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Structural Consequences of 1,4-Cyclohexanedicarboxylate cigtrans
Isomerism in Uranyl Ion Complexes: from Molecular Species to

2D and 3D Entangled Nets

Pierre Thuéry* " and Jack Harrowfield*

"NIMBE, CEA, CNRS, Université Paris-Saclay, CEA Saclay, 91191 Gif-sur-Y vette, France

#ISIS, Université de Strasbourg, 8 allée Gaspard Monge, 67083 Strasbourg, France

ABSTRACT: trans-1,4-Cyclohexanedicarboxylic acid (z-1,4-chdcH») or the commercially available mixture of the
cis and trans isomers (c,t-1,4-chdcH;) have been used in the synthesis of a series of 14 uranyl ion complexes, all
obtained under solvo-hydrothermal conditions, and some of them in the presence of additional metal cations and/or
2,2'-bipyridine (bipy). With its two isomeric forms having very different shapes and its great sensitivity to the
experimental conditions, 1,4-chdc?~ appears to be suitable for the synthesis of uranyl ion complexes displaying a wide
range of architectures. Under the conditions used, the pure trans isomer gives only the complexes [UO,(t-1,4-
chdc)(H20),] (1) and [UOx(#-1,4-chdc)] (2), which crystallize as one- and two-dimensional (1D and 2D) species,
respectively. Complexes containing either the cis isomer alone, or mixtures of the two isomers in varying proportion,
were obtained from the isomer mixture. The neutral complexes [UOz(c-1,4-chdc)(DMF)] (3) and [UOx(c-1,4-
chdc)(bipy)] (4) are 2D and 1D assemblies, respectively, while all the other complexes are anionic and include various
counterions. [C(NH2)3]3[Ho2NMez][(UO2)a(c-1,4-chdc)s]IH,O (5) crystallizes as a three-dimensional (3D) framework
with {10} topology. While [HoNMes o[ (UO»)a(c-1,4-chdc)a(2-1,4-chdc)|IDMF2H,0 (6) is a 1D ladder-like polymer,
[H:2NMe:]2[(UO2)2(c-1,4-chdc)(#-1,4-chdc):]2H,O (7), which differs in the cis/trans ratio, is a threefold 2D
interpenetrated network with {63} honeycomb topology. The related [HoNMez]o[(UO2)2(c,t-1,4-chdc);]@.5H0 (8),
with one disordered ligand of uncertain geometry, is a threefold 3D interpenetrated system. The two isomorphous
complexes [Co(bipy)3][(UO2)2(c-1,4-chdc)3]0.5H20 (9) and [Cd(bipy)s][(UOz2)2(c-1,4-chdc);]0.5H,0 (10) form 3D
frameworks with the {10°} srs topological type. In contrast, [Ni(bipy)s]2[(UO2)s(c-1,4-chdc)a(t-1,4-
chdc)(NOs)6][2H>0 (11) is a molecular, tetranuclear complex due to the presence of terminal nitrate ligands. Twofold
3D interpenetration of frameworks with {10%} ths topology is observed in [Cu(bipy):]2[(UO2)a(c-1,4-chdc)a(z-1,4-
chdc)]2H,0 (12), while [Zn(bipy)s][(UO2)x(c-1,4-chdc);]@H,0 (13) crystallizes as a 2D net with the common {4.82}
fes topological type. The additional Pb" cation is an essential part of the 3D framework formed in [UO,Pby(c-1,4-
chdc)(#-1,4-chdc),(bipy)2] (14), in which uranyl and its ligands alone form 1D subunits. Together with previous results,
the solid state uranyl emission properties of seven of the present complexes evidence a general trend, with the maxima

for the complexes with Og equatorial environments being blue-shifted with respect to those for Os environments.
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INTRODUCTION

Although an impressive range of polycarboxylic acids have been used in the design of uranyl-
organic complexes and coordination polymers, as is evident from reviews recently devoted to this
topic,! some simple and easily accessible families had, until quite recently, been virtually
neglected, a case in point being that of the cyclohexanedicarboxylic acids. A particular feature of
these acids is that, in addition to their availability as 1,2-, 1,3- and 1,4-positional isomers like their
aromatic benzenedicarboxylic acid counterparts, they display the added levels of cis/trans
1somerism and also chirality in some members of the family, as well as the possibility of axial or
equatorial positioning of the carboxylic groups. What is lost in rigidity and associated possible
predictability of the geometry of the complexes formed is gained in variety and versatility, as is
particularly apparent when experimental conditions are varied, notably through the use of
additional metal cations to generate heterometallic species. We recently undertook an investigation
of these complexes, beginning with frans-1,2-cyclohexanedicarboxylate, either in its racemic or
(1R,2R) enantiopure form. This resulted in the isolation of several homo- and heterometallic
complexes and coordination polymers, including a group of tetrahedral and cuboidal clusters
obtained with alkali, alkaline-earth, silver(I) or lead(II) additional cations.*> Although our studies
of complexes of cis-1,2-cyclohexanedicarboxylate have to date been limited, they do indicate
significant differences to be associated with this isomeric form, providing reason for an extension
to examination of the complexes of cis- and trans-1,4-cyclohexanedicarboxylic acid, for which but
a single uranyl molecular complex of the trans isomer is known.® This acid is the alicyclic
counterpart of terephthalic acid, which has been used in the synthesis of several coordination
polymers,”* most often one- or two-dimensional (ID or 2D), with only two cases of three-

12,16

dimensional (3D) frameworks,!>!® and also some examples of interpenetrated nets.®'*!° Some of



these complexes are heterometallic,”!!-1318 and display photocatalytic activity.”!3!8 We used two
commercially available forms of 1,4-cyclohexanedicarboxylic acid, the pure trans form (z-1,4-
chdcHz), which, when the two acid groups are in equatorial position, is geometrically close to
terephthalic acid, and a mixture of cis and trans isomers (c,#-1,4-chdcHz). Through variation of the
organic cosolvent in solvo-hydrothermal processes, and addition of transition metal or lead(II)
cations associated with 2,2'-bipyridine (bipy), 14 complexes were obtained and have been
characterized by their crystal structure and, for 10 of them, their emission spectrum in the solid
state. This series displays the whole range of dimensionalities, from molecular (OD) to 3D, and
provides also three novel examples of interpenetrated nets, as could be expected with ditopic
ligands in which the divergent donor groups are widely separated. Although they are not extremely

20-25 ;

common, the list of entangled nets in uranyl coordination chemistry is steadily growing and

covers a very diverse set of topologies.14.19:26-40

EXPERIMENTAL SECTION

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

UO2(NO3)2-:6H20 (depleted uranium, R. P. Normapur, 99%), Co(NO3):-6H-0,
Ni(NO3)2:6H20 and Pb(NO3)2 were purchased from Prolabo, trans-1,4-cyclohexanedicarboxylic
acid (#-1,4-chdcH») was from Alfa-Aesar, 1,4-cyclohexanedicarboxylic acid (mixture of cis and
trans isomers, c,t-1,4-chdcH2), Cu(NO3)2-2.5H20 and Zn(NO3)2-6H2O were from Aldrich, and
Cd(NO3)2-4H>0 and 2,2'-bipyridine (bipy) were from Fluka. Elemental analyses were performed
by MEDAC Ltd. at Chobham, UK. For all syntheses, the mixtures in demineralized water plus

various organic solvents, either N,N-dimethylformamide (DMF), tetrahydrofuran (THF),



acetonitrile, or methanol, were placed in 10 mL tightly closed glass vessels and heated at 150 °C
under autogenous pressure.

