Inorganic Chemistry

pubs.acs.org/IC

Occurence of an Octanuclear Motif of Uranyl Isophthalate with
Cation—Cation Interactions through Edge-Sharing Connection Mode

TIonut Mihalcea," Natacha Henry,* Nicolas Clavier," Nicolas Dacheux,’ and Thierry Loiseau™

+

"Unité de Catalyse et Chimie du Solide (UCCS)—UMR CNRS 8181, Université de Lille Nord de France, USTL-ENSCL, Bat C7,

BP 90108, 59652 Villeneuve d’Ascq, France

FICSM—UMR 5257 CNRS/CEA/UM2/ENSCM, Centre de Marcoule, Bat. 426, BP 17171, 30207 Bagnols/Ceze, France

o Supporting Information

ABSTRACT: An uranyl isophthalate has been hydrothermally
synthesized at 200 °C for 24 h, from a mixture of uranyl nitrate,
isophthalic acid, and hydrazine in water. It was characterized by single-
crystal analysis [triclinic, P1, a = 7.3934(3) A, b = 13.3296(5) A,
c = 154432(5) A, o = 111.865(2)°, B = 90.637(2)°, y =
104.867(2)°, V = 1355.49(9) A®] and different spectroscopic
techniques (Raman, IR-ATR, UV—visible). The 3D structure of
the phase (UO,)s0,(OH),(H,0).(1,3-bdc)4-4H,0 (1,3-bdc =
1,3-benzenedicarboxylate) reveals octanuclear units based on
the association of 7-fold coordinated uranyl cations (pentagonal
bipyramid) involving a rare case of cation—cation interaction
together with edge-sharing polyhedral connection mode.

UV—visible absorption spectroscopy confirmed that uranium was only involved in the structure as uranyl forms (excluding the
presence of tetravalent or pentavalent uranium). Additionally, #-Raman and IR-ATR experiments allowed assigning four uranyl
contributions to the four types of uranyl entities in the structure, in agreement with the XRD analysis.

B INTRODUCTION

For the past decade, a lot of studies have been focused on the
synthesis and structural characterization of crystalline hybrid
organic—inorganic compounds involving metallic centers con-
nected to each other through organic linkers. These so-called
metal—organic frameworks (MOF) or coordination polymers'
may exhibit extended three-dimensional networks delimiting a
complex system of cavities and/or tunnels, which may provide
space for gas or liquid guest molecules. Many promising applica-
tions in the field of gas separation, molecular adsorption, drug
delivery, and catalysis are expected for this emerging class of
materials. It was observed that polycarboxylate species are good
candidates for the formation of such open atomic architectures,
and they were intensively used with many metals, including
almost all the elements of the periodic table.

Among them, uranium has shown a significant affinity with the
carboxylate functional group” from either aliphatic’ or aromatic*
molecules. This U—O—C bonding was reported in many infinite
atomic arrangements involving particularly the oxidation state
+6. In this situation, uranium is surrounded by two relatively
short terminal U—O distances (the typical double uranyl bond).
The U—O—C condensation is ensured by oxo species perpen-
dicularly located in a plane with square (four oxygens), penta-
gonal (five oxygens), or hexagonal (six oxygens) geometries.
This specific variety of coordination state around the uranyl
cation gives rise to the formation of very diverse topologies,
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which describe different levels of nuclearity for the inorganic
motif. Usually, isolated uranyl units are observed and connected
to each other through the organic ligands, but in some cases,
higher nuclearities are encountered with the occurrence of
dimeric,>~**** trimeric, tetrameric,*"****#™ o hexameric®
building blocks.

