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ABSTRACT: The reaction of 1,3-adamantanedicarboxylic acid
(LH,) with uranyl nitrate under solvo-hydrothermal conditions,
either alone or in the presence of additional metal cations (Co®*,
Ni**, or Cu®") gives a series of nine complexes displaying a wide
range of architectures. While [UO,(L)(H,0)]-1.2SCH;CN (1) and
[UO,(L)(DMEF)] (2) are one-dimensional (1D) species analogous
to that previously known, [H,NMe,],[(UO,),(L),;]-1.5H,0 (3),
which includes dimethylammonium counterions generated in situ, is

a three-dimensional (3D) framework, and [UO,(L)(NMP)] (4)

(NMP = N-methyl-2-pyrrolidone) is a braid-shaped 1D polymer. When 3d block metal ions are present and bound to 2,2'-
bipyridine (bipy) coligands, their role is reduced to that of decorating species attached to uranyl-containing 1D polymers, as in
[UO,M(L),(bipy),]-0.5H,0 with M = Co (5) or Ni (6), and [(UO,),Cu,(L);(NO;),(bipy),]-0.5H,0 (9), or of counterions, as
in [Ni(bipy);][(U0,),(0),(L);]-3H,0 (7), in which a two-dimensional (2D) assembly is built from tetranuclear uranyl-
containing building units. In contrast, the heterometallic 3D framework [UO,Cu(L),] (8) can be isolated in the absence of bipy.
The emission spectra measured in the solid state display the usual uranyl vibronic fine structure, with various degrees of
resolution and quenching, except for that of complex 7, which shows emission from the nickel(II) centers. The magnetic
properties of complexes $, 6, 8, and 9 were investigated, showing, in particular, the presence of zero-field splitting effects in 6 and

weak antiferromagnetic interactions in 9.

B INTRODUCTION

Polycarboxylic acids based on the cyclohexane ring platform
have lately been shown to be extremely versatile ligands for the
synthesis of uranyl—organic discrete polynuclear species as well
as coordination polymers, networks, or frameworks."! In
contrast with the benzenic polycarboxylic acids that have
been much investigated in uranyl chemistry,” the uranyl
complexes with these alicyclic analogues were until very
recently limited to those with cyclohexane-1,3-dicarboxylic
acid, which gives one- and two-dimensional (1D and 2D)
assemblies,® and with all-cis-1,2,3,4,5,6-cyclohexanehexacarbox-
ylic acid, which is found in 2D uranyl—lanthanide(III)
heterometallic species,* with some other examples including
derivatives such as a monoester of Kemp’s triacid, which gives
an octanuclear uranyl cage,5 and bicyclo[2.2.2]oct-7-ene-
2,3,5,6-tetracarboxylic acid, which affords a 2D ::1ssembly.6 In
its reactions with uranyl ions under solvo-hydrothermal
conditions, Kemp’s triacid itself (cis,cis-1,3,5-trimethylcyclohex-
ane-1,3,S-tricarboxylic acid) was latterly shown to be very
sensitive to the choice of the organic cosolvent and the
presence of additional cations, thus giving various species
ranging from quite unremarkable 1D or 2D coordination
polymers to unusual discrete or 1D species, metallacyclic, cage-
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like, or nanotubular.” While the axial position of the acid groups
in this ligand is conducive to the formation of polynuclear,
closed species, a nanotubular assembly was also obtained with
all-equatorial 1,3,5-cyclohexanetricarboxylic acid, beside various
2D and three-dimensional (3D) architectures.® All these results
prompted us to undertake the investigation of other ligands in
this family, and the present work involves the geometrically
constrained 1,3-adamantanedicarboxylic acid (LH,), in which
the two acid groups are necessarily equatorial. The synthesis
and crystal structure of a uranyl complex with L~ have
previously been reported, this compound crystallizing as a 1D
coordination polymer in which the carboxylate groups are
either chelating or bridging bidentate.” This compound having
been synthesized under purely hydrothermal conditions, it
appeared worthwhile to introduce variations in the exper-
imental setup so as to possibly generate complexes with
different architectures and higher dimensionalities. We report
herein the synthesis and crystal structure of nine uranyl
complexes with L?>~ obtained under solvo-hydrothermal
conditions with various organic cosolvents, as well as, in most
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cases, their luminescence properties at ambient temperature.
Several of these complexes include additional metal ions from
the 3d block series, and their magnetic properties are also
described.

B EXPERIMENTAL SECTION

Syntheses. Caution! Uranium is a radioactive and chemically toxic
element, and uranium-containing samples must be handled with suitable
care and protection.

UO,(NO;),-6H,0 (depleted uranium, R. P. Normapur, 99%),
Co(NO;),-6H,0, and Ni(NO;),-6H,0 were purchased from Prolabo,
bipy was from Fluka, and Cu(NO;),2.5H,0 and 1,3-adamantanedi-
carboxylic acid (LH,) were from Aldrich. All were used without further
purification. Elemental analyses were performed by MEDAC Ltd. at
Chobham, U.K.

[UO,(L)(H,0)]-1.25CH;CN (1). LH, (11 mg, 0.0S mmol),
UO,(NO;),-6H,0 (25 mg, 0.05 mmol), acetonitrile (0.3 mL), and
demineralized water (0.7 mL) were placed in a 10 mL tightly closed
glass vessel and heated at 140 °C under autogenous pressure, giving
light yellow crystals of complex 1 within 4 d (17 mg, 61% yield). The
acetonitrile molecules are lost upon washing with water and drying
(and possibly some hydration occurs). Anal. Caled for C,H,,0,U
(desolvated compound): C, 28.24; H, 3.16. Found: C, 27.06; H,
3.19%.