[UOx(t-1,4-chdc)(H20)2] (1). t-1,4-chdcH2 (17 mg, 0.10 mmol) and UO2(NO3)2-6H20 (50
mg, 0.10 mmol) were dissolved in THF (0.3 mL) and water (0.7 mL). Yellow crystals of complex
1 were obtained within one week (23 mg, 48% yield). Anal. Calcd for CsH1408U: C, 20.18; H,
2.96. Found: C, 20.30; H, 2.84%.

[UOx(t-1,4-chdc)] (2). t-1,4-chdcH> (17 mg, 0.10 mmol), UO2(NO3)2-6H20 (50 mg, 0.10
mmol), and guanidinium nitrate (24 mg, 0.20 mmol) were dissolved in CH3CN (0.2 mL) and water
(0.6 mL). Yellow crystals of complex 2 were obtained overnight (11 mg, 25% yield). Anal. Calcd
for CsH1006U: C, 21.83; H, 2.29. Found: C, 21.94; H, 2.23%.

[UOz(c-1,4-chdc)(DMF)] (3). ¢,t-1,4-chdcH> (17 mg, 0.10 mmol), UO2(NO3)2-6H20 (50
mg, 0.10 mmol), and Cd(NO3)2-4H>0 (31 mg, 0.10 mmol) were dissolved in DMF (0.2 mL) and
water (0.6 mL). Yellow crystals of complex 3 were obtained in low yield overnight. Longer heating
periods consistently gave complex 8, so that complex 3 could not be isolated in quantities enabling
elemental analysis.

[UO2(c-1,4-chdc)(bipy)] (4). c,t-1,4-chdcH2 (17 mg, 0.10 mmol), UO2(NOs3)2-6H20 (50
mg, 0.10 mmol), and 2,2'-bipyridine (16 mg, 0.10 mmol) were dissolved in DMF (0.2 mL) and
water (0.7 mL). Yellow crystals of complex 4 were obtained in low yield overnight. The yield was
not improved upon prolonged heating.

[C(NH:2)3]3{H:2NMez][(UOz)4(c-1,4-chdc)s] H20 (5). c,t-1,4-chdcH> (17 mg, 0.10 mmol),
UO2(NO3)2:6H20 (50 mg, 0.10 mmol), and guanidinium nitrate (24 mg, 0.20 mmol) were dissolved

in DMF (0.2 mL) and water (0.7 mL). Yellow crystals of complex 5 were obtained within three



days (19 mg, 49% yield based on the acid). Anal. Calcd for Cs3HggN10033Us: C, 27.14; H, 3.78; N,
5.97. Found: C, 27.28; H, 3.62; N, 5.85%.

[H2NMez]2[(UO:2)2(c-1,4-chdc)z(t-1,4-chdc) ] DMF 2H>0 (6). c,t-1,4-chdcHz (17 mg, 0.10
mmol), UO2(NO3)2-6H>0 (35 mg, 0.07 mmol), and Mn(NO3)2-4H>O (25 mg, 0.10 mmol) were
dissolved in DMF (0.2 mL) and water (0.6 mL). Yellow crystals of complex 6 were obtained in
low yield overnight. Longer heating periods consistently gave complex 8, so that complex 6 could
not be isolated in a yield enabling elemental analysis.

[H2NMez]>[(UOz)(c-1,4-chdc)(t-1,4-chdc)2] ZH>0 (7). c¢,t-1,4-chdcH> (17 mg, 0.10
mmol), UO2(NO3)2-6H20 (35 mg, 0.07 mmol), and Pb(NO3)> (33 mg, 0.10 mmol) were dissolved
in DMF (0.2 mL), and water (0.7 mL). Yellow crystals of complex 7 were obtained in low yield
overnight. Longer heating periods consistently gave complex 8, so that complex 7 could not be
isolated in a yield enabling elemental analysis.

[H2NMez]>[(UOz)2(c,t-1,4-chdc)3] 2.5H>0 (8). c,t-1,4-chdcHz (17 mg, 0.10 mmol) and
UO2(NO3)2:6H20 (50 mg, 0.10 mmol) were dissolved in DMF (0.2 mL) and water (0.7 mL).
Yellow crystals of complex 8 were obtained within one week (5 mg, 13% yield based on the acid).
Anal. Calcd for CogHs51N20155U2: C, 28.31; H, 4.33; N, 2.36. Found: C, 28.37; H, 3.89; N, 2.69%.
Complex 8 was also obtained in similar experiments with additional Mn", Cu', Cd" or Pb" nitrate,
or [Co(en)s3]Clz-3H20 (en = ethylenediamine).

[Co(bipy)3][(UO2)x(c-1,4-chdc)3] I.5H20 (9). c,t-1,4-chdcH2 (17 mg, 0.10 mmol),
UO2(NO3)2-6H20 (35 mg, 0.07 mmol), Co(NO3)2-6H>0 (15 mg, 0.05 mmol), and 2,2'-bipyridine
(24 mg, 0.15 mmol) were dissolved in DMF (0.2 mL) and water (0.6 mL). Orange crystals of
complex 9 were obtained within three days (38 mg, 71% yield). Anal. Calcd for

Cs4Hs57CoNeO17.5U2: C, 40.41; H, 3.58; N, 5.24. Found: C, 40.32; H, 3.45; N, 5.15%.



[Cd(bipy)3][(UO2)2(c-1,4-chdc)3] T.5H20 (10). c¢,t-1,4-chdcH> (17 mg, 0.10 mmol),
UO2(NO3)2-6H20 (35 mg, 0.07 mmol), Cd(NO3)2-4H>0 (16 mg, 0.05 mmol), and 2,2'-bipyridine
(24 mg, 0.15 mmol) were dissolved in DMF (0.2 mL) and water (0.6 mL). Yellow crystals of
complex 10 were obtained within three days (32 mg, 58% yield). Anal. Calcd for
Cs4Hs57CdNeO17.5U2: C, 39.11; H, 3.46; N, 5.07. Found: C, 38.92; H, 3.28; N, 4.89%.

[Ni(bipy)s;]2[(UO2)4(c-1,4-chdc)2(t-1,4-chdc)(NOs)s] ZH20 (11). c,t-1,4-chdcH2 (17 mg,
0.10 mmol), UO2(NO3)2-6H20 (50 mg, 0.10 mmol), Ni(NO3)2-6H>0 (15 mg, 0.05 mmol), and 2,2'-
bipyridine (24 mg, 0.15 mmol) were dissolved in methanol (0.2 mL) and water (0.6 mL). Pink
crystals of complex 11 were obtained within three days (18 mg, 24% yield based on U). Anal.
Calcd for Cs4Hg2N18Ni2O40Us: C, 33.04; H, 2.71; N, 8.26. Found: C, 33.27; H, 2.57; N, 8.15%.

