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synthesis of the 3D coordination
polymer U(1,2,3-Hbtc)2 followed by the formation
of molecular poly-oxo cluster {U14} containing
hemimellitate uranium(IV)†

Maxime Dufaye, a Nicolas P. Martin, a Sylvain Duval, a

Christophe Volkringer, ab Atsushi Ikeda-Ohno c and Thierry Loiseau *a

Two coordination compounds bearing tetravalent uranium were synthesized in the presence of tritopic

hemimellitic acid in acetonitrile with a controlled amount of water (H2O/U z 8) and structurally

characterized. Compound 1, [U(1,2,3-Hbtc)2]$0.5CH3CN is constructed around an eight-fold coordinated

uranium cationic unit [UO8] linked by the poly-carboxylate ligands to form dimeric subunits, which are

further connected to form infinite corrugated ribbons and a three-dimensional framework. Compound 2,

[U14O8(OH)4Cl8(H2O)16(1,2,3-Hbtc)8(ox)4(ac)4] ({U14}) exhibits an unprecedented polynuclear {U14} poly-

oxo uranium cluster surrounded by O-donor and chloride ligands. It is based on a central core of [U6O8]

type surrounded by four dinuclear uranium-subunits {U2}. Compound 1 was synthesized by a direct

reaction of hemimellitic acid with uranium tetrachloride in acetonitrile (+H2O), while the molecular

species ({U14} (2)) crystallized from the supernatant solution after one month. The slow hydrolysis

reaction together with the partial decomposition of the starting organic reactants into oxalate and

acetate molecules induces the generation of such a large poly-oxo cluster with fourteen uranium

centers. Structural comparisons with other closely related uranium-containing clusters, such as the {U12}

cluster based on the association of inner core [U6O8] with three dinuclear sub-units {U2}, were performed.
Introduction

For the last decade, interest in the synthesis of coordination
polymers containing actinides has grown considerably.1,2

Indeed, many literatures reported a wide range of studies
related to the formation of such polymers for the natural 5f
elements, thorium or uranium, involving hybrid organic–inor-
ganic networks with the association of O- and/or N-donor
organic linkers, such as carboxylate ligands. Most of the re-
ported studies have utilized the most stable oxidation states of
these 5f elements, such as Th(IV) for thorium or U(VI) (as
uranyl(VI):UO2

2+) for uranium, under ambient conditions.
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Among these precedent works on coordination polymer
compounds, signicant efforts have been made on Metal–
Organic Frameworks (MOF) materials, which exhibit remark-
able open-framework architecture with a large porous cavity or
channel systems. Since the rst report of the thorium-based
MOF-like solid,3,4 stable porous thorium-based coordination
networks have been discovered,5 offering new applications to
the elds of gas sorption (Kr/Xe) and separation,6 trapping
anionic persistent organic pollutants7 or selective photoexcita-
tion of mustard gas simulant.8 Some of these MOF compounds
are related to the well-known topologies, belonging to the UiO-
66/67/68 series,9 which exist for other tetravalent metals such as
Zr(IV),10 Hf(IV)11 or Ce(IV).12,13 The latter is based on a hexanuclear
core [M6O8] unit (M ¼ Th(IV),14,15 U(IV)16–18 or Np(IV)19) connected
by ditopic carboxylate ligands derived from the terephthalate
molecule. The crystal chemistry of uranyl–organic framework is
investigated and documented much more in detail, while there
are fewer examples of three-dimensional architectures, limiting
the application of their porous cavities to sorption, etc. One of
the most outstanding structural organization is the uranyl
carboxylate (NU-1301) recently described by the Farha's group,20

who has shown the complex assembly of discrete uranyl nodes
via a tritopic ligand derived from a trimethyl-terphenyl-phenyl-
tricarboxylate in order to generate a framework with ve levels
RSC Adv., 2019, 9, 22795–22804 | 22795
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of cages of internal diameter up to 5.0 and 6.2 nanometers.20

The resulting anionic framework possesses interesting porous
properties with the capacity to adsorb small proteins such as
cytochrome c or a-lactalbumin. Although some uranyl-based
compounds with smaller pores have been recently described
for their molecular sorption capacities,21–24 other uranyl 3D
networks are quite complicated and very oen involved complex
arrangements with interwoven structures in which no space is
available for real sorption properties.25,26

