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ABSTRACT: cis-1,2-Cyclohexanedicarboxylic acid (c-chdcH2) was reacted with uranyl nitrate under (solvo-)hydrothermal
conditions in the presence of different possible counterions. Two neutral complexes of 1:1 stoichiometry were obtained,
[UO2(c-chdc)(DMF)] (1) and [UO2(c-chdc)(H2O)] (2), which crystallize as two-dimensional coordination polymers and do not
include the additional cations present in solution. In contrast, the complex [NH4][PPh4][(UO2)8(c-chdc)9(H2O)6]·3H2O (3)
crystallized in the presence of PPh4Br, ammonium cations being generated in situ from acetonitrile hydrolysis. This complex
of 8:9 uranium:ligand stoichiometry contains an octanuclear anionic cage of D3 symmetry with a pseudo-cubic arrangement
of uranium atoms. The ammonium cation is held within the cage through four hydrogen bonds with uranyl oxo groups directed
inwards. This cage complex is luminescent, although with a low quantum yield of 0.06, indicating some potential as a photooxidant of included species.

INTRODUCTION
In the field of oligomeric and polymeric solid state
complexes of uranyl ion,1–4 polycarboxylic (particularly diand tricarboxylic) acid derivatives of cyclohexane have
proven to enable the synthesis of a variety of species.5–15 The
nature of the latter depends not only on the ring substitution
pattern and its stereochemistry but also upon the solvent
used for the syntheses and the presence of additional cations.
In the case of 1,2-cyclohexanedicarboxylates, the favoured
diequatorial disposition of the carboxylate substituents in the
trans isomer (t-chdc2–)16 might be expected to have different
consequences to the favoured axial-equatorial disposition
for the cis (c-chdc2–). The trans isomer is usually referred to
as the racemic form, since it can be separated into
configurationally stable R,R and S,S enantiomers,17 while the
cis is commonly termed the meso form due to the rapid
conformational interconversion, in solution, of its Rax,Seq and
Req,Sax enantiomers. In the solid state, however, this
conformational equilibrium is blocked and although it is
common to find both enantiomers within a crystal lattice,
chiral resolution of the cis isomer has been achieved.18 Thus,
in terms of the stereochemistry of their crystalline
complexes, the two diastereoisomeric forms of the acid offer
similar possibilities going beyond differences in chelating
and bridging modes of coordination. Here, it may be noted
that consultation of the Cambridge Structural Database
(CSD, Version 5.38)19 shows both c- and t-chdc2– appear
generally to favour coordination via bridging, although cases
of chelation involving both carboxylate groups (not just the
common κ2O,O'-chelation by one alone) are known for both.

In the uranyl ion complexes formed with both racemic
and (1R,2R)-t-chdc2–,13,14 the bridging role played by the
ligands means that ligand–ligand contacts are rather remote.
This may explain the formation, besides one- and twodimensional (1D and 2D) polymeric species, of tetranuclear
[(UO2)4(t-chdc)6]4– anions which are very similar regardless
of whether the acid employed is racemic or enantiomerically
pure. Depending on the counterion (NH4+, alkali, alkalineearth cations, AgI, or PbII), these tetrahedral anions are
involved in different associations, some of them threedimensional (3D), the most remarkable being the
heterometallic cuboidal clusters formed with RbI and CsI.14
Although several cages formed from uranyl ion and organic
ligands4,5,9,10,13,14,20–23 (as well as the extensive family of
peroxo-linked uranyl nanospheres24–28) are known, the
synthesis of cages sufficiently large to include guest
molecules or ions, and particularly cages which may retain
photo-oxidant activity, remains a challenge.4 So as to
establish the influence of the geometry of chdc2– on cage
formation, we have now investigated the uranyl ion
complexes formed with c-chdc2– under (solvo)hydrothermal conditions and in the presence of different
additional species. Reported here are three complexes thus
synthesized and crystallographically characterized, one of
them being an octanuclear cage of unprecedented geometry
where an influence of the ligand chirality is apparent.
EXPERIMENTAL SECTION
Synthesis. Caution! 238U is a radioactive element, and its
complexes must be handled with suitable care and
protection.