[Cu(bipy)2]2[(UO2)2(c-1,4-chdc)z(t-1,4-chdc)] ZH20 (12). c,t-1,4-chdcH2 (17 mg, 0.10
mmol), UO2(NO3)>2-6H20 (35 mg, 0.07 mmol), Cu(NO3)2-2.5H>0 (12 mg, 0.05 mmol), and 2,2'-
bipyridine (16 mg, 0.10 mmol) were dissolved in DMF (0.2 mL) and water (0.6 mL). Deep orange
crystals of complex 12 were obtained within one week (24 mg, 52% yield based on Cu). Anal.
Calcd for CesHssCu2NgO13Uz: C, 41.81; H, 3.62; N, 6.10. Found: C, 41.76; H, 3.31; N, 6.10%.

[Zn(bipy)3][(UO2)x(c-1,4-chdc);] 4H>0 (13). c¢,t-1,4-chdcH> (17 mg, 0.10 mmol),
UO2(NO3)2-6H20 (35 mg, 0.07 mmol), Zn(NO3)2-6H>0 (15 mg, 0.05 mmol), and 2,2'-bipyridine
(24 mg, 0.15 mmol) were dissolved in DMF (0.2 mL) and water (0.6 mL). Yellow crystals of
complex 13 were obtained within three days (18 mg, 33% yield). Anal. Calcd for
Cs4H62N6O20U2Zn: C, 39.15; H, 3.77; N, 5.07. Found: C, 39.02; H, 3.18; N, 4.94%.

[UO2Pb(c-1,4-chdc)(t-1,4-chdc)(bipy)2] (14). c,t-1,4-chdcH2 (17 mg, 0.10 mmol),
UO2(NO3)2:6H20 (50 mg, 0.10 mmol), Pb(NO3)2 (33 mg, 0.10 mmol), and 2,2'-bipyridine (24 mg,

0.15 mmol) were dissolved in DMF (0.2 mL) and water (0.6 mL). Yellow crystals of complex 14



were obtained within three days. (7 mg, 14% yield based on the acid). Anal. Calcd for

Cu44H46N4O14Pb2U: C, 35.06; H, 3.08; N, 3.72. Found: C, 34.92; H, 2.89; N, 3.67%.

Crystallography. The data were collected at 150(2) K on a Nonius Kappa-CCD area
detector diffractometer*! (Mo Ka radiation, A = 0.71073 A). The data (combinations of ¢- and w-
scans with a minimum redundancy of at least 4 for 90% of the reflections) were processed with
HKI.2000.4? Absorption effects were corrected empirically with the program SCALEPACK.*? The
structures were solved by intrinsic phasing with SHELXT,* and refined by full-matrix least-
squares on F? with SHELXL-2014.** Two-component twinning in complexes 7, 8 and 12 was
detected with TwinRotMat (implemented in PLATON®) and taken into account in the refinement.
All non-hydrogen atoms were refined with anisotropic displacement parameters. Restraints on
bond lengths, angles and/or displacement parameters were applied in the disordered parts and/or
solvent molecules in complexes 5-8 and 10. Some water solvent molecules in 7-10 were given
occupancy parameters of 0.5 so as to account for disorder over two sites or to retain acceptable
displacement parameters. The hydrogen atoms bound to oxygen and nitrogen atoms were retrieved
from difference Fourier maps when possible, and the carbon-bound hydrogen atoms (as well as
those bound to nitrogen in the dimethylammonium cations in 5, 7 and 8) 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 dimethylammonium cation in 5 is disordered around the threefold rotation axis,
while both cations are badly resolved in 8, one being disordered around an inversion centre and the
other having been given an occupancy parameter of 0.5 for charge balance and in order to retain
acceptable displacement parameters. In complexes 6 and 8, two carbon atoms in a dicarboxylate

ligand are disordered over two positions, further disorder (of the carboxylate groups in particular)
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in 6 being unresolved. Some voids in the lattice of 13 indicate the presence of other, unresolved
water solvent molecules, and the corresponding electron density was taken into account with the
SQUEEZE software.*> Crystal data and structure refinement parameters are given in Table 1. The
molecular plots were drawn with ORTEP-3¢ and the polyhedral representations with VESTA.#

The topological analyses were conducted with TOPOS.*

Luminescence Measurements. Emission spectra were recorded on solid samples using a
Horiba-Jobin-Yvon Fluorolog spectrofluorometer. The 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, a commonly used point although
only part of a broad manifold, was used in all cases and the emission was monitored between 450

and 650 nm.

RESULTS AND DISCUSSION

Synthesis. Complexes 1-14 were synthesized under solvo-hydrothermal conditions (150
°C, autogenous pressure), in the presence of N, N-dimethylformamide (DMF) as a cosolvent, except
for three cases in which either tetrahydrofuran (1), acetonitrile (2), or methanol (11) were used
instead. While these three latter cosolvents are absent from the final products, DMF hydrolysis into
formic acid and dimethylamine, a frequent occurrence when this solvent is used at elevated
temperatures in the presence of metal ions,*® results in the presence of dimethylammonium
counterions in complexes 5—-8 (with guanidinium cations being also present in 5). In the other cases
in which the uranyl-containing assembly is not neutral, the counterions are transition metal (Co",

Cd", Nil, Cu'! or Zn™) or Pb! cations, chelated by one to three bipy molecules, so that compounds



9-14 are heterometallic (Table 2). Only two complexes (1 and 2) were synthesized from the pure
trans form of the ligand, as was the only complex previously reported,® the experimental conditions
used for the syntheses from the mixture of isomers failing to give any crystalline material. All the
others complexes, whether they include only the cis or both cis and frans isomers (in variable
proportions), were obtained from the cis/trans mixture. It is notable that no complex obtained from
the latter contains only the trans ligand, which, together with the difficulties encountered when
working with the pure frans form, suggests that complexes involving the cis isomer are much more
amenable to crystallization. It is notable that formation of crystals of complex 8 is the usual final
outcome in the syntheses involving the mixture of ligand isomers and DMF as a cosolvent; in
particular, complexes 3, 6 and 7 could only be obtained in low yield by using a limited heating
period, longer ones affording complex 8 instead (see Experimental Section). Such features of
solvothermal syntheses of uranyl carboxylates are, in our experience,*3-3%343337 far from abnormal
and a basic aspect again reflected in the present work is that even the ratio uranium:ligand in the
reaction mixture is not necessarily that of the isolated crystals. The true paucity of data concerning
speciation of metal ions and ligands in superheated solvents (especially mixed solvents)
necessitates a somewhat empirical approach to the development of solvothermal syntheses and it
may be noted that what is reported herein are only the results of successful experiments to provide
crystalline products, not the results of many unsuccessful experiments which provided amorphous

deposits or no deposit at all.