In contrast to a large number of studies devoted to Th(IV) and
U(VI), the use of uranium with the tetravalent oxidation state
(U(IV)) has been less investigated in terms of coordination
polymers. Although, as mentioned above, the elaboration of
UiO-66/67/68 series materials has been previously reported for
U(IV),16,17 the combination of various polytopic ligands still has
huge potential to lead to the formation of diverse coordination
networks. For instance, the use of the trimesate ligand resulted
in the formation of channel-like structure with a honeycomb
lattice based on a trinuclear U(IV)-centered building unit,27

whereas the use of terephthalate, isophtalate, pyromellitate,
mellitate linkers generated rather dense 3D frameworks with
either tetranuclear,18 dinuclear28 or discrete units.29 With the
phthalate molecule, a layered structure has been obtained with
ribbons involving U–O–U linkage connected to each other via
the organic ditopic ligand.28

Moreover, it was also demonstrated that the use of mono-
topic ligands, such as formate, triate, glycine or benzoate,
favors the formation of discrete molecular poly-oxo clusters30

with a wide range of nuclearities from a classical motif con-
taining six U(IV) centers31–35 up to a giant unit containing thirty
eight U(IV) centers.36 Between these two end members of this
series, different middle-size clusters such as {U10},37,38 {U12},33,39

{U13},37 {U16}38 and {U24},37 have been identied, mostly by the
use of benzoate ligands with controlling the water content and/
or reaction time in organic solvents. Other U(IV)-based poly-oxo
moieties have been stabilized by the DOTA ligand or iso-
propanol molecules.40,41 Such clusters were also characterized in
the solid-state for the heavier 5f elements, such as Np(IV)40,42 or
Pu(IV).40,43–46 It has been also reported that monotopic ligands
may also act as a bidentate linker between isolated [UO8] unit
(with acetate)47 or hexanuclear [U6O8] unit with formate48 to
generate one-dimensional chain structure.

Based on these precedent studies, this study aims at further
exploring the chemical system of U(IV) combined with other
aromatic polydentate carboxylate ligands. Herein, we investi-
gated the reactivity of the hemimellitic acid (1,2,3-benzene-
tricarboxylic acid) with uranium tetrachloride (UCl4) in
acetonitrile and a controlled amount of water under sol-
vothermal conditions. A novel coordination polymer [U(1,2,3-
Hbtc)2]$0.5CH3CN (1), was thus isolated and structurally char-
acterized. Aer ltration of crystalline product of 1, the super-
natant solution was le at room temperature, and a new type of
crystals appeared. This second phase, was then further analyzed
and is related to a new molecular poly-oxo cluster containing
fourteen uranium centers {U14} (compound 2). The crystal
structures of the two compounds 1–2 have been determined by
22796 | RSC Adv., 2019, 9, 22795–22804
single-crystal X-ray diffraction. The thermal behavior of
compound 1 has been analyzed (TG, X-ray thermodiffraction).
Experimental section
Synthesis

Caution! Natural U is a radioactive and chemically toxic mate-
rial. Therefore, precautions with suitable equipments and
facility for radiation protection are required for handling these
elements.

The compounds have been solvothermally synthesized
under autogenous pressure using a 2 mL glass vial with a Teon
cap. Uranium tetrachloride (UCl4, obtained according to the
protocol27 using the reaction of hexachloropropene with
uranium oxide UO3), hemimellitic acid (C9H6O6, 1,2,3-H3btc,
Sigma Aldrich 99%), and acetonitrile (Sigma Aldrich 99.8%)
were mixed in the glass vial. The mixtures were then sealed with
the cap, removed from an inert glove box and then heated in an
oven under ambient atmosphere. The chemicals used in this
study (except UCl4) are commercially available and were used
without any further purication.

[U(1,2,3-Hbtc)2]$0.5CH3CN (1): a mixture of 25 mg (0.0625
mmol) of UCl4, 28 mg (0.17 mmol) of hemimellitic acid, 1 mL
(55.6 mmol) of acetonitrile and 25 mL (1.39 mmol) of H2O were
placed in a closed glass vial and then heated statically at 120 �C
for 24 hours. The resulting product of 1 (green blocks crystal-
lites – Fig. S1†) was then ltered off, and washed with ethanol to
eliminate unreacted species (mainly unreacted ligand). Scan-
ning electron microscopy showed the formation of block-shape
crystallites (Fig. S1†). Compound 1 was obtained as a pure
phase, which was conrmed by powder X-ray diffraction
measurements (Fig. S2†).