[UOL(L)(DMF)] (2). LH, (11 mg, 0.05 mmol), UO,(NO;),-6H,0
(25 mg, 0.05 mmol), Ni(NO;),-6H,0 (15 mg, 0.05 mmol), N,N-
dimethylformamide (DMF, 0.3 mL), and demineralized water (0.6
mL) were placed in a 10 mL tightly closed glass vessel and heated at
140 °C under autogenous pressure, giving light yellow crystals of
complex 2 in low yield overnight, mixed with green crystals of
[Ni,(HCOO),(H,0),]"® (formate anions being generated in situ
from DMF hydrolysis).

[H,;NMe,]L,[(UO,),(L)5]-1.5H,0 (3). LH, (11 mg, 0.05 mmol),
UO,(NO,),-6H,0 (25 mg, 0.05 mmol), DMF (0.2 mL), and
demineralized water (0.4 mL) were placed in a 10 mL tightly closed
glass vessel and heated at 140 °C under autogenous pressure, giving
light yellow crystals of complex 3 within one week (14 mg, 63% yield
based on the diacid). Anal. Calcd for C,Hg;N,0,,5U,: C, 36.23; H,
4.64; N, 2.11. Found: C, 36.75; H, 4.41; N, 2.04%.

[UOL(L)(NMP)] (4). LH, (11 mg, 0.05 mmol), UO,(NO,),-6H,0
(25 mg, 0.05 mmol), N-methyl-2-pyrrolidone (NMP, 0.3 mL), and
demineralized water (0.4 mL) were placed in a 10 mL tightly closed
glass vessel and heated at 140 °C under autogenous pressure, giving
light yellow crystals of complex 4 overnight (13 mg, 44% yield). Anal.
Caled for C;H,3NO,U: C, 34.53; H, 3.92; N, 2.37. Found: C, 34.67;
H, 3.90; N, 2.35%.

[UO,Co(L),(bipy),]-0.5H,0 (5). LH, (22 mg, 0.10 mmol),
UO,(NO,),-6H,0 (25 mg, 0.05 mmol), Co(NO,),-6H,0 (15 mg,
0.05 mmol), bipy (16 mg, 0.10 mmol), DMF (0.4 mL), and
demineralized water (0.6 mL) were placed in a 10 mL tightly closed
glass vessel and heated at 140 °C under autogenous pressure, giving
orange crystals of complex S within 2 d (29 mg, 53% yield). Anal.
Caled for CyH,sCoN,O,,sU: C, 48.27; H, 4.14; N, 5.12. Found: C,
48.26; H, 3.90; N, 5.09%.

[UO,Ni(L),(bipy),]-0.5H,0 (6). LH, (11 mg, 0.0S mmol),
UO,(NO;),-6H,0 (25 mg, 0.05 mmol), Ni(NO;),-6H,0 (15 mg,
0.05 mmol), bipy (8 mg, 0.05 mmol), DMF (0.2 mL), and
demineralized water (0.6 mL) were placed in a 10 mL tightly closed
glass vessel and heated at 140 °C under autogenous pressure, giving
light pink crystals of complex 6 within one week (14 mg, 51% yield
based on the diacid). Anal. Calcd for C,,HysN,NiO;osU: C, 48.28; H,
4.14; N, 5.12. Found: C, 48.00; H, 3.74; N, 5.06%.

[Ni(bipy);I[(UO,),(0),(L)5]-3H,0 (7). LH, (11 mg, 0.05 mmol),
UO,(NO,),-6H,0 (25 mg, 0.05 mmol), Ni(NO;),-6H,0 (15 mg,
0.05 mmol), bipy (8 mg, 0.05 mmol), acetonitrile (0.3 mL), and
demineralized water (0.8 mL) were placed in a 10 mL tightly closed
glass vessel and heated at 140 °C under autogenous pressure, giving
orange crystals of complex 7 within two weeks (13 mg, 44% yield

2840

based on uranium). Anal. Caled for C4H,,N(NiO,;U,: C, 33.59; H,
3.07; N, 3.56. Found: C, 33.21; H, 3.04; N, 3.89%.

[UO,Cu(L),] (8). LH, (22 mg, 0.10 mmol), UO,(NO;),-6H,0 (25
mg, 0.05S mmol), Cu(NO;),-2.5H,0 (12 mg, 0.05 mmol), acetonitrile
(0.3 mL), and demineralized water (0.6 mL) were placed in a 10 mL
tightly closed glass vessel and heated at 140 °C under autogenous
pressure, giving blue-green crystals of complex 8 within one week (27
mg, 69% yield). Anal. Caled for C,,H,;CuO,U: C, 37.05; H, 3.63.
Found: C, 36.82; H, 3.33%.

[(UO,),Cus,(L)3(NO3),(bipy),]-0.5H,0 (9). LH, (11 mg, 0.0S mmol),
UO,(NO;),-6H,0 (25 mg, 0.05 mmol), Cu(NO;),-2.5H,0 (12 mg,
0.05 mmol), bipy (8 mg, 0.0S mmol), acetonitrile (0.3 mL), and
demineralized water (0.8 mL) were placed in a 10 mL tightly closed
glass vessel and heated at 140 °C under autogenous pressure, giving
dark green crystals of complex 9 within 3 d (25 mg, 84% yield based
on the diacid). The same complex is obtained when acetonitrile is
replaced by tetrahydrofuran (THF). Anal. Calcd for
Cs6HsoCu,N(O,, sU,: C, 37.80; H, 3.34; N, 4.72. Found: C, 38.00;
H, 3.54; N, 4.87%.