These different oligomers may be related to the hydrolysis
reaction of the uranyl species (UO,>") in solution with the
existence of various condensation rates due to the pH effect. A
nice illustration of the oliﬁomerization processes was recently
described by Cahill et al.*™ in the case of oxalate or squarate
ligands. In this context, we focused our attention on the reactivity
of uranyl cation with the isophthalate linker (1,3-benzenedicar-
boxylate, noted as 1,3-bdc). A previous study reported the
formation of a complex chain involving 8-fold coordinated uranyl
groups linked to each other through the 1,3-bdc molecules.*
Here, we describe an uranyl isophthalate (UO,)30,(OH),-
(H,0)4(1,3-bdc),4-4H,0 (1) with a three-dimensional frame-
work, built up from the linkage of a novel octanuclear building
unit, in which cation—cation interactions occur through an edge-
sharing connection mode. Its structure has been characterized by
X-ray diffraction technique, scanning electron microscopy in
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Figure 1. SEM images of (UO,)30,(OH),(H,0),4(1,3-bdc), - 4H,0.

environmental mode (ESEM), infrared, #-Raman, UV—yvisible
absorption and luminescence spectroscopies.

B EXPERIMENTAL SECTION

Synthesis. Caution! Because uranyl nitrate UO,(NO3),-6H,0 is a
naturally radioactive and chemically toxic reactant, some precautions with
suitable care and protection for handling such substances should be followed.

(UO2)g02(OH)4(H50)4(1,3-bdc)4-4H,0 (1). A mixture of 0.502 g
(1 mmol) of UO,(NO3), - 6H,0 (Merck, 99%), 0.042 g (0.25 mmol) of
isophthalic acid (Aldrich, 99%), 0.036 g (1.2 mmol) of hydrazine (Alfa
Aesar, 98+%), and S mL (278 mmol) of H,O was stirred magnetically
for 1 h in order to dissolve the isophthalic acid. It resulted in the
formation of a yellow precipitate with the pH of the solution being 3.7
before the hydrothermal treatment. The XRD pattern indicated that the
room temperature precipitate is very poorly crystallized (see Supporting
Information) and was not identified for the moment. The reactants were
placed in a Teflon-lined stainless steel Parr autoclave (volume 23 mL)
and then heated statically at 200 °C for 24 h. The final pH was 3.4 at the
end. The resulting orange product was then filtered off, washed with
water, and dried at room temperature. The powder consists in large
agglomerates of about S0—300 y4m in size, as can be observed by ESEM
(Figure 1). It was then analyzed by X-ray diffraction, and its pattern
(see Supporting Information) indicated that the phase 1 was obtained as
a pure phase (yield reaction of 40% based on uranium). These
aggregates are composed of submicrometric crystallites, which arrange
along sheets, leading to the multilayered morphology of the solid.

One noticed that uranium exhibits a hexavalent oxidation state in the
phase 1 (see Structure Description in the following text), although
hydrazine was used to adjust the pH. The latter molecule is also known

as a reducing agent. The optimal reaction yield was obtained for a molar
hydrazine/U ratio of 1.2. However, when increasing the hydrazine
concentration (molar hydrazine/U = 2.4), no mixed uranyl—organic
solid was obtained but only uranium dioxide, UO,, was formed as a black
powder (final pH 4.0). This reflects the reduction process due to
hydrazine, which led to the formation of tetravalent uranium involved
in a dense oxide form. Thus, the reduction of uranyl cations occurred for
a certain value of molar hydrazine/U ratio, correlated to the increase of
reaction pH.

X-ray Structure Determination. A crystal was selected under
polarizing optical microscope and glued on a glass fiber for a single-
crystal X-ray diffraction experiment. X-ray intensity data were collected
on a Bruker X8-APEX2 CCD area-detector diffractometer using Mo Kot
radiation (4 = 0.71073 A) with an optical fiber as collimator. Data
reduction was accomplished using SAINT V7.53a.” The substantial
redundancy in data allowed a semiempirical absorption correction
(SADABS V2X10®) to be applied, on the basis of multiple measure-
ments of equivalent reflections. The structure was solved by direct
methods, developed by successive difference Fourier syntheses, and
refined by full-matrix least-squares on all F> data using the SHELX’
program suite with the WINGX'® interface. The final refinements
included anisotropic thermal parameters of all non-hydrogen atoms
except the encapsulated water molecules. The crystal data are given in
Table 1. Supporting Information is available in CIF format.