[U14O8(OH)4Cl8(H2O)16(1,2,3-Hbtc)8(ox)4(ac)4] (2, noted
{U14}): a mixture of 25 mg (0.0625 mmol) of UCl4, 28 mg (0.17
mmol) of hemimellitic acid, 1 mL (55.6 mmol) of acetonitrile
and 25 mL (1.39 mmol) of H2O were placed in a closed glass vial
and then heated statically at 120 �C for 24 hours. Green blocks
crystallites (compound 1) appeared instantly and the solution
was le to crystallize for a longer period. Aer one month,
compound 2 appeared as brown squared crystals (Fig. S1†).
These crystals were manually selected for solid state analyses.
Since the amount of crystals of 2 is very limited, only the single
crystal X-ray diffraction and scanning electron microscopy
characterizations have been performed.
Single-crystal X-ray diffraction

Crystals of the uranium compounds (1 and 2) were analyzed on
a Bruker DUO-APEX2 CCD area-detector diffractometer at 300 K,
using microfocused Mo-Ka radiation (l ¼ 0.71073 Å) with an
optical ber as collimator. Crystals of 1–2 were selected under
a polarizing optical microscope and glued on a glass ber for
a single-crystal X-ray diffraction measurements. Several sets of
narrow data frames (20 s per frame) were collected at different
values of q for two initial values of f and u, respectively, with
0.3� increments. Data reduction was accomplished using SAINT
V7.53a.49 The substantial redundancy in the collected data
This journal is © The Royal Society of Chemistry 2019
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allowed a semi-empirical absorption correction (SADABS V2.10)
to be applied, on the basis of multiple measurements of
equivalent reections. The structure was solved by direct
methods, developed by successive difference Fourier syntheses,
and rened by full-matrix least-squares on all F2 data using
SHELX50 program suite and OLEX2 (ref. 51) soware. Hydrogen
atoms of the benzene ring were included in the calculated
positions and allowed to ride on their parent atoms. The nal
renements include anisotropic thermal parameters of all non-
hydrogen atoms, except the oxygen atoms of the water mole-
cules. The CheckCif of compound 2 reveals several A and B rank
alerts. These alerts are primarily due to the low quality of the
crystal. Further details are given in the ESI (Fig. S3†). The crystal
data are given in Table 1. CCDC le numbers: 1916502 and
1916503.
Powder X-ray diffraction

The powder X-ray diffraction pattern of compound 1 was
collected at room temperature with a D8 advance A25 Bruker
apparatus with Bragg–Brentano geometry (q–2q mode).
X-ray thermodiffraction

X-ray thermodiffractometry was performed for compound 1
under a 5 L h�1 nitrogen ow in an Anton Paar HTK1200N of
a D8 Advance Bruker diffractometer (q–qmode, CuKa radiation)
equipped with a Vantec1 linear position sensitive detector
(PSD). Each powder pattern was recorded in the range 5–50� (2q)
Table 1 Crystal data and structure refinements for the compounds 1 an

1

Formula C19H8N
Formula weight 673.29
Temperature/K 300
Crystal type Green
Crystal size/mm 0.09 �
Crystal system Tetrag
Space group I41/a
a/Å 11.709
b/Å 11.709
c/Å 27.227
a/� 90
b/� 90
g� 90
Volume/Å3 3733.4
Z, rcalculated/g cm�3 8, 2.39
m/mm�1 8.769
q range/� 1.89–2
Limiting indices �15 #

�15 #

�36 #

Collected reections 40 345
Unique reections 2335 [R
Parameters 147
Goodness-of-t on F2 1.024
Final R indices [I > 2s(I)] R1 ¼ 0

wR2 ¼
R indices (all data) R1 ¼ 0

wR2 ¼
Largest diff. peak and hole/e Å�3 0.507 a

This journal is © The Royal Society of Chemistry 2019
(at intervals of 20 �C between RT and 800 �C) with a 1 s per step
scan, corresponding to an approximate duration of 37 min. The
temperature ramps between two patterns were 5 �C min�1.
Thermogravimetric analysis