Crystallography. The data were collected at 150(2) K on a
Nonius Kappa-CCD area detector diffractometer"" using graphite-
monochromated Mo Ka radiation (4 = 0.710 73 A). The crystals were
introduced into glass capillaries with a protective coating of Paratone-
N oil (Hampton Research). The unit cell parameters were determined
from 10 frames and then were refined on all data. The data
(combinations of ¢- and w-scans with a minimum redundancy of four
(three for complex 3, eight for complex 9) for 90% of the reflections)
were processed with HKL2000."> Absorption effects were corrected
empirically with the program SCALEPACK.'”> The structures were
solved either by usual direct methods with SHELXS"® or by intrinsic
phasing with SHELXT,"* expanded when necessary by subsequent
difference Fourier synthesis and refined by full-matrix least-squares on
F* with SHELXL."” All non-hydrogen atoms were refined with
anisotropic displacement parameters. The hydrogen atoms bound to
oxygen atoms were found on difference Fourier maps, except when
indicated below. The carbon-bound hydrogen atoms were introduced
at calculated positions in all compounds. All hydrogen atoms were
treated as riding atoms with an isotropic displacement parameter equal
to 1.2 times that of the parent atom (1.5 for CHj;). Special details are
as follows.

Complex 1. One acetonitrile solvent molecule is disordered around
an inversion center, and it was given an occupancy factor of 0.5.

Complex 3. Restraints on displacement parameters were needed for
some atoms that became too strongly anisotropic during refinement.
The hydrogen atoms of the solvent water molecules were neither
found nor introduced; those bound to nitrogen atoms were introduced
at calculated positions.

Complexes 5 and 6. The oxygen atom of the water solvent
molecule was given an occupancy factor of 0.5 to retain an acceptable
displacement parameter, and its hydrogen atoms were found on a
difference Fourier map.

Complex 7. Some water solvent molecules were given partial
occupancies to retain acceptable displacement parameters and/or to
allow for too-close contacts, and some of them had to be refined with
restraints on displacement parameters. The hydrogen atoms were
found for only one of these water molecules.

Complex 9. The water solvent molecule was given an occupancy
factor of 0.5 to retain an acceptable displacement parameter, and its
hydrogen atoms were neither found nor introduced. The highest
residual electron density peak is located at 0.95 A from atom U2, and it
may result either from imperfect absorption corrections or from a
minor disordered component of atom U2. However, in the latter case,
the corresponding disordered positions of the coordinated oxygen
atoms were not found, and it was deemed better not to introduce the
minor U2 component.

Crystal data and structure refinement parameters are given in Table
1. The molecular plots were drawn with ORTEP-3,"® and the
polyhedral representations were drawn with VESTA.'® The topological
analyses were done with TOPOS."”

DOI: 10.1021/ic503004j
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Luminescence Measurements. Emission spectra were recorded
at ~298 K on solid samples using a Horiba-Jobin-Yvon Fluorolog
spectrofluorimeter. Powdered complex was pressed between two silica
plates, which were mounted such that the faces were oriented vertically
and at 45° to the incident excitation radiation. An excitation
wavelength of 420 nm was used in all cases, and the emissions were
monitored between 450 and 650 nm.

Magnetic Measurements. Magnetic measurements on powder
samples were carried out with a Quantum Design SQUID Magneto-
meter with an applied field of 1000 G. The independence of the
susceptibility value with regard to the applied field was checked at
room temperature. The susceptibility data were corrected for the
sample holder and the diamagnetic contributions as calculated from
tables of Pascal’s constants.

B RESULTS AND DISCUSSION

Synthesis. The previously reported uranyl complex with
L*, [UO,(L)(H,0)]-H,0, was synthesized in water at 180 °C
from uranyl acetate dihydrate in the presence of a slight excess
of ammonium acetate.” To screen more thoroughly the possible
outcomes of the reaction of uranyl with this ligand, we
performed a series of crystallization attempts under solvo-
hydrothermal conditions at 140 °C (no other temperature was
used) with either acetonitrile, DMF, NMP, THF, or methanol
as organic cosolvents. In each case, the reaction was conducted
either with uranyl nitrate alone, or with additional cobalt(II),
nickel(II), or copper(Il) nitrate, the latter cations being added
in view of increasing the assembly dimensionality.'**»%'® For
each of the 3d block cations, attempts were made with or
without addition of bipy, a ligand with a strong affinity for these
cations. No basic agent was added in any case (except bipy as
just stated, but in view of its coordinating properties), since
they are not necessary for the complete deprotonation of the
diacid under the present conditions. All crystals were grown
during the heating phase (not upon cooling), and their
presence in the glass vials was checked visually.

Most of these experiments did not produce crystals suitable
for diffraction, common outcomes being the formation of
amorphous or microcrystalline precipitates, or of no solid
whatever, even after heating had been continued for several
weeks. Methanol and THF appeared particularly unsuitable in
this respect. Among the nine complexes that could be
crystallographically characterized, four were obtained with
each of acetonitrile (1 and 7—9) and DMF (2, 3, 5, and 6),
while only one involved NMP (4). This last case is quite
interesting since this complex, with NMP being present as a
coligand, was crystallized in most experiments with this solvent,
even in the presence of additional cations, thus indicating the
particular stability of this species. DMF is the only one among
these solvents to be unstable under the conditions used and to
be readily hydrolyzed into formic acid and dimethylamine;19 as
a result, nickel formate was formed alongside complex 2, and
dimethylammonium cations are found in complex 3. From a
general viewpoint, apart from their usefulness for enhancing the
solubility of the reactants when this is necessary (and this
particularly when no deprotonating agent is used, as in the
present series),20 water—organic solvent mixtures seem to
provide a means for preventing in some measure the formation
of uranyl oxo/hydroxo oligomeric species resulting from
hydroly'sis,7’18k’21 which is widespread in uranyl aqueous
chemistry.l’22 Only one complex in the present series (7,
obtained with acetonitrile as a cosolvent and the basic bipy as a
coligand) contains additional oxo anions.
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Crystal Structures. The complexes [UO,(L)(H,0)]
1.25CH,CN (1) and [UO,(L)(DMF)] (2) will be very briefly
described since the first is only a different solvate of the
complex previously reported,” while the second displays the
same overall arrangement, with the aqua ligand replaced by a
DMF molecule (Figure 1; additional views are given as