Crystal Structures. As indicated above, the two complexes [UOx(#-1,4-chdc)(H20)2] (1)
and [UOx(#-1,4-chdc)] (2) are the only ones in this series to contain only the trans isomer of the
ligand. Complex 1 crystallizes in the chiral tetragonal space group P43212, with the unique uranyl

cation located on a twofold rotation axis (Wyckoff position 4a); the dicarboxylate ligand, with the
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cyclohexyl ring in the chair conformation and both carboxylate groups equatorial, has also twofold
rotation symmetry (Figure 1). The uranium atom is in a hexagonal bipyramidal environment, being
chelated by two carboxylate groups and bound to two water molecules in trans positions. The U-
O bond lengths are in the usual ranges [U-O(oxo) 1.760(4) and 1.764(4) A; U—O(carboxylate)
2.510(3) and 2.525(3) A, U-O(water) 2.461(3) A]. The very simple connectivity generates a 1D
coordination polymer running along the ¢ axis. Each chain is hydrogen bonded to four of its
neighbours through water—carboxylate hydrogen bonds [O5ID3% 2.693(4) A, O5-HID3k 154°;
O5[ID4! 2.753(4) A, O5-HIMD4' 169°; symmetry codes: k = x + 1/2,3/2 -y, 5/4 —7;1=3/2 -y, x
—1/2, z - 1/4], thus generating a 3D assembly. It is this hydrogen bonding which also converts the
essentially achiral linear coordination polymer strands into a chiral lattice array (the crystal used
for structure determination being however a racemic twin). Viewed down ¢, columns of uranium
atoms project onto the ab plane as fused squares of side length a/2 [= b/2 = 4.9397(2) A]. The
actual minimum distance between uranium atoms, which are staggered in adjacent columns, is
5.72653(10) A and in every group of four columns defining the smallest projected square, the
vectors defining this separation form a helical array within the square, right handed in the case of
the major component of the particular crystal chosen, as shown in Figure 1. All squares are
identical, thus giving rise to the chiral crystal. The Kitaigorodski packing index (KPI) value of
0.75, estimated with PLATON,* indicates that no free space is present (usual values for non-
porous packings being of the order of 0.65). Considering the geometric similarity between #-1,4-
chdc? in the present conformation and the terephthalate dianion, it is no surprise that analogous
linear polymeric chains were also found in the uranyl ion complexes of the latter, albeit with

different ancillary ligands or with guest molecules.'>!’

10



Complex 2 differs from 1 in the absence of the water ligands and its structure is very
different as a consequence. The unique uranium atom is located on an inversion center, and the
ligand, here also in the chair conformation with equatorial carboxylate groups, is centrosymmetric
(Figure 2). The uranium atom is in a square bipyramidal environment, being bound to one oxygen
atom of each of four carboxylate groups from four different ligands. The U-O(oxo0) bond length is
1.728(5) A and the U-O(carboxylate) bond lengths of 2.289(6) and 2.308(6) A match the average
value of 2.33(6) A for the 29 comparable six-coordinate uranium carboxylate complexes reported
in the Cambridge Structural Database (CSD, Version 5.38).%° The dicarboxylate ligand is bound to

four metal cations in a bis(l-K'O:K'0") coordination mode, and both metal and ligand are thus
four-fold nodes in the 2D assembly formed, parallel to (O 1 1) and with the point (Schléfli) symbol

{4%.6?} of the common tetragonal Shubnikov lattice. It is notable that a similar topology, with
identical uranyl and ligand coordinations, was found in the uranyl ion complex with the enantiopure
(1R,2R)-trans-1,2-chdc? ligand.* However, while the sheets in the latter compound are corrugated
with the cyclohexyl groups pointing outward, they are planar in 2; here also, the terephthalate
counterpart, with identical connectivity and topology, has been described.’ The layers in 2 are
packed in bump-to-hollow fashion leaving no solvent-accessible space (KPI 0.70).

The asymmetric unit in complex 3, [UOz(c-1,4-chdc)(DMF)], contains one uranyl ion in
general position, one ¢-1,2-chdc®™ ligand in the chair conformation with one carboxylate group
equatorial and the other axial, and one DMF ligand (Figure 3). The uranium atom, in a pentagonal
bipyramidal environment, is bound to one chelating and two bridging bidentate carboxylate groups,
and to a DMF molecule. The U-O(oxo0) bond lengths are 1.764(4) and 1.767(4) A, the U-
O(carboxylate) bond lengths 2.439(3) and 2.453(3) A for the chelating group, and 2.319(3) and

2.343(3) A for the bridging groups, and U-O(DMF) is 2.390(3) A. The uranium atom is thus a
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three-fold node, as is also the dicarboxylate ligand, bound in K2, p-K'O:k'O’ fashion (for which no
counterpart exists in the terephthalate series). The ensuing coordination polymer is 2D and parallel
to (1 0 1), with the {4.82} point symbol characteristic of the fes Shubnikov net. The sheets are

heavily corrugated and packed so as to leave no free space (KPI 0.70). It is notable that, here also,
identical connectivity and topology were found in the complexes [UOz(trans-1,2-chdc)(L)], where
the dicarboxylate ligand is in its racemic form and L is DMF, THF or N-methyl-2-pyrrolidone
(NMP).* The fact that no similar complex has been found with terephthalate points to the geometric
departure due to one of the carboxylate groups being here in the axial position, thus endowing the
ligand with curvature and making it closer in this respect to trans-1,2-chdc”.

Introducing an ancillary ligand in the form of bipy gives the complex [UOx(c-1,4-
chdc)(bipy)] (4). The unique uranium atom is in a hexagonal bipyramidal environment, being
chelated by two carboxylate groups and bipy (Figure 4) [U-O(oxo) bond lengths 1.761(3) and
1.763(3) A, U-O(carboxylate) 2.415(3)-2.495(3) A, U-N 2.636(3) and 2.650(3) A]. The bipy
molecule is strongly tilted out of the uranyl equatorial plane [dihedral angle 35.48(8)°], thus
inducing chirality at the uranium centre, as usual with chelating N-donors.’! The dicarboxylate
ligand is in the same conformation as in 3, and it is bis-chelating as in 1. The 1D coordination
polymer parallel to the b axis which is formed assumes a zigzag shape, with the bipy molecules
pointing outward on two sides and the uranyl centres being of the same chirality within a given
polymer chain; a similar arrangement involving terephthalate and 5,5'-dimethyl-2,2'-bipyridine is
found in the CSD.>? The bipy molecules of adjacent chains are facing one another with possible T

stacking interactions [centroid[[I8entroid distances 3.855(3) and 4.237(2) A, dihedral angles 6.0(2)
and 0°], thus resulting in the formation of sheets parallel to (1 0 1); the packing of these sheets

leaves no free space (KPI 0.71).