Thermogravimetric experiment was carried out for compound
1, on a thermo-analyzer TGA 92 SETARAM under air atmosphere
with a heating rate of 5 �C min�1 from room temperature up to
800 �C.
Infrared spectroscopy

Infrared spectrum of compound 1 (see ESI†) was measured
between 4000 and 400 cm�1 on PerkinElmer Spectrum Two™
spectrometer equipped with a diamond Attenuated Total
Reectance (ATR) accessory.
UV/visible spectroscopy

UV/Vis spectrum of compound 1was collected on a PerkinElmer
Lambda 650 spectrophotometer equipped with a powder
sample holder set.
Gas sorption

Gas sorption experiments were carried out for compound 1
using a Micromeritics ASAP 2020 apparatus. Prior to measure-
ments, the solid was degassed at 120 �C for approximately 6 h
until the outgas rate reached below 4 mmHg. The BET surface
d 2

2

O12U C8H44Cl8NO124U14

6701.25
100

block Brown plate
0.08 � 0.04 0.04 � 0.03 � 0.01
onal Tetragonal

I�4
9(16) 18.247(2)
9(16) 18.247(2)
(4) 29.034(3)

90
90
90

(12) 9667(2)
6 2, 2.302

11.890
8.36 1.32–16.59
h # 15 �14 # h # 14
k # 15 �13 # k # 13
l # 36 �23 # l # 23

25 791
(int) ¼ 0.0630] 2633 [R(int) ¼ 0.1273]

263
1.051

.0208 R1 ¼ 0.0542
0.0422 wR2 ¼ 0.1339
.0408 R1 ¼ 0.0835
0.0471 wR2 ¼ 0.1563
nd �0.580 0.894 and �0.899

RSC Adv., 2019, 9, 22795–22804 | 22797
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was estimated by gas sorption isotherm experiments in liquid
nitrogen (77 K) from the p/p0 range: 0.02–0.3. CO2 adsorption
was performed from 3 to 760 mmHg at 273.15 K.
Results
Structure description

The crystal structure of U(1,2,3-Hbtc)2$0.5CH3CN (compound 1)
is built up from the three-dimensional assembly of one distinct
crystallographically independent uranium center (U1) linked to
each other by the hemimellitate ligands. The uranium atom is
located on the special position 8e (along the 2 axis) and is eight-
fold coordinated in a square antiprismatic geometry with the
oxo groups of carboxylate arms of the hemimellitate linker
(Fig. 1). Typical U–O bonds distances are ranging from 2.282(3)
up 2.442(3) Å and agree well with those for U(IV) based on the
bond valence considerations52 (calculated to be of 4.23 for 4+).
This square antiprismatic coordination environment for the
discrete tetravalent uranium center, was previously reported in
some networks involving carboxylate linkers. The rst example
is the chain-like coordination polymer with acetate ligands.47

Other compounds also exhibit isolated anti-prismatic [UO8]
units linked to one another via oxalate ligands in a layered
network53 or engaged in 3D frameworks for the desolvated
uranium isophthalate (U(1,3-bdc)2).29 The unique crystallo-
graphically independent hemimellitate ligand acts as a tri-
dentate linker with uranium; two of the carboxylate arms are
linked to one uranium atom through a monodentate fashion
whereas one carboxylate group is linked to two adjacent
uranium centers in a bidentate bridging fashion (Fig. 1). The
remaining non-bonded carboxyl group is either in terminal
Fig. 1 (Top) Coordination environment around the uranium (U1) atom
in a square antiprismatic geometry (green UO8 polyhedra) in the
compound 1, U(1,2,3-Hbtc)2$0.5CH3CN, (Bottom) coordination mode
of the tritopic hemimellitate ligand with the three uranium centers U1.

22798 | RSC Adv., 2019, 9, 22795–22804
position (with C6 ¼ O6 length of 1.234(5) Å) or attaches
a hydrogen atom related to C–OH, or the protonated state of the
tricarboxylate molecule (C1–O5 ¼ 1.270(5) Å). This congura-
tion is hardly observable by infrared spectroscopy, as it is
hidden under a very broad band centered at 1610 cm�1, which is
typical for the C–O bonds connected to uranium (Fig. S5†).