UO2(NO3)2·6H2O (depleted uranium, R. P. Normapur,
99%) was purchased from Prolabo and cis-1,2cyclohexanedicarboxylic acid (c-chdcH2) was from Alfa
Aesar. Elemental analyses were performed by MEDAC Ltd.
at Chobham, UK.

which were refined with occupancy parameters constrained
to sum to unity; the disorder of the second carboxylate
carbon atom and the oxygen atoms was not resolved.
Restraints were applied for several bond lengths and for
displacement parameters in the disordered parts.
Compound 3. Two carboxylate oxygen atoms (O15 and
O16) are disordered over two positions which were refined
with occupancy parameters constrained to sum to unity;
further possible disorder on other carboxylate oxygen atoms
could not be resolved. One aromatic ring of the counter-ion
is disordered over three positions related by a threefold
rotation axis, one position having been refined as an
idealized hexagon. The structure has been refined as
corresponding to a two-component inversion twin, with a
Flack parameter of 0.561(11).
Crystal data for 1. C11H17NO7U, M = 513.28, monoclinic,
space group P21/c, a = 10.0016(5), b = 10.5544(7), c =
14.0906(8) Å, β = 100.435(4)°, V = 1462.82(15) Å3, Z = 4.
Refinement of 246 parameters on 2752 independent
reflections out of 37879 measured reflections (Rint = 0.031)
led to R1 = 0.039, wR2 = 0.097, S = 1.049, ∆ρmin = –
0.96, ∆ρmax = 0.86 e Å–3.
Crystal data for 2. C8H12O7U, M = 458.21, monoclinic,
space group P21/n, a = 8.7749(7), b = 9.4946(5), c =
25.5746(18) Å, β = 95.768(5)°, V = 2119.9(3) Å3, Z = 8.
Refinement of 289 parameters on 4030 independent
reflections out of 61177 measured reflections (Rint = 0.045)
led to R1 = 0.048, wR2 = 0.092, S = 1.179, ∆ρmin = –
1.50, ∆ρmax = 1.92 e Å–3.
Crystal data for 3. C96H132NO61PU8, M = 4211.23,
trigonal, space group P31c, a = 19.1042(3), c = 18.8836(4)
Å, V = 5968.6(2) Å3, Z = 2. Refinement of 546 parameters
on 7483 independent reflections out of 159700 measured
reflections (Rint = 0.027) led to R1 = 0.030, wR2 = 0.068, S
= 1.036, ∆ρmin = –2.01, ∆ρmax = 1.74 e Å–3.

[UO2(c-chdc)(DMF)] (1). c-chdcH2 (17 mg, 0.10 mmol),
UO2(NO3)2·6H2O (50 mg, 0.10 mmol), Ni(NO3)2·6H2O (30
mg, 0.10 mmol), N,N-dimethylformamide (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, yielding light yellow crystals of complex 1
overnight (7 mg, 14% yield). Anal. calcd for C11H17NO7U:
C, 25.74; H, 3.34; N, 2.73. Found: C, 25.81; H, 3.23; N,
2.56%.
[UO2(c-chdc)(H2O)] (2). c-chdcH2 (17 mg, 0.10 mmol),
UO2(NO3)2·6H2O (50 mg, 0.10 mmol), guanidinium nitrate
(24 mg, 0.20 mmol), and demineralized water (0.7 mL) were
placed in a 10 mL tightly closed glass vessel and heated at
140 °C under autogenous pressure, yielding light yellow
crystals of complex 2 within one month (8 mg, 17% yield).
Anal. calcd for C8H12O7U: C, 20.97; H, 2.64. Found: C,
20.91; H, 2.66%. The same complex was also obtained in
experiments in which guanidinium nitrate was replaced by
NaNO3 or KNO3.
[NH4][PPh4][(UO2)8(c-chdc)9(H2O)6]·3H2O (3). c-chdcH2
(17 mg, 0.10 mmol), UO2(NO3)2·6H2O (35 mg, 0.07 mmol),
tetraphenylphosphonium bromide (42 mg, 0.10 mmol),
acetonitrile (0.2 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, yielding light yellow
crystals of complex 3 within two weeks (29 mg, 79% yield
based on U). Anal. calcd for C96H132NO61PU8: C, 27.38; H,
3.16. Found: C, 27.74; H, 2.92.
Crystallography. Crystallographic data were collected at
150(2) K on a Nonius Kappa-CCD area-detector
diffractometer using graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å).29 The crystals were introduced
into glass capillaries with a protecting Paratone-N oil
(Hampton Research) coating. The unit cell parameters were
determined from ten frames, then refined on all data. The
data (combinations of ϕ- and ω-scans with a minimum
redundancy of 4 for 90% of the reflections) were processed
with HKL2000.30 Absorption effects were corrected
empirically with the program SCALEPACK.30 The
structures were solved by intrinsic phasing with SHELXT,31
and refined by full-matrix least-squares on F2 with
SHELXL-2014.32 All non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen
atoms bound to oxygen and nitrogen atoms were retrieved
from difference Fourier maps, and the carbon-bound
hydrogen atoms were introduced at calculated positions; 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 CH3, with optimized geometry). The
drawings were made with ORTEP-333 and VESTA,34 and the
topological analyses were conducted with TOPOS.35 Special
details are as follows.
Compound 1. The cyclohexyl ring and one of the
carboxylate carbon atoms are disordered over two positions