utl

Figure 1. (upper) View of complex 2. Displacement ellipsoids are
drawn at the 50% probability level. Symmetry codes: i=1—x, 1 —y, 1
—zj=x+1,yz+1;k=x—1,9 2z — 1. (lower) View of the 1D
assembly showing the uranium coordination polyhedra. Hydrogen
atoms are omitted in both views.

Supporting Information). In both cases, the uranium atom is in
the usual pentagonal bipyramidal coordination environment,
with unexceptional bond lengths and angles, and the
dicarboxylate ligand is both chelating and bridging bidentate,
giving rise to the formation of a 1D coordination polymer with
the point (Schlifli) symbol {4%.6}. It is notable that the closely
related 1,3-cyclohexanedicarboxylate ligand, although bound
through the same chelating/bridging mode, yields either a 2D
network or a ladderlike 1D polymer very different from the
present one.’ It may well be that the greater bulkiness of the
adamantane-derived ligand plays a part in preventing such
arrangements. Indeed, in both 1 and 2, the adamantane
skeletons bulge on the outside of the chains.

Complex 3, [H,NMe, |,[(UO,),(L);]-1.5H,0, obtained with
DMF as a cosolvent, and thus in the presence of
dimethylammonium cations generated in situ, is a completely
different species. The crystal structure was solved and refined in
the triclinic space group P1, with four independent uranyl ions
and six L*” ligands in the asymmetric unit, and there is no
indication of a missed inversion center. All the uranyl ions are
chelated by three carboxylate groups pertaining to three ligands,
and the uranium atoms are in hexagonal bipyramidal environ-
ments, with U—O(carboxylate) bond lengths in the range of
2.407(8)—2.557(8) A [average 2.47(4) A] (Figure 2). Each
metal cation is thus a 3-fold node, whereas the ligand is a 2-fold
node only. Quite surprisingly, this connectivity mode gives rise
to the formation of a 3D framework, with the total point
symbol {20°},{20}, (first symbol for uranium, second for the
ligand; a nodal representation is given as Supporting
Information). When viewed down the ¢ axis, the structure

DOI: 10.1021/ic503004j
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Figure 2. (upper) View of complex 3. Displacement ellipsoids are
drawn at the 50% probability level. Symmetry codes: i =%,y — 1,z —
Lj=x+Ly+Lzk=xy—1z=-2l=xy+1,z+2;m=xy+1,
z+ 1;n=x—1y — 1, z. (middle, lower) Two views of the 3D
framework showing the uranium coordination polyhedra. Counterions,
solvent molecules, and hydrogen atoms are omitted in all views.

displays elongated and very narrow channels, somewhat
crescent-shaped in cross-section, with an approximate length
of 20 A, into which the adamantane carbon skeletons protrude
(Figure 2, middle). Two different kinds of wider and more
cylindrical channels appear in a view down the a axis, with
approximate cross-sectional areas of 7 X 6 and 5 X 4 A? for the
larger and smaller ones, respectively (Figure 2, lower). These
channels are occupied by the dimethylammonium counterions,
which are hydrogen-bonded to either uranyl oxo groups,
carboxylate oxygen atoms, or solvent water molecules, and may
exert a structure-directing effect during the formation of the
framework. With the counterions and solvent molecules
excluded, the Kitaigorodski packing index (KPI, estimated
with PLATON23) is 0.57.

The last complex with uranyl ions alone, [UO,(L)(NMP)]
(4), includes NMP as a coligand, a common occurrence with

2842

: 72,8,18k,21 ) . .
this solvent.””™ ®*" The asymmetric unit contains two

independent uranyl ions in similar environments (Figure 3).
Each of them is bound to one chelating carboxylate group, two
oxygen atoms from two different carboxylate ligands, and the
NMP molecule. The U-O bond lengths are in the ranges of
2.407(3)—2.478(3) A [average 2.45(3) A] and 2.306(4)—
2.399(3) A [average 2.35(3) A] for chelating and bridging
bidentate donors, respectively. The U-O(NMP) bond lengths
of 2.342(3) and 2.372(3) A are within the range previously
determined, 2.325(3)—2.438(6) A. As in complexes 1 and 2,
the ligands are both chelating and bridging bidentate, the latter
coordination mode subtending the formation of uranyl dimers.
However, each dimer is not connected to two neighbors, as in 1
and 2, but to three, two of them on either direction along the
chain axis, and the third in an oblique direction, as is apparent
from comparison of the nodal representations of the two
assemblies shown in Figure 4. As a result, the chains in 4 are
braid-shaped and form a central channel occupied by the
methyl groups of some of the NMP molecules (Figure 3,
lower). The uranyl ions are located inside, and the outer surface
is coated by the hydrophobic adamantyl framework and NMP
molecules, a trend previously observed with closed species
(cages or nanotubules) involving uranyl ions and Kemp’s
triacid.” The two uranium atoms are inequivalent nodes in the
network, as well as the two L2~ ligands, each term in the total
point symbol {4.8.10}{4%.6} corresponding to both one metal
and one ligand. The packing of the chains leaves no free space,
and the estimated KPI is 0.68.