Spectroscopic Characterization. The y-Raman spectra of the
prepared crystals were recorded with a Horiba—Jobin Yvon Aramis
apparatus equipped with an edge filter and using a He—Ne (633 nm)
laser. The laser beam was focused on the sample using an Olympus BX
41 microscope, resulting in a spot size of about 1 um®. In order to avoid
any structural effect due to the laser beam, the power applied to the
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Table 1. Crystal Data and Structure Refinement for
(U0,)50,(0H)4(H,0)4(1,3-bdc), - 4H,0

formula Ci6HgO23U,4
formula weight 1520.34
temperature/K 293(2)
crystal color orange

crystal size/mm 0.25 x 020 x 0.11

crystal system triclinic

space group P1

a/A 7.3934(3)

b/A 13.3296(5)

c/A 15.4432(5)

o/deg 111.865(2)

B/deg 90.637(2)

y/deg 104.867(2)

volume/A> 1355.49(9)

Z, Peaea/g cm 2,3.725

(/mm~! 23.923

O range/deg 1.43—40.68

limiting indices —13<h=13
—24<k=<24
—28=<1=<28

collected reflections 95298

unique reflections 17449 (R = 0.0566]

parameters 378

goodness-of-fit on F* 1.071

final R indices [I > 20(I)]
R indices (all data)
largest diff peak and hole/e A >

R1 = 0.0289, wR2 = 0.0682
R1 = 0.0488, wR2 = 0.0845
2.477 and —2.962

samples was set to 12 mW. At least four different locations were
investigated at the surface of each sample, usually considering a dwell
time of 3 s and an average of three scans.

IR spectra were collected through a Perkin-Elmer Spectrum 100 FT-IR
spectrometer equipped with an ATR sampling device. An average of four
scans was considered in the 380—4000 cm™ ' range with a resolution of
about 4 cm ™,

UV —visible absorption spectra were recorded from 240 to 2000 nm
using a Shimadzu UV—vis—NIR spectrophotometer UV-3600
equipped with deuterium and halogen lamps and a ISR-3100 UV —vis—
NIR integrating sphere attachment. Measurements were acquired in the
diffuse reflectance mode after recording the baseline correction and then
sticking the ground sample on adhesive tape. BaSO,4 white plate was
used as the powder reference standard.

Microscopic Characterization. SEM observations were per-
formed on powdered samples with a FEI Quanta FEG 200 environ-
mental scanning electron microscope (ESEM) using a field-emission
gun. Optimal imaging conditions were obtained using a large field
detector (LFD) under low vacuum (100 Pa) with an acceleration voltage
of 15 kV and a working distance of about 5 mm.

B RESULTS AND DISCUSSION

Structure Description. The single-crystal X-ray diffraction
analysis shows that the structure 1 exhibits a 3D network of
octanuclear bricks linked to each other through the isophthalate
ligand. This building unit possesses an inversion center (0 0 Y
Wickoff position 1b) and contains four independent crystal-
lographical sites for uranium (Figure 2). All the uranium cations
are 7-fold coordinated with two uranyl oxygen atoms in apical

Figure 2. View of the coordination environment of the octanuclear
building block in (UO,)s0,(0H)4(H,0),4(1,3-bdc)4-4H,0 (1). The
terminal O19 and O21 oxygen atoms correspond to aquo species. The
O1 and O2 oxygen atoms are t3-hydroxo groups and O3 is a yz-oxo
ligand. O10 is a u,-oxo group belonging to the short uranyl bond
attached to U3 and also linked to U4.