The structure is constructed from a dimeric sub-unit of
uranium atoms bridged to each other via four carboxylate
groups from the four distinct organic molecules. This uranium-
centered dimer is linked to each other via the monodentate
carboxylate arms from two other hemimellitate ligands to
generate innite corrugated chains along the a and b axes
(Fig. 2). The ribbons are further connected to each other
through the bidentate carboxylate arms of the organic compo-
nents along the perpendicular directions (b or a axis) to even-
tually form a three-dimensional framework (Fig. 3). Narrow
channels are then generated along the a and b directions, but
are obstructed by the aromatic rings of the tritopic ligands
pointing toward the centers, limiting the pore accessibility
(aperture diameter z 2–3 Å). However, acetonitrile species are
found to be trapped within these small pores and are statisti-
cally located on two equivalent positions (50% occupancy)
around the�4 axis of the structure. These solvent molecules are
removed aer the washing step using ethanol. This was
conrmed by the fact that the infrared spectrum of the activated
compound does not reveal vibrations associated to acetonitrile
(Fig. S5†). The resulting framework is neutral, with the U/[1,2,3-
btc] stoichiometry of 1/2, involving the monoprotonated
organic ligand that is negatively charged with �2.

Whereas N2 sorption at 77 K did not indicate any porosity
associated with the 3D framework (BET surface value close to
zero), the capture of CO2 at 273.15 K revealed a small gas uptake
(12 cm3 g�1) at 760 mmHg (Fig. S9†). The better affinity for CO2

could attribute to the smaller kinetic diameter of CO2 (B¼ 3.3 Å)
compared to that of N2 (B ¼ 3.6–3.8 Å),54 as well as the existence
of structural defects allowing the access to microporous cages.

The solid-state UV-Vis spectrum of compound 1 (Fig. S6†)
exhibits a typical signature for the U(IV). The different
Fig. 2 Connection mode of the dinuclear uranium-centered sub-unit
through the protonated hemimellitate ligands along the a axis in
U(1,2,3-Hbtc)2$0.5CH3CN (1). Green polyhedra: square antiprisms
UO8.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (Top) Three-dimensional framework of U(1,2,3-Hbtc)2$0.5CH3CN (1). The blocks related to the four discrete UO8 units correspond to the
infinite corrugated ribbons shown in Fig. 2. (Bottom) Schematic representation of the three-dimensional network showing the channels
developed along the a (or b) axis, in which disordered acetonitrile species are encapsulated. The acetonitrile molecules are shown randomly due
to their statistically disordered positions within the channels. Green polyhedral and circles; uranium, grey circles; carbon, blue circles; nitrogen
(from acetonitrile).
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adsorption bands corresponds to the f–f transitions from the
3H4 ground state to various excited states. Between 350 and
575 nm, a series of signals with moderate intensity are observed
and assigned to the different transitions 3H4 / P2 (433 nm);
3H4 / 1I6 (455–520 nm) and 3H4 / 3P1 (548 nm). The more
intense band is located between 619 and 667 nm, which is due
to the transitions from 3H4 / 3P0/

1D2/
1G4. The last transition

3H4 / 3H6 is characterized by a quite broad signal, centered
around 820 nm. These values were previously reported in
diverse uranium(IV)-containing solid compounds (phosphate,55

phosphonate,56 uoride,57 chloride,58 carboxylate18,29,48).
The X-ray thermodiffractogram of the washed compound 1

(Fig. S7†) revealed that the solid of compound 1 is stable up to
280 �C. Above this temperature, the intensity of Bragg peaks
decreased and eventually resulted in the formation of an
amorphous product at 300 �C. The increase of the temperature
induces the formation of an uranium oxide over 420 �C, which
was identied as U3O8 (pdf le: 00-020-1345). From 500 �C, new
intense Bragg peaks was growing at 21.4, 26 and 34� (in 2q),
corresponding to the formation of UO3 (pdf le: 00-018-1429).

These observed structural transformations were also well
supported by thermogravimetric analysis (Fig. S8†). The
decomposition of the organic part was ranging from 200 to
470 �C, and was composed of two steps (exp: 55.5%, calc.:
This journal is © The Royal Society of Chemistry 2019
57.1%). The rst step ends at 410 �C and could be assigned to
a partial decomposition of the carboxylate/carboxylic functions
into CO2. The subsequent step can be assigned to the degra-
dation of the remaining part of the ligand. U3O8 was identied
as the nal residue and lead to a nal plateau at 44.5%.