The two isomorphous heterometallic complexes [UO,M-
(L),(bipy),]-0.SH,0 with M = Co (5) and Ni (6) were
obtained in water/DMF. The asymmetric unit corresponds to
the formula unit, both metal atoms being in general position
(Figure S). The uranium atom is chelated by three carboxylate
groups, with U—O bond lengths in the range of 2.401(3)—
2.514(2) A [average 2.47(3) A, for both compounds]. One of
the bis-chelating ligands bridges two uranium atoms related to
one another by the glide plane orthogonal to the b axis, while
the other bridges uranium and 3d metal cations. The latter are
also chelated by two bipy molecules, which gives an octahedral
cis-N,O, environment, distorted due to the small bite angle of
the ligands. The average M—O and M-N bond lengths
[respectively, 2.137(3) and 2.107(9) A for Co; 2.10(2) and
2.061(13) A for Ni] are unexceptional. Uranyl-containing
chains parallel to the ¢ axis are formed, with the M(L)(bipy),
groups attached to one side, with a tilt between successive units
due to steric hindrance, so that, when viewed along the chain
axis, the assembly appears to contain two slightly divergent
appendages (Figure S, middle). The chains are stacked in a
head-to-tail fashion along both the a and b axes, and the
packing has an estimated KPI value of 0.65 (solvent excluded).
The 3d block metal cations have no part in the building of the
polymer and can be viewed as decorating groups, just a step
away from dissociation as counterions.

Such dissociation is achieved in complex 7, [Ni(bipy),]-
[(U0,),(0),(L);]-3H,0, which was obtained from the same
reactants as complex 6 but in water/acetonitrile. This is the
only case in the present series in which oxo anions are present
as additional ligands. The asymmetric unit corresponds to the
formula unit, all metal atoms being in general position (Figure
6). The four uranium atoms are connected through chelating,
chelating and bridging, or bridging bidentate ligands, and they
are assembled into two i3-oxo-bridged tetranuclear subunits, a
very common uranyl secondary building unit (SBU)."® 75,1924
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Figure 3. (upper) View of complex 4. Displacement ellipsoids are drawn at the 30% probability level. Symmetry codes: i =2
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Each uranyl ion is chelated by one carboxylate group [U-O
bond lengths in the range of 2.419(3)—2.592(3) A, average
2.50(6) A; the values corresponding to the bridging oxygen
atoms O9 and O11 being larger than the others by ~0.1 A].
The pentagonal bipyramidal environment of each uranium
atom is completed by either one monodentate carboxylate and
two oxo anions (Ul and U3) or by two carboxylate oxygen
atoms (one from a chelating group) and one oxo anion (U2
and U4). The corresponding U—O(carboxylate) and U—
O(ox0) bond lengths are in the ranges of 2.336(3)—2.448(3) A
[average 2.39(4) A] and 2.229(3)—2.278(3) A [average
2.255(17) A]. These tetranuclear SBUs, with all uranium
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atoms seven-coordinated, correspond to the most common
type, denoted (i) in the recent review of Loiseau et al.'® The
L*" ligands bridge these SBUs to give a 2D assembly parallel to
(1 0 T) with the total point symbol {4%.6},{4.8%10%}-
{4°.6%.8},{4°}, (successive symbols for two L*~ ligands, one
L* ligand, the four uranium atoms, and the two oxo anions).
When viewed down the b axis, these sheets display a triangular
wave shape with the adamantyl groups marking the turning
points. The Ni(bipy);" cations are located in the large
intersheet channels (~16 X 9 A) directed along the b axis
(Figure 6, lower).
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Figure 4. Nodal representation of the 1D assemblies in 1 (upper) and
4 (middle), and the latter viewed down the chain axis (lower). Yellow:
uranium, red: oxygen, blue: centroid of the dicarboxylate ligand, dark
red: centroid of NMP. The bonds to nodes located upward are in bold
lines in the middle view.

The last two compounds, namely, [UO,Cu(L),] (8) and
[(UO,),Cu,(L);(NO;),(bipy),]-0.5H,0 (9), were obtained in
the presence of copper nitrate in water/acetonitrile, with
additional bipy ligands in the second case. The asymmetric unit
in 8 corresponds to half the formula unit, with the uranium
atoms located on an inversion center (Wyckoff position 4a of
space group C2/c) and the copper atoms on a 2-fold rotation
axis (position 4e). Unusually, the uranium atom is in a
tetragonal bipyramidal environment, being bound to four
carboxylate oxygen atoms from four different ligands in its
equatorial plane (Figure 7), with U—O(carboxylate) bond
lengths of 2.306(3) and 2.309(3) A, shorter than in the other
compounds due to the reduced coordination number, and in
good agreement with the average bond length of 2.28(6) A for
this geometry calculated for similar structures in the Cambridge
Structural Database (CSD, 2014 release, Version 5.35; 76 hits
with oxygen or nitrogen donors).”> The copper atom is bound
to four carboxylate oxygen atoms and is in a very distorted
square planar environment [Cu—O bond lengths of 1.926(3)
and 1.944(3) A, root-mean-square deviation from the mean
plane 0.43 A]. Both metal atoms are thus 4-fold nodes, as well
as the ligand, which is doubly bridging bidentate. This
connectivity results in the building of a 3D framework with
the total point symbol {42.8%10}{4°.6%.8},{4".6’} (successive
symbols for uranium atoms, ligands, and copper atoms), which
is represented in nodal form in Figure 8. The uranium atoms
and ligands alone are assembled into 2D UO,(L), subunits
parallel to (1 0 T), whereas the copper atoms and ligands alone
give Cu(L), chains directed along the [1 0 1] direction, so that
both cations are needed in the building of the framework.
Alternate layers of ligands and metal cations run parallel to the
be plane. No significant free space is present in the lattice, as
shown by the estimated KPI of 0.70.