Luminescence measurements. Steady-state emission
spectra were recorded on a Horiba Jobin−Yvon IBH FL-322
Fluorolog 3 spectrometer equipped with a 450 W xenon arc
lamp,
double-grating
excitation,
and
emission
monochromators (2.1 nm mm−1 of dispersion; 1200 grooves
mm−1) and a TBX-04 single photon-counting detector.
Emission and excitation spectra were corrected for source
intensity (lamp and grating) and emission spectral response
(detector and grating) by standard correction curves. The
quantum yield measurements were performed by using an
absolute photoluminescence quantum yield spectrometer
Quantaurus C11347 (Hamamatsu, Japan) exciting the
sample between λexc = 300 and 400 nm.
RESULTS AND DISCUSSION
Crystal Structures. The two complexes [UO2(cchdc)(DMF)] (1) and [UO2(c-chdc)(H2O)] (2) were obtained
in 3:1 water/DMF in the presence of nickel(II) nitrate, or in
pure water in the presence of guanidinium nitrate,
respectively, but neither of the additional species is present
as a counterion. In complex 1, the pentagonal bipyramidal
uranium atom is chelated by one carboxylate [U–O bond
lengths 2.427(6) and 2.442(7) Å] and bound to two
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monodentate carboxylate donors [2.292(6) and 2.329(8) Å]
and one DMF molecule [2.405(7) Å] (Figures 1 and S1,
Supporting Information). Both metal and c-chdc2– are 3-fold
nodes in the 2D network parallel to (1 0 0), which has the
point (Schläfli) symbol {4.82} and the common fes
topological type. Complex 1 crystallizes in a
centrosymmetric space group and both enantiomers are
present in each layer.

homochiral, and the chirality alternates from one to the
next.

Figure 2. Top: View of complex 2, with carbon-bound hydrogen atoms
omitted and hydrogen bond shown as a dashed line. Symmetry codes: i = x
+ 1, y, z; j = x, y + 1, z; k = x – 1, y + 1, z; l = x – 1, y, z; m = x + 1, y – 1, z;
n = x, y – 1, z. Middle: View of the 2D network. Bottom: Nodal
representation of the network viewed down the c axis and with [1 1 0]
horizontal (yellow: uranium, red: oxygen, blue: dicarboxylate ligand).

In contrast to 1 and 2, the complex
[NH4][PPh4][(UO2)8(c-chdc)9(H2O)6]·3H2O
(3)
involves a discrete anionic, octanuclear species forming
a cage about the ammonium ion. Complex 3 crystallizes
in the trigonal, non-centrosymmetric space group P31c
with four independent uranyl ions (two of which, U1
and U2, are located on a threefold rotation axis), and
three c-chdc2– ligands (Figure 3). U1 and U2 are
chelated by three carboxylate groups [U–O bond lengths
in the range of 2.470(8)–2.501(8) Å] and they are thus
in a hexagonal bipyramidal environment. U3 and U4 are
chelated by only one carboxylate group [2.404(9)–
2.458(8) Å] and bound to two monodentate carboxylate
donors partially affected by disorder [2.26(2)–2.44(2)
Å] and one water molecule, being thus in pentagonal
bipyramidal environments. Two ligands are κ2O,O'chelating/µ2-κ1O:κ1O'-bridging bidentate, while the
third is bis-κ2O,O'-chelating (a coordination mode
adopted by all the ligands in the tetrahedral cages based
on t-chdc2–), and the cage in 3 is homochiral. The eight
uranium atoms are at the vertices of a nearly perfect
cube with side lengths in the range of 5.3669(6)–
5.6061(6) Å and U···U···U angles of 85.304(10)–