Another type of crystalline product was observed in the
supernatant that was obtained 24 hours aer the solvothermal
reaction of UCl4 with 1,2,3-benzene tricarboxylic acid in aceto-
nitrile. Aer leaving this solution for one month in closed cell
under argon atmosphere, brownish plate-like crystals appeared.
Its single-crystal X-ray diffraction analysis revealed a new crystal
structure of U(IV) engaged in the molecular poly-oxo cluster
system containing fourteen uranium centers (denoted as {U14}
or compound 2 hereaer). The structure consists of an inner
core with six uranium atoms that are linked to each other
through m3-oxo (O1) or m3-hydroxo (O2) groups (Fig. 4). This is
a typical hexanuclear motif, reported for many coordination
complexes bearing tetravalent actinides (Th,59–62 U,32,35 Np,19

Pu46) surrounded by bidentate ligands (mainly carboxylate
groups). In the hexanuclear motif of compound 2, there are two
distinct crystallographically independent uranium centers (U1
and U2), which are either eight-fold coordinated in a square
antiprismatic geometry (U1) or nine-fold coordinated in
a mono-capped square antiprismatic geometry (U2). They are
RSC Adv., 2019, 9, 22795–22804 | 22799
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Fig. 4 Structure arrangement of the internal hexanuclear core [U6O4(OH)4] in the poly-oxo cluster {U14} (2). The carboxylate groups of oxalate
and hemimellitate ligands act bidentately to bridge two adjacent uranium centers (U1 and U2). Green circles and polyhedral; uranium U1 or U2,
red circles; oxygen, grey circles; carbon.
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bridged to each other either via two m3-oxo groups (U–O1 ¼
2.21(5)–2.28(5) Å) and two m3-hydroxo groups (U–O2 ¼ 2.41(5)–
2.55(5) Å). Bond valence calculations52 give the values of 1.88
and 1.10 for the oxo and hydroxo species. In case of U1, addi-
tional four oxo groups from the carboxylate arms of the hemi-
mellitate molecules coordinate to the metal center with U1–O
distance of 2.41(5) Å. The same conguration occurs for U2 that
is coordinated by two carboxyl oxygens of two distinct hemi-
mellitate molecules with U2–O bond lengths of 2.46(5)–2.48(5) Å
and are further coordinated by carboxyl oxygens of two distinct
oxalate molecules with U2–O bond lengths of 2.58(5)–2.61(5) Å.
A ninth oxygen atom (O11) capping one square face of the
antiprismatic polyhedron is attached to the U2 atom with U2–O
bond length of 2.45(4) Å, bridging two adjacent uranium centers
(U3 and U4) in a m3 conguration. Through this m3-O11 oxo
group, the hexanuclear unit is then further connected to four
pairs of uranium centers located in a plane perpendicular to the
�4 axis. These exterior uranium atoms (U3 and U4) are nine-
fold coordinated in a distorted tri-capped trigonal prismatic
Fig. 5 Structure arrangement of the exterior uranium centers (U3, U4) s
cluster {U14} (2). O9, O10, O12, and O21 are terminal aquo species. Slat
circles; carbon, cyan circles; chlorine.

22800 | RSC Adv., 2019, 9, 22795–22804
geometry with several different ligands (Fig. 5). The U3 center is
surrounded by ve oxygen atoms from carboxyl functions, in
which two from oxalate with U3–O distances of 2.52(4)–2.59(5)
Å, two from hemimellitate with U3–O distance of 2.37(4) Å, and
one from acetate with U3–O distance of 2.35(7) Å. The U3 center
is further coordinated by one terminal aquo species (U3–O21 ¼
2.58(6) Å), one bridging m3-O11 group between U3 and U4 (U3–
O11 ¼ 2.20(4) Å), one terminal chloro species (U3–Cl1 ¼ 2.89(3)
Å), and one bridging chloro group between U3 and U4 (U3–Cl2
¼ 2.63(4) Å). This results in the coordination type of
[UO(Ocarboxyl)5(H2O)Cl2]. The adjacent U4 atom is linked to the
U3 polyhedron via the m3-O11 group (U4–O11 ¼ 2.15(4) Å), four
carboxylate oxygens (two from oxalate with U4–O distances of
2.49(4)–2.61(5) Å and two from hemimellitate U4–O distances of
2.36(6)–2.47(7) Å), one bridging chloro group (U4–Cl2 ¼ 2.71(4)
Å) and three terminal water molecules (U4–O ¼ 2.44(8)–2.68(5)
Å). The coordination environment of U4 center is therefore
[UO(Ocarboxyl)4(H2O)3Cl]. The bond valence calculations52 of
these different oxygen species adequately reect the difference
urrounding the central hexanuclear core [U6O4(OH)4] in the poly-oxo
e circles and polyhedral; uranium U3 or U4, red circles; oxygen, grey