The asymmetric unit in complex 9 corresponds to the
formula unit, with all metal atoms in general position and the
two uranium atoms in different environments (Figure 9). Ulis
bound to four carboxylate oxygen atoms from four L*~ ligands
[U-O bond lengths in the range of 2.315(8)—2.357(6) A,
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average 2.344(17) A] and one chelating nitrate ion, thus giving
a uranium coordination number of eight, with the particularity
that the ONO chelating site is parallel to the uranyl axis. This
very unusual arrangement has previously been observed in a
few cases, with only one of them corresponding to an overall
coordination number of eight.”® The nitrate bonding is quite
asymmetrical, with Ul—O(nitrate) bond lengths of 2.530(7)
and 2.881(11) A for O17 and O18, respectively [2.518(7) and
2.691(7) A in the previous case]; the uranium atom and the
four carboxylate donors define a mean plane with a root-mean-
squares deviation of 0.02 A, which makes a dihedral angle of
86.2(5)° with the ONO plane. The distances of 017, O18, and
N1 from this mean plane are 1.030(10), —1.055(12), and
0.071(13) A, respectively, showing that the nitrate group
straddles the uranyl equatorial plane. Consequently, the O1—
Ul—-02 angle of 172.9(3)° reflects some departure from
linearity, with the two oxo groups being pushed away from the
nitrate group. The coordination polyhedron of Ul is thus a
pentagonal bipyramid with a split equatorial vertex. Atom U2 is
chelated by two carboxylate groups and one nitrate ion, with a
hexagonal bipyramidal environment. The U—O(carboxylate)
bond lengths are in the range of 2.431(7)—2.464(7) A [average
2.447(12) A], and the U—O(nitrate) bond lengths are 2.525(7)
and 2.542(7) A. The copper atoms are bound to two
carboxylate oxygen atoms from different ligands and one
chelating bipy molecule, which gives a square planar environ-
ment [bond lengths in the range of 1.931(6)—2.009(9) A], and
they make a longer axial contact with oxo groups pertaining to
the same uranyl ion [Cul—0O1 2.400(6), Cu2—02 2.418(6) A],
resulting in an axially elongated square pyramidal geometry.
Such so-called (however improperly) cation—cation interac-
tions involving d block cations are quite frequent in uranyl
chemistry,"?P7>18%8012127 The Cu—O(ox0) bond lengths in
9 are in the lower range of usual values (2.40—2.7S A), but
shorter ones (about 2.2 A) have recently been found.”’8 It is
notable that the U=0 bond lengths involving the bridging oxo
atoms O1 and 02, 1.788(6) and 1.794(6) A, respectively, are
slightly larger than usual [for example, 1.742(7) and 1.756(7) A
for atom U2]. Two dicarboxylate ligands are chelating/bridging
bidentate, and the third is doubly bridging bidentate; all the
bridging groups connect uranium and copper atoms. The
resulting 1D assembly is directed along [0 1 1] and has the total
point symbol of {4.82},{4*}{4°}{4},{8} (successive symbols for
two L>~ ligands, atom Ul, the third ligand, the two copper
atoms, and atom U2). From a geometrical viewpoint, uranium
atoms alone are sufficient to account for the formation of the
polymer (Figure 9, lower). As in compounds $ and 6, the
terminating nature of the bipy ligand prevents the Cu(bipy)
group from being an eflicient linker. As in complex 4, the chains
appear to be somewhat inflated when viewed end-on. No
significant free space is present in the packing (KPI = 0.6S, with
solvent excluded).

Luminescence Properties. Emission spectra under
excitation at a wavelength of 420 nm in the solid state were
recorded for all compounds except 2, for which a sufficient
amount of pure crystals could not be isolated. Representative
spectra are given in Figure 10 (and the others are given as
Supporting Information). Where transition metal ion centers
are absent, the solids presently isolated show well-resolved
luminescence typical of uranyl ion.”® The usual vibronic
progression in the ~460—600 nm range is apparent in the
spectra of compounds 3 and 4, and also in 1, although in the
latter case the intensity is reproducibly very low, with six peaks
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Figure S. (upper) View of complex S. Displacement ellipsoids are drawn at the 50% probability level. Symmetry codes: i =x, 1/2 — y,z + 1/2;j =,
1/2 = y, z — 1/2. (middle) Two views of the 1D assembly, edge-on (left) or end-on (right). (bottom) View of the packing. The uranium
coordination polyhedra are shown in yellow, and those of cobalt are shown in green. Solvent molecules and hydrogen atoms are omitted in all views.

corresponding to the S;; = Sy and Sy = S, (v = 0—4)
electronic transitions.”” The positions of the three major peaks
vary significantly, with a shift of ca. 11—14 nm when going from
3 (480, 500, and 522 nm) to 4 (491, 513, and 536 nm). This is
probably due to the variation in the number of donor atoms in
the equatorial plane of the uranium coordination sphere, six in
3 and five in 4, a factor which is known to affect the band
positions.30 Transition metal ions, Cu(Il) in particular, are
known to be quenchers of uranyl ion emission, due to energy
transfer to the d—d absorption band and nonradiative decay,
and this is observed for complexes S, 8, and 9, which are
essentially nonluminescent, as is the case in some closely
related species.'®*"3! However, such quenching is not always
complete, as shown by the well-resolved (but rather weak)
emission observed for the Ni(II)-containing species 6. In the
presence of Ni(IT) as [Ni(bipy);]** in complex 7, while the
uranyl emission is quenched, a new, very broad emission band
appears, with three barely resolved maxima in the 515—542 nm