Figure 1. Top: View of complex 1. Symmetry codes: i = x, 1/2 – y, z + 1/2;
j = –x, y – 1/2; 3/2 – z; k = x, 1/2 – y, z – 1/2; l = –x, y + 1/2; 3/2 – z. Middle:
View of the 2D assembly with uranium coordination polyhedra in yellow.
Hydrogen atoms are omitted in both views. Bottom: Nodal representation
of the fes network viewed down the a axis and with the b axis vertical
(yellow: uranium, red: oxygen, blue: dicarboxylate ligand, dark red: DMF).

One of the two independent uranium atoms in 2 (U1)
is chelated by one carboxylate group [2.434(8) and
2.484(8) Å], both U1 and U2 being also bound to three
monodentate carboxylate donors [2.310(9)–2.393(8)
Å], with two water ligands on U2 ensuring five
coordination in the equatorial plane (Figures 2 and S2).
One of the two c-chdc2– ligands is chelating (κ2O,O')
and bridging bidentate (µ2-κ1O:κ1O'), as that in 1, while
the second is chelating through its two carboxylate
groups, each of them being bridging bidentate. The
uranium atoms are thus 4-fold nodes or simple links, and
the ligands 3-fold nodes in the 2D network parallel to (0
0 1), which can best be viewed as a square lattice with
decorating UO2(H2O)2 groups. Here, each layer is
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of 2- and 3-fold-coordinated ligands. The two uranium
atoms on the rotation axis are connected to three doublybridged dinuclear units, these being further bound to one
another by the twofold connecting ligands to form a trigonal
equatorial belt. The tetrahedral cage U4L6 contains only 6membered rings (containing three 3-fold U nodes and three
L links), the cuboid U8L12 (a) only 8-membered rings (four
3-fold U nodes, four L links), the cuboid U8L6 (b) only 4membered rings (two 3-fold U nodes and two 4-fold L
nodes), while the present U8L9 cage displays 4-membered
rings (two U and two L 3-fold nodes) and 6-membered ones
(three U and two L 3-fold nodes, and one L link). Whereas
the cages a and b have full cubic Oh point group symmetry,
the cage c has only approximate D3 symmetry. The nearly
perfect cubic U8 arrangement resulting from such an
irregular connectivity as found in 3 is thus all the more
remarkable.
Although a very frequently encountered counterion,
PPh4+ has never been used before as a structure-inducing
species in uranyl coordination polymer synthesis. Here it is
accompanied by NH4+, presumed to have been formed in situ
from acetonitrile hydrolysis possibly catalyzed by UVI, as
previously observed.14,36,37 The latter cation is included in
the cage cavity, and it forms four hydrogen bonds with
uranyl oxo groups directed inwards [N⋅⋅⋅O distances 2.89(3)
and 3.246(14) Å, H⋅⋅⋅O 1.97 and 2.34 Å, N–H⋅⋅⋅O 180 and
153°]. It may be surmised that the ammonium cation plays a
structure-directing role here, as it is also possibly the case in
the formation of nanotubules with tricarballylic acid.37
When viewed down the c axis, the packing displays large
channels centered on threefold rotation axes, with a diameter
of ∼9 Å, which are occupied by columns of PPh4+
counterions (Figure 5), an indication that the latter may also
play a significant role as templates.

96.846(12)°. The side lengths are smaller than those in
the tetrahedral cages with t-chdc2– (5.82–6.95 Å). Up to
now, two different arrangements of the ligands have
been found in homoleptic uranyl octanuclear cages, one
in which they span the cube edges, found with (1R,3S)(+)-camphorate,21 and another in which they lie above
the face centres, found with Kemp’s triacid,9,10 and also
with p-carboxylatocalix[4]arene23 (Figure 4). The
arrangement of ligands in 3 is unique, with a mixture

Figure 3. Top: View of complex 3 showing the asymmetric unit and the
surrounding atoms, with the PPh4+ counterion, solvent molecules and
carbon-bound hydrogen atoms omitted, and view of the cuboidal
arrangement of uranyl ions with the included NH4+ cation. Hydrogen bonds
are shown as dashed lines. Symmetry codes: i = 1 – y, x – y, z; j = y – x + 1,
1 – x; z. Bottom: two views of the octanuclear cage.