This journal is © The Royal Society of Chemistry 2019
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in charge between oxo-(m3-O11: 2.09) and terminal aquo species
(O9: 0.40; O10: 0.22, O12: 0.29 and O21: 0.28).

The two exterior uranium atoms U3 and U4 are therefore
linked through the common vertices formed by one m3-oxo and
m2-chloro groups, forming a dinuclear sub-unit which are
further linked via the oxalate species to form an eight-
membered ring along a plane perpendicular to the �4 axis of
the crystal structure (Fig. 6). This resulting crown-like
[U8O4Cl4(ox)4] ring encapsulates the hexanuclear core
[U6O4(OH)4] located at the center via m3-oxo groups (O11) and
two carboxyl oxygen atoms from the arm of oxalate molecule.
Fig. 6 (Top) Structure arrangement of the external crown-like
[U8O4Cl4(ox)4] ring composed of four dinuclear units (U3 and U4) that
are further linked to each other via the oxalate molecules. (Bottom)
Molecular structure of the poly-oxo cluster [U14O8(OH)4Cl8(H2-
O)16(1,2,3-Hbtc)8(ox)4(ac)4] (2). Green/slate circles and polyhedral;
uranium, red circles; oxygen, grey circles; carbon, cyan circles;
chlorine.

This journal is © The Royal Society of Chemistry 2019
This particular combination of internal hexanuclear core and
external U8 ring eventually results in the formation of a new type
of cluster involving the mixed-oxo/hydroxo-bridged fourteen
uranium atoms with the chemical formula [U14O8(OH)4Cl8(H2-
O)16(1,2,3-Hbtc)8(ox)4(ac)4]. In this {U14} motif, the hemi-
mellitate ligand exists as a monoprotonated molecule as it is
observed in compound 1. One of the three carboxylate arms is
non-bonded with a typical short C]O bond distance of 1.23(10)
Å and a long C–OH bond length of 1.33(11) Å. The other two
carboxylate arms adopt a bidentate bridging mode toward
either U1 or U2 atoms of the hexanuclear core, or U3 or U4
atoms of the exterior dinuclear sub-units, resulting in a tetra-
dentate connection fashion with the uranium centers. The
oxalate linker also connects four uranium atoms: one carbox-
ylate group links two uranium atoms (U3 and U4) in a bidentate
bridging manner, whereas the other carboxylate arm is bis-
bidentate and connect four uranium atoms. Another organic
molecule found in this crystal structure is acetate molecules
acting monodentately to link the U3 atoms. The presence of
these oxalate and acetate ligands is unexpected since they were
not present in the initial reaction medium. They were
presumably produced by the slow hydrolysis process during
a long reaction duration of one month. In fact, acetonitrile is
known to undergo hydrolysis under acidic conditions to
generate acetamide and subsequently acetic acid. The in situ
formation of the oxalate from polycarboxylate molecules are
also described in detail in literature, even in terms of the
formation of coordination polymers of actinides.63–69 The
generation of oxalate can be reasonably interpreted as a result
of the oxidative benzene ring-opening followed by decarboxyl-
ation to generate the dicarboxylate moiety.70 The low synthetic
yield of the {U14} cluster is therefore correlated to the slow in situ
degradation of the initial 1,2,3-benzene tricarboxylic acid and
acetonitrile into the oxalate and acetate species, respectively.
The resulting chemical formula of {U14} ([U14O8(OH)4Cl8(H2-
O)16(1,2,3-Hbtc)8(ox)4(ac)4]) is neutral when taking into account
all the different ligands (monoprotonated hemimellitate,
oxalate, acetate, oxo, hydroxo, chloro, and aquo groups). In the
crystal packing, free water molecule are intercalated among the
{U14} units. However, due to the large uncertainty of the X-ray
diffraction data, the hydrogen-bond network could not be
adequately dened.