12



Complex 5, [C(NH2)3]3[H2NMe2][(UO2)4(c-1,4-chdc)s]H20, has the particularity of
containing two different organic cations, one (guanidinium) introduced intentionally, and the other
(dimethylammonium) generated in situ from DMF hydrolysis (see above). Complex 5 crystallizes
in the non-centrosymmetric trigonal space group R3c, and the asymmetric unit contains two
uranium atoms, one of them (U2) located on a threefold rotation axis (Wyckoff position 6a), and
two c-1,4-chdc? ligands in the chair conformation (Figure 5). Both uranium atoms are in hexagonal
bipyramidal environments, being chelated by three carboxylate groups [U-O(oxo) and U-
O(carboxylate) bond lengths 1.765(4)—1.783(7) A and 2.429(4)-2.511(4) A, respectively]. The
metal cations are thus three-fold nodes while the bis-chelating ligands are simple links in the 3D
framework which is built, and which possesses the point symbol {10°} and the topological type
MCRLDX (database MOF.ttd*?). When viewed down the ¢ axis, the uranium atoms are arranged
in tube-like subunits containing atom Ul and its symmetry equivalents, centered on columns of
atom U2 and its equivalents, the equatorial planes of Ul and U2 making a dihedral angle of
65.13(6)°. Each U2(c-1,4-chdc); entity is a threefold symmetric, chiral unit, with the chirality
alternating down c. The guanidinium cation is involved in six hydrogen bonds with carboxylate
oxygen atoms [NIID 2.854(6)-3.400(7) A, N-HOD 133-170°], and the dimethylammonium
cation, which is disordered around the threefold rotation axis, makes two hydrogen bonding
contacts, one with the oxo atom O3, located on the rotation axis [N4[IID3 2.806(18) A, N4-H[IID3
151°], and the other with the lattice water molecule. The extended hydrogen bonding associated in
particular with the guanidinium cation possibly plays a structure-directing effect through bringing
six carboxylate groups in suitable position around the cation. Although the packing index cannot

be calculated due to disorder, it appears that no channel of significant size is present in the lattice.
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Although synthesized from a mixture of the cis and trans isomers of 1,4-chdcH», complexes
3-5 contain only the cis isomer, but in several other cases the final compound involves both
isomers. This is so for complex 6, [H:NMe2]>[(UO2)2(c-1,4-chdc)a(2-1,4-chdc)|IDMF2H,0, in
which the asymmetric unit contains two uranyl and two dimethylammonium cations, and three 1,4-
chdc? ligands, two of them cis and one trans (Figure 6). As in complex 5, both uranyl cations are
chelated by three carboxylate groups [U-O(oxo) bond lengths 1.761(4)-1.775(4) A, U-
O(carboxylate) 2.436(3)-2.490(3) A]. The two ¢-1,4-chdc? ligands are in the chair conformation,
as in complexes 3-5, and the #-1,4-chdc? anion, in the chair conformation with the two carboxylate
groups equatorial as in 1 and 2, is partly disordered (see Experimental Section; the disordered
positions, which are badly resolved, would also be roughly compatible with a c-1,4-chdc?™ ligand
in the boat conformation, which is however a less probable solution). The uranyl cations connected
by the c-1,4-chdc? ligands form linear chains directed along the [1 1 0] axis, two such chains being
associated by bridging #-1,4-chdc?™ ligands to form a ladder-like polymer. The countercations are
hydrogen bonded to carboxylate oxygen atoms, and lattice water and DMF molecules [NIID
2.676(8)-3.063(6) A, N-HID 115-175°], while the water molecules are hydrogen bond donors to
carboxylate groups only [OID 2.754(5)-2.991(6) A, O-HD 116-163°], and a 3D network is
thus formed (KPI [D.70).

Apart from the absence of free DMF molecules, complex 7, [H2NMe:z]2[(UO2)2(c-1,4-
chdc)(z-1,4-chdc)>][2H»0, differs from 6 by a reversal of the cis/trans isomer ratio, 2:1 in 6 and 1:2
here. The asymmetric unit contains four uranyl ions, two cis and three complete trans ligands, and
two halves of centrosymmetric trans ligands (Figure 7). All uranyl cations are tris-chelated by
carboxylate groups, as in complex 6 [U-O(oxo) bond lengths 1.749(11)-1.777(12) A, U-

O(carboxylate) 2.415(11)-2.503(12) A], but here a 2D network with honeycomb, graphene-like
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{63} topology parallel to (0 0 1) is formed. The hexanuclear rings are elongated, the distortion with
respect to the regular hexagonal shape being due to the presence of the kinked c-1,4-chdc? ligands;
they are sufficiently large ([22 A x 12 A), and the network sufficiently undulated, for 3-fold 2D
— 2D parallel interpenetration to occur, as shown in Fig. 7. This kind of entanglement has

33.39 and its Borromean variant is also

previously been observed in two uranyl ion complexes,
known.’* A 2-fold 2D - 2D parallel interpenetrated geometry with terephthalate as only ligand
has been reported,® in which the individual networks have the same {6} topology as found here,
with much more regular hexagonal rings (L23 A) due to the presence of linear ligands only, and
examples of 2D — 3D polycatenation, two of them involving honeycomb nets, have lately been
described.!® More generally, the 2D honeycomb geometry, which is frequently found in uranyl ion
complexes, is particularly conducive to the formation of entangled species (and makes for a
substantial part of them’?), provided the ligands are of sufficient length, such as is also found, for
example, with 2,5-thiophenedicarboxylate,*3 4,4'-biphenyldicarboxylate,*? or undecane-1,11-
dicarboxylate,* in the case of uranyl complexes. In comparison with complex 6, it appears that the
different cis/trans ratio found in 7 has a direct bearing on the topology: the tetranuclear rings found
in the former are replaced by hexanuclear rings in the latter due to the higher content in the more
linear #-1,4-chdc?™ ligand which brings about a larger separation between the metal centres ((l11.4
A versus [B.6 A) and is better adapted to the hexagonal ring geometry. The dimethylammonium
cations (two of them having twofold rotation symmetry) form hydrogen bonds with carboxylate
oxygen atoms or lattice water molecules [NIID 2.75(5)-3.15(4) A, N-HIID 115-165°], the overall
packing having a KPI of [1.65 (with probably unresolved additional lattice water molecules).

The complex [HoNMe:]>[(UO2)2(c,t-1,4-chdc)3][2.5H20 (8) has a formula very similar to

that of 7, and the cis/trans ratio is probably the same. However, the particular disorder affecting
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the carbon atom of one carboxylate group of one of the ligands and the ring carbon atom attached
to it, slightly different from that in 6 which affected both carboxylate groups, could indicate the
coexistence of the trans isomer in the chair conformation and the cis one in the boat conformation.
A more probable situation is that the disorder is analogous to that in 6, part of it being unresolved
(but suggested by large and strongly anisotropic displacement parameters) and that both
components correspond to the trans isomer; this point being however unclear, the specific cis/trans
stoichiometry is not indicated in the formula. In any case, this disordered ligand is a linear linker
which acts in the same manner as the purely trans isomer. The asymmetric unit contains two uranyl
ions, both tris-chelated by carboxylate groups [U-O(ox0) bond lengths 1.728(11)-1.768(10) A, U-
O(carboxylate) 2.394(10)-2.569(10) A], one c-1,4-chdc? ligand, two t-1,4-chdc?™ ligands with
inversion symmetry, and the disordered ligand (Figure 8). The connectivity is however different
from that in 7, and a binodal 3D framework is formed, with the point symbol {10%.12}{103}
corresponding to a subnet of the mbc topological type, and three such nets are interpenetrated with
[0 O 1] as interpenetration vector, as shown in Figure 8. The subunit formed by U1 and the c-1,4-
chdc? ligands alone is a helical 1D chain running along the b axis, both directions of rotation being
present in the lattice since the space group is centrosymmetric. Atom U2 and the two

centrosymmetric #-1,4-chdc?™ ligands form linear chains directed along [1 1 0] or [1 T 0], these

being connected to the helical subunits by the disordered ligands so as to form the 3D framework.
The dimethylammonium cations are hydrogen bonded to carboxylate groups and lattice water
molecules [N 2.920(19)-3.01(3) A, N-HIID 122-166°].