Figure 5. View of the packing in 3 with solvent molecules and hydrogen
atoms omitted.

Reasons for the difference between the tetranuclear
cages obtained with both rac- and (1R,2R)-t-chdc2– and the
octanuclear complex 3 obtained with c-chdc2– appear to be
multiple. We have found that uranyl complexes with both
rac- and (1R,2R)-t-chdc2–can only be crystallized with PPh4+
counterions when DMF is used as a cosolvent, but that the
H2NMe2+ cations potentially present in the preparative

Figure 4. Simplified views of the octanuclear cages in the complexes with
(1R,3S)-(+)-camphorate (a), Kemp’s triacid (b), and c-chdc2– in 3 (c).
Yellow, uranium, red: oxygen, blue: carboxylate ligand, purple: NH4+.
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media are not found in the solid complexes, which
crystallize as 1D polymers and will be described elsewhere.
As well, NH4+ does not suffice to induce the formation of an
octanuclear cage with rac-t-chdc2–, as shown by the
tetranuclear species [NH4]4[(UO2)4(t-chdc)6].14 Changing
the ligand conformation from eq,eq in the trans species to
ax,eq in the cis appears as the key parameter although
reasons for the homochiral character of the cages in 3 remain
obscure.

crystallize as neutral 2D assemblies, the third,
synthesized in the presence of PPh4+ and NH4+ cations,
provides a new example of a homoleptic uranyl
octanuclear species displaying a connectivity different
from that in the previously reported octanuclear cages
involving different polycarboxylate ligands. This result
adds to a family where the cage interior can be
considered as hydrophilic due to the inward-pointing
array of uranyl oxo groups, this array being suitable for
guest inclusion through hydrogen bonding. In relation
to such guest inclusion, the complex represents a step
forward for a homoleptic uranyl array4 in regard to the
size of its defined cavity in that, here, it is indeed
occupied by a hydrogen bonded guest (ammonium ion)
and it is important to note that the capsule is formed in
the presence of an additional counterion which does not
quench emission at the uranyl centres.

Luminescence Properties. Emission spectra under
excitation at a wavelength of 420 nm were recorded in
the solid state for all compounds (Figures 6 and S3).
Complex 1, and in a lesser measure 2, display intense
and well-resolved spectra with four main maxima (S10
→ S0ν (ν = 0–4) electronic transitions38) at 488, 509, 533
and 558 nm, and 494, 516, 539 and 565 nm,
respectively, both in the range generally observed for
pentagonal bipyramidal complexes,15 albeit on the highenergy side. Unsurprisingly for a complex with a
mixture of penta- and hexagonal bipyramidal uranium
environments, the spectrum of 3 shows a series of badly
resolved peaks, the first intense maximum, at 481 nm,
being typical of triply chelated carboxylate uranyl
complexes.15 A photoluminescence quantum yield
(PLQY) of 0.06 was measured for compound 3.
Unfortunately, due to lack of material and instrument
limitations, the PLQY of complexes 1 and 2 could not
be determined. While it must be noted that complex 3 is
the least luminescent compound in the series, all the
samples having been measured using the same
parameters (excitation wavelength, excitation and
emission slits, amount of material and integration time),
it does exhibit significant luminescence, so that this
result is promising in regard to possible photocatalytic
applications.
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Figure 6. Solid state emission spectra of complexes 1–3 (λexc = 420 nm).
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Counterion-Controlled Formation of an Octanuclear Uranyl Cage
with cis-1,2-Cyclohexanedicarboxylate Ligands
Pierre Thuéry, Youssef Atoini and Jack Harrowfield

Depending on the experimental conditions, in particular the nature of the potential counterions present, cis-1,2cyclohexanedicarboxylate reacts with uranyl ions to give either two-dimensional assemblies, or a discrete, octanuclear cage of
unprecedented geometry, which includes an ammonium cation hydrogen bonded to uranyl oxo groups. This pseudo-cubic
cluster differs from the tetrahedral ones obtained with trans-1,2-cyclohexanedicarboxylate and from other octanuclear cages
involving different carboxylate ligands.
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