The formation of such a poly-oxo cluster has been previously
described for the formation of the {U38} cluster with a similar
synthetic procedure.36 In the case of {U38}, a transient phase has
been observed in the supernatant solution aer 4 hours of
reaction.39 The resulting product, which crystallized with a very
low yield, consists of another dodecanuclear cluster {U12} with
the comparable structure arrangement consisting of an inner
hexanuclear core [U6O4(OH)4] surrounded by three dinuclear
uranium sub-units. The {U12} motif also involves benzoate
molecules that introduced in the initial reaction medium,
together with oxalate groups (and glycolate) generated by the
partial decomposition of the initial benzoic acid. In this context,
the formation of the {U14} cluster can be considered as a deriv-
ative of the {U12} cluster. As illustrated in Fig. 7, the difference
between {U12} and {U14} clusters is only the number of
RSC Adv., 2019, 9, 22795–22804 | 22801
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Fig. 7 Different connection manners between the central hexanuclear core [U6O4(OH)4] and peripheral dinuclear uranium sub-units to form
different uranium clusters (top; {U14}, bottom; {U12}39).
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peripheral dinuclear uranium subunits surrounding the central
hexanuclear core [U6O4(OH)4]. This suggests that other U(IV)-
based poly-oxo clusters with the nuclearity of “6 + 2n” (i.e. n¼ 1–
6, which correspond to {U8} up to {U18}) could be potentially
feasible by adjusting the number of the exterior dinuclear
subunits. This far, only n¼ 3 ({U12}) and 4 ({U14}) members were
isolated. These two clusters differ signicantly in terms of
structure as compared with those reported by Mazzanti, in
which the intermediates members ({Ux} where 6 # x # 38) are
formed via the association of hexanuclear motifs.37 In this
cluster series, the uranium centers in the inner core of the poly-
oxo clusters adopt a cubic coordination UO8 environment of
UO8 for the higher nuclearity (x > 12), instead of the square
antiprism observed in our system.
Conclusion

The solvothermal reaction of tetravalent uranium (U(IV)) with
hemimellitic acid (1,2,3-H3btc) in acetonitrile solvent with
a controlled amount of water (molar ratio H2O/U z 8) resulted
in the crystallization of two distinct coordination cluster
complexes of U(IV). The compound 1, [U(1,2,3-Hbtc)2]$
0.5CH3CN, was obtained aer a solvothermal treatment for 24
22802 | RSC Adv., 2019, 9, 22795–22804
hours. Its crystal structure exhibits a three-dimensional open-
framework consisting of inorganic [UO8] discrete units con-
nected through the hemimelitate ligands, showing a thermal
stability up to 280 �C. Although solvent acetonitrile molecules
are encapsulated within the network, the porosity in 1 is very
limited due to very small channel apertures. It however allows
the small amount of CO2 sorption (12 cm3 g�1 at 760 mmHg). In
the same chemical system, another cluster compound (2)
appeared when leaving the supernatant solution for one month.
This yielded a newmolecular poly-oxo cluster involving fourteen
uranium atoms ([U14O8(OH)4Cl8(H2O)16(1,2,3-Hbtc)8(ox)4(ac)4]).
During the formation of 2, the partial decomposition of hemi-
mellitate and acetonitrile molecules presumably occurs to
generate oxalate and acetate that are incorporated in 2. In
addition to the hemimellitate ligand, these supplementary
organic anions promote the stabilization of the hexanuclear
[U6O8] core surrounded by four dinuclear {U2} subunits. This
resultant structural arrangement indicates the slow hydrolysis
process during the synthesis to form oxo/hydroxo bridges
between the uranium centers, eventually forming the particular
{U14} motif supported and stabilized by different O-donor
organic ligands (hemimellitate, oxalate, and acetate). The
elucidation of this {U14} cluster together with the previously
This journal is © The Royal Society of Chemistry 2019
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reported {U12} cluster potentially opens a new route for the
synthesis of a series of other cluster systems deriving from the
hexanuclear [U6O8] core surrounded by dinuclear uranium
subunits with the uranium nuclearity of “6 + 2n”.
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