U-
DPO-6 obtained from UO,(CF;S0;), in acetonitrile precludes
the participation of nitrate and hydroxyl and helps to increase
the engagement of DPO ligands (a total of 4—5 DPO ligands for
each uranyl) in the uranyl coordination sphere. Among U-DPO-
7 to U-DPO-10, the DPO ligand can collaborate well with
carboxylic acids such as H,TPA, H,IPA, and H,SA to generate
final mixed-ligand uranyl compounds. Analysis of the bonding
nature of U—O with different donors by theoretical calculation
reveals that the bonding strength of DPO is better than that of
anionic CF;SO;7, nitrate, or a neutral H,O molecule and
comparable to the anionic carboxylate group in 7'-mode, which
supports the above observation about the uranyl coordination
ability of DPO in these uranyl-DPO compounds. This work
provides good potential of DPO to construct uranyl compounds
and will impel more studies on the exploration of new actinide
compounds based on such kinds of aprotic N-oxide-typed O-
donors. Meanwhile, for the construction of functional actinide
materials, the combination of this kind of O-donor with other
anionic linkers is also worth looking forward to.
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