2845

range. In both its form and position, this band corresponds well
with the 3AZg — 3Tlg absorption band observed near 520 nm in
the solution (ethanol) spectrum of [Ni(bipy),](ClO,),.** Since
excitation of [Ni(bipy);](NO;), at the same wavelength (420
nm) as used for the uranyl-containing species produces no
emission near 530 nm, it would appear that the excited uranyl
unit is able to transfer its energy of excitation directly to the
3T1g excited state of the Ni(Il) center, which then undergoes a
radiative decay. This also appears to be the case in the
heterometallic complex [(UO,),Ni(nta),(NMP),]-NMP (nta
= nitrﬂotriacetate).lgk The energy transfer luminescence seen
with Ni(II) is completely analogous to that from U(VI) to
Sm(III) found in the mixed uranyl ion/samarium(III) complex
of phosphonoacetic acid,*> where again there is a close
proximity of the excited-state energies. For these mixed
uranyl—lanthanide phosphonoacetates, where the energy
match is poor, as in the U(VI)—Tb(III) complex, energy
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Figure 6. (upper) View of complex 7. Counterions, solvent molecules,
and hydrogen atoms are omitted. Displacement ellipsoids are drawn at
the 50% probability level. Symmetry codes: i = —x, =y, 1 —z;j =%,y
-1,zk=1-x—y2-zl=1-x-y—-1L2—-—zm=xy+1,z
(middle) View of the 2D assembly. (lower) View of the packing with
sheets edge-on. The uranium coordination polyhedra are shown in
yellow, and those of nickel are shown in green.

transfer does not occur, and the normal uranyl luminescence is
observed. This is also seen for a mixed U(VI)—Ni(II) complex
where the Ni is present as the aqua-complex [Ni(H,0)4]*"*
and indeed in the present case of complex 6 where uranyl
emission, although relatively weak, is seen, consistent with the
fact that the N,O, coordination environment here would lower
the ligand field and hence place the 3A2g - 3Tlg transition
more remote from the uranyl band. The complete quenching of
uranyl emission seen in the present mixed U/Co (5) and U/Cu
(8, 9) complexes is consistent with energy transfer being
followed by nonradiative energy loss, as suggested in other
cases.”"*'* For the present Cu(II) species in particular, given
that uranyl ion is a known photo-oxidant>?%** and that
bipyridine stabilizes the +I oxidation state of Cu, this is more
probable than that the quenching of the uranyl luminescence by
the Cu(II) centers is due to photoinduced electron transfer>
giving a U(V)—Cu(Ill) pair. Note that, while quenching of
uranyl luminescence by Cu(Il) is commonly observed, it is not
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Figure 7. (upper) View of complex 8. Displacement ellipsoids are
drawn at the 50% probability level. Symmetry codes:i=1 —«, 1 — y,
-2j=3/2—xy+1/2,1/2 —z,k=x—-1/2,1/2 —y,z—1/2;1=1
-0 1/2-2zm=3/2-%1/2—y,1-zn=3/2—-xy—-1/2,1/
2 — z. (middle, lower) Two views of the 3D framework. The uranium
coordination polyhedra are shown in yellow, and those of copper are
shown in blue. Hydrogen atoms are omitted in all views.

always complete®'® and that any such effects are not necessarily
associated with the presence of d—d excited states, as shown by
the presence®' and absence®® of quenching in different mixed
U(VI)—Ag(I) complexes.

Magnetic Properties. Since uranyl is a diamagnetic cation,
the magnetic properties were investigated only for the
complexes containing additional paramagnetic d block cations
(except for complex 7, in which the paramagnetic ions are
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Figure 8. Nodal representation of the framework in 8 with ¢ axis
horizontal and b axis vertical (upper), and down the [1 0 1] axis with b
axis horizontal, showing the uranium-containing sheets edge-on and
the copper-containing chains end-on (lower). Yellow: uranium, dark
blue: copper, red: oxygen, light blue: centroid of the dicarboxylate
ligand.

isolated within counterions). The temperature dependence of
the product yyT (where y, is the molar susceptibility) in the
2—300 K range for the two isomorphous compounds § and 6
are given in Figures 11 and 12, respectively. In the case of the
Co(II) complex S, the y T curve slightly increases from 300 to
130 K and then decreases to 2.3 cm® mol ™ K at 5 K. The value
of y\T at room temperature is larger than that expected for the
spin-only case (1.875 for S = 3/2), suggesting the presence of a
large orbital contribution.”” The coordination octahedron
around Co(Il) is strongly distorted; attempts were made to
fit the data with the empirical equation developed by Lloret et
al,*® but no reasonable solution was found. In the case of the
Ni(II) complex 6, yT is constant between room temperature
and 30 K (1.13 cm® mol™ K) and then decreases from 30 to 2
K. This decrease at low temperature can be attributed to the
zero-field splitting effect® and possibly to antiferromagnetic
intermolecular interactions. To investigate the magnitude of the
local axial zero-field splitting parameter D, magnetization versus
field curves recorded at 2, 4, and 6 K (Figure 12, inset) were
fitted with the Hamiltonian