positions and five other oxygen atoms located in an equatorial
pentagonal plane. The uranyl distances typically range from
1.763(3) up to 1.823(3) A. One of them (O10) is slightly more
elongated [1.823(3) A] than usual [1.763(3)—1.780(3) A] since
this uranyl oxygen (attached to U3) is also involved in the
bonding with a second uranium cation [U4—010 = 2.548(3) A].
It belongs to the pentagonal plane of the latter. This u,-oxo
bridging mode for a uranyl bonding is very unusual for uranium-
(VI), since this terminal bonding generally remains free. It
corresponds to the so-called cation—cation interaction,'" which
was rarely reported in uranyl com?ounds but is much more
frequent in neptunyl-based phases."'*'? Such a configuration is
quite rare but occurs in the dense, purely inorganic uranium
oxide solids' or some organometallic complexes.'* Very re-
cently, Arnold et al. have shown the possibility of bonding of the
uranyl species with heteroatoms in large N-donor complexes."
With the Schiff base ligand salen”, Mazzanti et al. reported the
existence of cation—cation interactions in a tetranuclear motif
with mixed-valence U®"/U"). Pure pentavalent uranium
complexes were also identified with the same tetrameric building
block.'” The oxygen—uranium distances involved in the penta-
gonal plane are in the typical range from 2.217(3) up to 2.586(3) A.
Two of the oxygen atoms from the pentagonal plane of uranium
atoms U2 and U3 are in terminal positions and correspond to
aquo moieties. They are U2—019 =2.491(3) A and U3—021 =
2.433(3) A with bond valence'® values of 0.428 and 0.479,
respectively (expected value for H,O, 0.4). The pentagonal
bipyramidal polyhedra are linked to each other via a common
edge. The Ul, U2, and U3 centers are connected with a cis
sequence mode through the oxygen atoms O1, O2, and O3; the
bond valence values of Ol and O2 are 1.333 and 1.338,
respectively, and assigned to u3-hydroxo groups (expected value
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Figure 3. View of the connection mode of the two crystallographically
independent isopththalate groups (A and B) with the octanuclear
moiety in 1. For some isophthalate molecules, only some fragments
are shown, and the hydrogen atoms have been omitted as well for clarity.

Figure 4. View of the structure of (UO,)30,(OH)4(H,0)4(1,3-bdc),-
4H,0 (1) showing the water molecules (isolated red circles) encapsu-
lated in channels running along the b axis.

for OH, 1.2) bridging three distinct uranium cations. O3 is a
Us-oxo group (bond valence value of 2.068) linking the U2 and
U3 cations, together with the fourth additional uranium center
(U4). The latter shares a common oxo edge with U3 with the
Us-oxo ligand O3 and p,-oxo ligand 010, coming from the uranyl
bond with U3. Such an edge-sharing connection mode for uranyl-
centered polyhedra involving cation—cation interaction has been
reported in one complex'*” and a few inorganic solids.**®/ This
edge sharing mode induces relatively short U- - - U distances with
U2-- U4 = 40739(2) A, Ul---U3 =3.9241(2) A, U3---U2 =
3.7552(3) A, and U3 - - U4 = 3.5852(2) A, but they are out of the
range of metal—metal bonding interactions. It also induces a tilt of
the U3=010—U#4 angle with a value of 109.1(1)°. Moreover, the
occurrence of such a discrete octanuclear motif [ (UO,)s(t3-O),-
(u3-OH),4(H,0)4016] is also new for uranyl crystal chemistry.
Polynuclear cores have been previously described with three,"”
four, ¥4 44Am - Gix® uranium(VI) centers, in which only equa-
torial oxygen atoms bridge the uranium centers to each other,
without any cation—cation interaction. Related arrangements of the
particular connection fashion are encountered in many networks
based on 1D zigzag ribbons if one considers a part of the octameric
unit as a fragment of these infinite chains.'® The octanuclear building
unit is connected to each other via two crystallographically inde-
pendent isophthalate molecules (noted A and B in Figure 3). One of
the two organic molecules (A) acts as a tetradendate bridging linker
between two distinct inorganic moieties. Each of the carboxylate
arms is in syn—syn bidentate fashion with the uranyl cations. The

Adhesive tape

absorption band
D e -

Urany! absorption bands

Absorbance (A.U.)