While complexes 1-8 are homometallic, all those described in the following are
heterometallic. The two complexes [M(bipy)s][(UO2)2(c-1,4-chdc);]1.5H>0, with M = Co (9) or

Cd (10) are isomorphous and they crystallize in the cubic Sohncke space group P2:3. All metal
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atoms are located on threefold rotation axes (Wyckoff position 4a), the two independent uranium
atoms being tris-chelated by carboxylate groups and the 3d-block metal cation being chelated by
three bipy molecules (Figures 9 and 10), all with unremarkable bond lengths [U-O(oxo0) 1.751(9)-
1.774(10) A, U=O(carboxylate) 2.441(5)-2.482(5) A, Co-N 2.134(6) and 2.139(6) A, and Cd-N
2.342(5) and 2.356(5) A]. The unique c-1,4-chdc?” ligand is in the chair conformation as usual, but
there is some difference in geometry between 9 and 10: the dihedral angles between the average
cyclohexyl ring plane and the two carboxylate planes are 26.0(8) and 89.5(6)° in 9, and 75.9(7)
and 79.1(8)° in 10, and the dihedral angles between the two carboxylate groups are 63.5(8)° in 9
and 79.4(9)° in 10, this having however no effect on the connectivity. The uninodal 3D framework
formed in both cases has the point symbol {10} and the topological type srs (corresponding to the
net of silicon positions in SrSi2), a common chiral net topology for MOFs based on triangular
building units.>*>% The interactions within the lattice are predominantly electrostatic in this ionic
compound,’’ but it may however be noted that several contacts between aromatic protons of the
bipy molecules and oxo or carboxylate oxygen atoms are possibly indicative of weak CHIID
hydrogen bonding-%° [CD(carboxylate) 3.307(9) A, HIID 2.37 A, C-HIID 169° for the shortest
of these bonds in 9; CID(oxo0) 3.124(9) A, HIID 2.52 A, C-HID 122° in 10]. In both cases, at
least one of these interactions appears prominently in the Hirshfeld surface® drawn with
CrystalExplorer.%! More generally, such interactions have been found in several uranyl complexes
involving [M(bipy/phen)s]** cations (phen = 1,10-phenanthroline), and they seem to be a favourite
mode of interaction of the latter.3#3337:62-64 [t may be surmised that the chiral [M(bipy)3]** cation
exerts a structure-directing effect on the formation of the chiral framework in these complexes and

induces a particular chirality in it, in a manner similar to that possibly resulting in the formation of

17



triple-stranded uranyl-based helicates.®® Both 9 and 10, like 1, provide examples of complexes
which undergo "spontaneous resolution".

The complex obtained with Ni' cations, [Ni(bipy)3]2[(UO2)4(c-1,4-chdc)(r-1,4-
chdc)(NOs3)s][2H0 (11), is different from 9 and 10, which may be an effect of the different organic
cosolvent, i.e. methanol instead of DMF. There are two uranyl ions in the asymmetric unit, one of
them (U1) chelated by two carboxylate groups and one nitrate ion, and the other by one carboxylate
and two nitrate ions [U-O(ox0) 1.752(3)-1.769(3) A, U—O(carboxylate) 2.395(3)-2.463(3) A, U-
O(nitrate) 2.479(3)-2.530(3) Al (Figure 11). This is the only example in this series of retention of
nitrate ions in the final product. The Ni!! cation is chelated by three bipy molecules, with Ni-N
bond lengths of 2.060(3)-2.098(3) A.Both ligands are in the chair conformation, z-1,4-chdc?™ being
centrosymmetric. The presence of the terminal nitrate groups prevents polymerization, and a
tetranuclear, tetra-anionic complex is formed instead, the single instance of such a OD species in
this series (it is however notable that a tetranuclear uranyl complex akin to the present one was
described in the case of 1,7-heptanedioic ligands®”). The linear geometry of the central trans isomer
linker and the kinked one of the two lateral cis ligands result in the assembly having an S-shape,
one bipy ligand from a counterion being included in each curved part. Here also, apart from the
dominant Coulombic forces, weak CHIID hydrogen bonding interactions, involving hydrogen
atoms in bipy molecules and oxo, carboxylate or nitrate oxygen atoms, may be present; they are
revealed by examination of the Hirshfeld surface, part of which is shown, as a representative
example, in Figure 11 [CIID 3.077(6)-3.445(6) A, HIID 2.41-2.60 A, C-HIID 116-158°]. Some

interactions are also mediated by the lattice water molecules, which are donors in OHIID bonds to

carboxylate groups [OID 2.907(6) and 2.980(6) A, O-HIID 129 and 151°], and acceptors in
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CHIID bonds from the cations. With a KPI of 0.71, the packing does not contain significant free
spaces.

The complex [Cu(bipy)2]2[(UO2)2(c-1,4-chdc)a(z-1,4-chdc)]2H,0 (12) differs from the
other complexes in this series by the reduction of the d-block metal cation, initially Cu"l, into Cul,
a phenomenon previously observed in syntheses performed under (solvo-)hydrothermal
conditions.®*%> The asymmetric unit contains two uranyl ions, each of them chelated by three
carboxylate groups, cis and trans ligands in the same ratio as in complexes 6 and 11, and two
[Cu(bipy)2]* counterions (Figure 12). The environment of the uranium atom is unremarkable [U-
O(oxo0) 1.756(7)-1.778(7) A, U—O(carboxylate) 2.414(8)-2.509(7) Al, as is that of copper(l),
which is in a distorted tetrahedral environment, as usual for this cation® [Cu-N 1.995(8)-2.084(9)
A; dihedral angles between bipy molecules 62.87(18) and 78.34(15)°]. All the dicarboxylate
ligands are in the chair conformation, and the coexistence of linear frans and kinked cis ligands
results in the formation of a uninodal 3D framework with the same point symbol {103} asin 5, 9
and 10, but pertaining to a third topological type, ths (ThSi2), which is, with srs, the most common
3-connected 3D net.>* The srs and ths nets differ by their vertex symbols, [10s00s00s] and
[10:00040004], respectively (while the vertex symbol for the binodal net in §,
[1000303]M103103003], is not a common one). Two 3D nets are interpenetrated in complex 12,
with [1 O O] as interpenetration vector, as shown in Figure 12. It is notable that 2-fold
interpenetration of 3D nets with the ths topology has also been encountered in the uranyl ion
complex with 4,4',4"-(phenylsilanetriyl)tribenzoate, a tripodal ligand.?® When viewed down the a
axis, the packing in 12 displays large hexagonal channels (C12-14 A) which are occupied by the
counterions. Being arranged into columns, the counterions may possibly be involved in two T¢

stacking interactions [centroid[I8entroid distances 4.149(6) and 4.235(6) A, dihedral angle 33.0(5)°
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for both], but these do not appear to be greater than dispersion from Hirshfeld surface analysis.
Two CHII interactions involving hydrogen atoms of cyclohexyl and bipy groups may be present
[HI8entroid distances 2.66 and 2.96 A, C-HllI8entroid angles 150 and 156°], as well as CHIIID
hydrogen bonds between bipy hydrogen atoms and oxo or carboxylate oxygen atoms [CIID
3.094(13)-3.560(13) A, HIID 2.42-2.62 A, C-HIID 128-173°]. No significant porosity is present
in the lattice (KPI 0.68).