H = fHg:S + D[S.* — 1/38(S + 1)] 1
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Figure 9. (upper) View of complex 9. Displacement ellipsoids are
drawn at the 30% probability level. Symmetry codes: i=1—x,1 —y,2
—z;j=1—x2—y 1 — z (middle) View of the 1D assembly shown
end-on. (lower) Two views of the 1D assembly, with and without
copper atoms. The uranium coordination polyhedra are shown in
yellow, and those of copper are shown in blue. Solvent molecules and
hydrogen atoms are omitted in all views.

where f is the Bohr magneton, H is the magnetic field, g is the
g tensor. The fitting process could not discriminate between
positive or negative D values, the best fits giving either D =
—38 cm™' (R = 5 x 107" with R = Y (yuT — YepT)/
Y (epT)?) or D = +2.9 em™ (R = 4 X 107%), with g = 2.13
(the g value was previously determined by fitting the 1/yy =
f(T) curve with a Curie—Weiss law (see Supporting
Information). The addition of an intermolecular parameter 6
= —0.07 K is needed to reproduce perfectly (R = 4 X 107°) the
amT versus T curve with the above parameters (Figure 12).
The yyT versus T and M versus H plots (where M is the
magnetization expressed in Bohr magneton) for the Cu(II)
complex 8 are given as Supporting Information, and those for 9
are depicted in Figure 13. For 8, the y\T value remains
constant when the temperature varies from 300 to 2 K, with a
value of 0.447 cm® mol™' K, which is consistent with the
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Figure 10. Solid-state emission spectra of complexes 3, 7, and 8.

Excitation wavelength 420 nm.
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Figure 11. Plot of the temperature dependence of yyT for compound
S.

magnetic behavior of isolated Cu(II) ions following the Curie
law with g = 2.18. This is confirmed by the dependence of the
magnetization on the magnetic field recorded at 2 K, which
matches the Brillouin function for a spin of S = 1/2 and a g
value of 2.18. These results are in agreement with the structure,
in which there is no distance between copper ions shorter than
8.48 A.

For complex 9, the y,T value is constant and equal to 0.882
cm® mol™" K when the temperature decreases from 300 to 20
K; then, it decreases slightly to 0.695 cm® mol™ K at 2 K. The
value of yyT at high temperature is consistent with two
noninteracting Cu(II) ions (3T = 0.750 cm® mol ™' K with g =
2), and the decrease at low temperature indicates the presence
of weak antiferromagnetic interactions. The interaction
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between the copper atoms separated by the oxo-bridging
uranyl moiety [Cul--Cu2 7.1359(16) A] must be the most
important one, but interactions between atoms belonging to
two neighboring chains [Cu2--Cu2' 7.766(2) A, symmetry
codei=1—x,1—y,1— z] via overlapping bipy groups cannot
be neglected.** However, to estimate the maximum magnitude
of the exchange we tried to fit the data with a simple dimer
model where the exchange is represented by the spin
Hamiltonian H = —2JS,S,. Both the y\T versus T and the M
versus H curves were fitted using the Magpack package®'
(Figure 13). The best fit corresponds to ] = —0.4 cm ™' and g =
2.1 (R=83x107°).

B CONCLUSIONS

Following our previous work on uranyl ion complexation by
cyclohexane-based polycarboxylates (Kemp’s triacid, 1,3-cyclo-
hexanedicarboxylic, 1,3,5-cyclohexanetricarboxylic, and
1,2,3,4,5,6-cyclohexanehexacarboxylic acids), we have inves-
tigated the conformationally constrained 1,3-adamantanedicar-
boxylic acid, which had been the subject of only one report
until now.” As in the cases of Kemp’s triacid and 1,3,5-
cyclohexanetricarboxylic acid, the experimental conditions for
the synthesis of the complexes under solvo-hydrothermal
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conditions have been varied (organic cosolvent, additional 3d
block metal cations, additional bipy coligand), which enabled
isolation of eight different homo- or heterometallic complexes
(one of them as two isomorphs), thus exemplifying once more
the high sensitivity of these systems to modifications of the
experimental setup. With respect to the triacids studied before,
the reduced number of coordinating sites makes the present
ligand a less favorable case for the synthesis of high-
dimensionality polymers or even of discrete, closed species.
However, it has been possible to isolate a 3D homometallic
framework (complex 3) based on a tris-chelated uranyl
carboxylate motif, with dimethylammonium counterions
generated in situ. Two cases are encountered when divalent
3d block additional cations (Co, Ni or Cu) are present. When
the bipy coligand is added, it coordinates preferentially to the
3d metal cation and reduces consequently its ability to act as a
bridging species; in this case, the M(bipy)2" moiety (x = 1-3)
is either a decorating group attached to the uranyl-containing
polymer (complexes 5, 6, and 9) or a completely separated
counterion (7), as was previously observed with Kemp’s
triacid.”* Only in the absence of bipy was it possible to generate
a 3D uranyl—copper (1) framework in which both metal cations
are part of the fabric of the polymer (8), this being one more
example of the interest of using additional cations to increase
the dimensionality in uranyl—organic assemblies. Emission
spectra measured in the solid state display either well-resolved
uranyl signals in the species devoid of 3d block metal ions
(although very weak for 1), or various degrees of quenching in
the heterometallic complexes. Complex 7 is unusual in showing
emission bands probably due to nickel(II) centers. In
complexes 8 and 9, the copper(II) cations are either
magnetically isolated or display weak antiferromagnetic
exchange, while zero-field splitting effects and possible
antiferromagnetic intermolecular interactions are present in
the nickel(II)-containing complex 6.
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