T T T T T T T T T T T T T T T T 1
300 350 400 450 500 550 600 650 700
Wavenumber (nm)
Figure 5. UV—visible absorption spectrum of (UO,)30,(0OH),(H,0),-

(1,3-bdc) 4+ 4H,0 recorded using UV—vis—NIR integrating sphere in the
diffuse reflectance mode.

second organic molecule (B) is also linked to the uranium cations
through the carboxylate groups but connects three different inor-
ganic octamers. One of the carboxylate arms adopts a syn—syn
bidentate bridging mode, within an octamer, similar to that of the
molecule A. The second one has a syn—anti bidentate mode with
uranyl centers from two distinct octameric units. This type of
connection ensures the three-dimensional cohesion of the structure
with the generation of tunnels (Figure 4) running along the b axis
and trapping free water molecules (OW1 and OW2). These aquo
species interact to each other via hydrogen bonds [OW1- - - OW2 =
2.993(8) AJ, but also with the t3-hydroxo groups of the octamers
[OW1---01=2717(5) A; OW2- - - 02 = 2.675(6) A]. Thermo-
gravimetric analysis (see Supporting Information) indicated a first
weight loss between 120 and 300 °C, which can be assigned to the
removal of water molecules (free and bonded) and hydroxyl groups
(obsd, 5.9%; calcd, 5.8%). The second weight loss is attributed to
the departure of the organic linker (obsd, 21.2%; calcd, 21.4%) from
310 °C together with the formation of the uranium oxide a-U;O4
(obsd, 27.1%; calcd, 26.4%, based on U3Og; XRD pattern file,
31-1424).

Spectroscopic Studies. The uranyl isophthalate 1 was also
fully investigated from a spectroscopic point of view through IR,
Raman, and UV —visible experiments.

Its absorption spectrum in the UV —visible domain is shown in
Figure S. Optical properties of U(IV) and U(VI) in various types
of matrices are well-known.*® Fortunately, ranges of energy
where absorption takes places for each uranium ion are not
overlapping. Indeed, all the absorption bands corresponding to
the uranyl ion are observed in the ultraviolet domain. Its
signature usually consists of four main lines regularly spaced
and usually located between 350 and 450 nm. Even if the
discrimination of such bands was not easily obtained, the
observation of the large absorption band between 380 and
480 nm clearly confirmed the presence of uranium(VI) in the
prepared uranyl isophthalate. In contrast, no absorption band
associated with tetravalent uranium (3P2, 15, °Py, 'G4—"D,—>P,,
and Hg multiplets observed in the domains 420, 435—490,
500—560, 560—690 and 800 nm, respectivelyu) or pentavalent
uranium (in the near-infrared domain) is observed.*"*
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Figure 6. u-Raman spectrum of the (UO,)30,(OH),(H,0),(1,3-bdc),
4H,0: (A) in the range 150—4000 cm ™' and (B) in the domain of interest
for uranyl entities vibrations (770—900 cm ™).

Moreover, the comparison between the g-Raman and IR
spectra (Figures 6 and 7, respectively) recorded for isolated ligand
and uranyl-bearing sample allowed the observation of all the
vibration modes previously reported in the literature for isophta-
late species.”> Among them, the intense contributions related to
the C—C bonds located at around 770 and 1050 cm ' were
particularly observed in the g-Raman spectrum, while the IR
spectrum emphasized the vibrations correlated to the O—C—0O
carboxylic group at about 735 cm ! (Y(0o—c—0)) and 1375 cm *
(¥s(o—c—0)). On the other hand, particular attention was paid to
the vibrations assigned to the uranyl group, since their frequency
could be linked to the U—O bond length through the empirical
relations defined by Bartlett et al.** and based on the observation
of the symmetric ¥; mode always observed in Raman spectra and
of antisymmetric V5 vibration always observed in IR spectra for a
large variety of uranyl-based compounds.

d(U—0) (pm) = 10650[v; (cm V)] ** +57.5 (1)

d(U—0) (pm) = 9141[v; (cm )] * +804  (2)
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Figure 7. IR spectrum of the (UO,)30,(0OH),(H,0),(1,3-bdc),-
4H,0: (A) in the range 400—4000 cm ' and (B) in the domain of
interest for uranyl entities vibrations (800—1000 cm™").