The last complex in this series to involve a d-block metal cation is [Zn(bipy)3][(UO2)2(c-
1,4-chdc);][4H>0 (13), and, as in complexes 9 and 10, only the cis isomer of the dicarboxylate
ligand is present. The asymmetric unit contains two uranyl cations chelated by three carboxylate
groups [U-O(oxo0) 1.760(5)—-1.774(4) A, U-O(carboxylate) 2.423(5)-2.539(4) Al, three ligands in
chair conformation, and the [Zn(bipy)s3]** cation [Zn-N 2.144(5)-2.167(5) Al (Figure 13). While
the uranyl ions in 9 and 10 are located on threefold symmetry axes, they are in general position
here, and the arrangement of the ligands around the metal centre are slightly different for the two
atoms: for U1, two ligands point toward the same side of the equatorial plane and the third toward
the other side, and for U2, two are on the same side and the third straddles the equatorial plane. As
a consequence of this difference, the coordination polymer does not form a 3D framework as in 9

and 10, but a uninodal 2D network parallel to (1 0 T), with the point symbol {4.82} and the common

fes topological type. The layers are rather thick ([14 A) since the rings are strongly inclined with
respect to the sheet average plane, so that, when viewed down the b axis, the curved rings with four
vertices appear to define channels in which the counterions are partly embedded, being located in
the inter-ring spaces. Two aromatic rings from adjacent counterions are possibly engaged in a
parallel-displaced testacking interaction (but this appears to be no greater than dispersion in the

Hirshfeld surface) [centroidI8entroid distance 4.023(3) A, dihedral angle 0°] and there may be
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two intralayer CHIIIH interactions involving hydrogen atoms of a cyclohexyl ring [HI8entroid
distances 2.79 and 2.88 A, C-H(lI8entroid angles 154 and 126°]. The lattice water molecules are
involved in hydrogen bonds among themselves and with carboxylate groups, thus linking adjacent
sheets [OD 2.667(13)-3.116(10) A, O-HIID 120-169°], the latter being tightly packed in bump-
to-hollow fashion, thus leaving no free space (KPI 0.68). Here also, Hirshfeld surface examination
shows that CHIID hydrogen bonds may play some role in the finer details of the packing of anions
and cations [CIIO 3.162(8)-3.548(10) A, HID 2.22-2.64 A, C-HID 121-170°].

The last complex, [UO2Pba(c-1,4-chdc)(z-1,4-chdc)2(bipy)2] (14), is the only one in the
series to involve a p-block metal cation, Pb", and it is also the only one in which the additional
metal cation is bound to carboxylate groups and thus part of the polymeric assembly. The
asymmetric unit contains a single uranyl ion chelated by one carboxylate group and bound to three
more carboxylate oxygen atoms from three different ligands, the uranium atom being thus in a
pentagonal bipyramidal environment [U-O(oxo) 1.787(3) and 1.791(4) A, U-O(carboxylate)
2.495(4) and 2.500(4) A for the chelating group, and 2.323(4)-2.340(4) A for the others]; it
contains also two Pb!! cations and one cis and three trans (two of them centrosymmetric) ligands
in the chair conformation (Figure 14). While one of the centrosymmetric trans ligands displays the
usual geometry with two equatorial carboxylate groups, these are both axial in the other ligand
(containing O13 and O14), which is unique in the present series. Both lead(Il) atoms are chelated
by one carboxylate group and one bipy molecule, and they are bound to three more carboxylate
oxygen atoms, with Pb—O/N bond lengths in the range 2.447(4)-2.811(4) A; both of them make
two longer contacts (not represented in Figure 14 for clarity) with one carboxylate oxygen atom
[3.355(4) Al and the uranyl oxo atom O1 [3.561(4) Al in the case of Pb1, and with two carboxylate

oxygen atoms pertaining to groups already bonded in monodentate fashion [3.239(4) and 3.498(4)
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A] in the case of Pb2. These latter contacts may represent very weak interactions at best (in
particular, uranyl oxo bonding to Pb" with a much shorter distance of 2.999(4) A has been
reported®’) and, if they are disregarded, both Pb! cations are in seven-coordinate environments
with a geometry of the tetragonal base—trigonal base type, and a distinctly hemidirected character,
possibly as a consequence of the lead(I) lone pair.®” The coordination modes of the carboxylate
groups are either chelating and bridging (H2-K' O:k20,0") or bridging bidentate (2-K'0:k'0"), and
they are bound to either one uranium and one lead atom, or two lead atoms; overall, each ligand
connects four metal centres (one U and three Pb, two U and two Pb, or four Pb). A 7-nodal 3D
framework is formed, with the point symbol {42.62.82},{42.63.8}3{42?.8*}. Uranyl ions and its
ligands alone form 1D chains directed along the a axis, while lead(Il) and its ligands generate a 3D
framework on their own. Two parallel-displaced Testacking interactions may be present
[centroid Mdentroid distances 3.726(3) and 3.950(3) A, dihedral angles 4.7(3) and 22.0(3)°], as well
as one CHII interaction involving a hydrogen atom from bipy [H{I8entroid distance 2.51 A C-
H[[I8entroid angle 172°], and several CHIID hydrogen bonds [CIID 3.052(7)-3.490(7) A, HIIOD
2.29-2.63 A, C-HIID 122-165°]. The framework is very compact and has no solvent-accessible

space (KPI 0.72).