Table 2. Assignments of the Vibration Bands from the IR and
Raman Spectra of (UO,)s0,(0OH),(H,0),(1,3-bdc),-4H,O

Vi (Cmil) V3 (Cmil)

Ryo(A) IR Raman IR Raman Fyo (Nm™') assignement
1.799—1.802 809 810 880  — 633 U3
1.777—1.784 832 834 901  — 666 U4
1.766—1.771 840 846 923 919 687 Ul
1755-1.762 — 852 942 932 705 U2

The determined bond lenghts can then also be used to
evaluate the Fyo bond force following:

d(U-0) (pm) = 1025[Fyo Nm )] V> +60.7  (3)

The data collected in this work are gathered in Table 2. Four
characteristic bands could be pointed out from IR and Raman
spectra. Moreover, the asymmetric character of the uranyl entity
was found to generate symmetry break up that allows the
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observation of several ¥; modes in IR and, conversely, of v;
modes in Raman, as already described in the literature for other
uranyl compounds, including phosphates.*'*® On this basis, the
set of distances calculated for the uranyl groups appeared to fit
well with the data collected through XRD measurements and
allowed proposal of the direct assignment reported in Table 1 for
three (U1, U2, and U4) of the four uranyl entities.

As the O=U3=0 uranyl motif was found to be involved in the
cation—cation interaction, a strong asymmetry was expected,
with two vibrations corresponding to the U3=010 [1.823(3) A]
and U3=014 [1.770(3) A] bonds. On this basis, the Raman
vibration located at 797 cm™ " could be correlated to the longer
U=0 bond length [1.823(3) A] but could also fit with a possible
ligand mode. Moreover, the related v3 mode was not observed in
IR (near to 861 cm ™ '). Consequently, this U3 asymmetric motif
was linked to both bands located at 810 cm™ ' (Raman) and
880 cm ' (IR). The associated bond length determined from
Raman and IR (1.799—1.802 A) appeared thus in very good
agreement with the average uranium—oxygen bond (1.797 A). In
these conditions, the contribution of this somewhat elongated
U=0O0 uranyl bond length [1.823(3) A] also explained the lower
value of Fyo bond force compared to the other bonds associated
with uranyl groups.

The luminescence spectrum (see Supporting Information)
under excitation wavelength at 365 nm shows an unresolved
broad signal with maxima at 464, 511, and 529 nm.

Bl CONCLUSION

In summary, this contribution dealt with the synthesis and
structural description of an uranyl isophthalate containing dis-
crete bricks with eight uranium centers with 7-fold coordination.
The isolation of such an expected octanuclear motif could reflect
the oligomerization process occurring during the hydrothermal
treatment, which would occur close to pH 3.5. Indeed, previous
studies reporting the different oligomers in aqueous solution have
suggested the presence of dimeric, trimeric, or tetrameric species.”*
The degree of the nuclearity increases upon the hydrolysis
reaction of the uranyl cation UO,>", which exists at low pH.
The different oligomers U2, U3, or U4 have been isolated in
some uranyl—organic frameworks, and their existence domains
have been determined as a function of pH.*! In our case, we
could consider that the occurrence of the octanuclear species
corresponds to a further step of condensation close to pH 3.5.

The other point relevant to the condensation process is the
formation of the uranyl ¢,-oxo bridge, (cation—cation interaction,
U=0-U) associated with an edge-sharing polyhedral connection
mode. This illustrates another example of this very unusual linkage
for uranyl compounds, which have been rarely described in
coordination polymers with hexavalent uranium.'3*#"** More-
over, it is quite surprising to observe such an uranyl u,-oxo group
in carboxylate chemistry, since most of the compounds from
literature are described with the typical terminal double uranyl
bond; O=U=O0 bonds are known to be very chemically inert*®
and only the equatorial oxo species are labile enough to undergo
ligands exchange for further condensation.”® Such cation—cation
interaction could be due to the presence of hydrazine in the
reaction medium, which could induce the transient reduction of
hexavalent to pentavalent uranium. The occurrence of this parti-
cular bonding U=0—U was found to be favored in some
U(vI)—U(Vv) complexes.lé The “mixed-valence species”, which

are stable in nonprotic solvent, would then be rapidly reoxidized in
the aqueous medium.”’

Further investigations will be dedicated to the studies of the
phases formation in the system uranyl-isophthalate in the pre-
sence of hydrazine in order to characterize the role of this organic
reducing agent.

B ASSOCIATED CONTENT

© Supporting Information. luminescence (CIF file). This
material is available free of charge via the Internet at http://pubs.
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