Luminescence properties. Emission spectra in the solid state were recorded at room
temperature under excitation at a wavelength of 420 nm for the complexes which could be obtained
pure and in sufficient amount, i.e. the homometallic complexes 1, 2, § and 8, and all the
heterometallic complexes 9—14. Complete quenching of uranyl luminescence is observed for the
heterometallic complexes 9, 12 and 14, containing Co'!, Cu! and Pb" cations, respectively. This is

a frequent phenomenon in the case of open-shell d-block metal ions such as Co' and is attributed
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12,29,32,35,63,64,70 while

to energy transfer to a d—d excited state followed by non-radiative decay,
energy transfer to an isolated Cu' centre, possibly involving a d—s excited state, would be expected
to give rise at most to a weak Cu! emission.”! Quenching due to the presence of lead(II) has been
previously observed,®”-7? although it is not general,**° and its origins are obscure. In all the other
cases, the vibronic progression corresponding to the S11 — Soo and S10 — Sov (v = 0—4) electronic
transitions’? is apparent, with four or five intense and well-resolved peaks, as shown in Figure 15,
the positions of these emission bands being dependent on the nature and number of donor atoms in
the uranyl equatorial plane.”*”> Uranyl luminescence is largely quenched in the Ni'-containing
complex 11, as well as in the homometallic complex S. In all the complexes giving well-resolved
spectra, the uranium atom is eight-coordinate, except for 2, in which it is six-coordinate; the peak
positions vary only in a narrow range within the series, with the four stronger ones located at 477—
483, 497-503, 518-525, and 544-549 nm. Similar values have previously been found in other
complexes with three chelating carboxylate groups®>12:2637:49.6476-80 (3]though this is not
general®>7). While the peak positions for the square bipyramidal complex 2 fall within these
ranges, different, red-shifted values have recently been found in a complex with (1R,2R)-trans-1,2-
cyclohexanedicarboxylate with a similar coordination environment (main maxima at 501, 524, 548
and 575 nm);* further comparison is however hampered by the scarcity of uranyl carboxylate

complexes displaying this geometry alone. The average vibronic splitting energies for the Sio —

Sov transitions are in the range 819(17)-868(17) cm™! for the whole series, the largest value being
for complex 1; these values are usual for uranyl complexes with carboxylates.*3:12:33.37.73.81.82
So as to get a visual representation of the dependence of the peaks positions upon the

geometry of the uranyl equatorial environment, the positions of the four main peaks [Si0 — Sov (V

= 0-3)] have been plotted in Figure 16 for a series of 46 complexes involving various

23



polycarboxylate ligands (including also the present results).*>:12:32:35.37:49,51,64.67,72,77-80.83-85  A]]
these complexes are from our own work, so that all measures have been performed using the same
apparatus and in exactly the same conditions, and only well resolved spectra of complexes having
only one kind of equatorial environment have been considered; the precision of the measurements
can be estimated at +2 nm. The complexes are separated into four groups according to the number
and nature of equatorial donors, Os, O4N2, Os or Og4, and the complexes are sorted within each
group in the order of red-shift of the lowest wavelength emission peak, so that shifts in the positions
of the three other peaks between different complexes reveal slight variations of the splitting energy.
As a general trend, it appears that the tris-chelated O environment is associated to the most blue-
shifted positions, and the Os environment to the most red-shifted ones, the shift spanning a range
of [20 nm for each peak. The most red-shifted positions for one peak are close to the most blue-
shifted ones for the peak immediately to its right, which gives a somewhat misleading appearance
of continuity between curves for adjacent peaks. Replacement of one chelating carboxylate by a
chelating N-donor such as bipy or phen, thus giving the O4N> equatorial environment, has no
marked effect. It is notable that several Os complexes depart from the usual trend, with positions
that cover a large part of the range of Os complexes; this is the case in particular with
tetrahydrofurantetracarboxylic acid, in which two ether oxygen atoms replace a carboxylate
group,®’ and also with 2,5-thiophenedicarboxylate,? possibly reflecting a variation in the strength
of the ligand induced by the presence of sulfur, as well as with three other ligands in which the
origin of the shift is not obvious.??#*6* Finally, while one of the complexes with O4 environment
gives the most red-shifted values of all,* which is in keeping with the general tendency, the other,
complex 2, is clearly anomalous, with values typical of the Os environment; it is however notable

that a similar shift of (20 nm between two closely related O4 complexes has previously been
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reported.” Obviously, even if a general trend appears here, within a family of complexes all
involving carboxylate ligands, it is nevertheless important to stress that the coordination number is
only one factor at play, the ligand strength in particular exerting an influence.’”*”> Some carboxylate
complexes studied by other groups fit well in the present series,!>16:18:19.2686-88 byt g different
evolution of peak positions with respect to number of donors has been found in a family of
pyrazine- or pyridine-containing carboxylates.?® It is known that a red-shift of uranyl emission
peaks positions is related to an increase of donor strength in the equatorial plane, inducing a

decrease in uranyl oxo bond order,’*%0

which would suggest that the reduced crowding in the
equatorial plane, and the associated shorter bond lengths, in Os species with respect to Og ones

must result in an overall donor strength increase in the former.

CONCLUSIONS

The synthesis, crystal structure and, when possible, luminescence properties of 14 uranyl ion
complexes containing the 1,4-cyclohexanedicarboxylate ligand in either its pure trans or cis forms,
or as mixtures in varying proportions, have been described; these two ligand isomers have very
different shapes, linear for the trans form when the two carboxylate groups are in equatorial
position, as is most often the case, and curved for the cis one, with one axial and one equatorial
carboxylate group. It is relevant to note here that where a mixture of the cis and trans isomers of
1,3-cyclohexanedicarboxylic acid was used to prepare uranyl ion complexes, it resulted also in a
crystalline species where both isomers were present in the one lattice,”! although this remains a
relatively rare circumstance. Neutral 1D and 2D assemblies can be obtained with either the cis or
trans isomers of 1,4-chdc?- in their pure form, but, while these are the only complexes with the
trans isomer which crystallized under the conditions used, the cis isomer gives also anionic species

which crystallize as 2D nets or 3D frameworks, depending on the nature of the counterion (Table
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2). Anionic complexes only were obtained with the mixture of isomers, among which are three
interpenetrated species, either 2D or 3D. Since uranyl-containing entangled networks have not been
reviewed to date, a summary of all cases known, to the best of our knowledge, is given in Table 3.
The cases are subdivided into interpenetrated (i.e. with no change in dimensionality) and
polycatenated (with dimensionality increase), and the dimensionality notation proposed by Batten
is used for the latter.?! The divergent, ditopic nature of 1,4-chdc?, and the elongated shape of the
trans isomer in particular, are favorable to the formation of large rings, these in their turn promoting
entanglement, as in the parent aromatic terephthalate ligand, for which several cases of
interpenetration are known,®!® and 2D - 3D polycatenated species were recently reported.'® The
three interpenetration cases reported here are threefold 2D or 3D, and twofold 3D, the two former
involving the H:2NMe,* cation, and the latter [Cu(bipy)2]* (several other cases of uranyl-containing
coordination polymers with [M(bipy/phen),]*** (n = 2 or 3) counterions have been found which
display interpenetration®* or polycatenation®?%). Overall, with its two isomeric forms and its great
sensitivity to the experimental conditions (particularly to the counterions present), 1,4-chdc?
appears to be a ligand of choice for the synthesis of uranyl ion complexes displaying a wide range
of architectures. The uranyl emission properties of ten of the present complexes were measured,
with complete quenching for three heterometallic species and well-resolved spectra in the other
cases; together with those of other polycarboxylate complexes previously reported and measured
under the same conditions, they provide evidence of a general trend, with the maxima for the
complexes with Og or O4N> equatorial environments being in most cases blue-shifted with respect

to those of complexes with an Os environment.
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Table 1. Crystal Data and Structure Refinement Details

1 2 3 4 5 6 7
chemical formula CgH, 405U C3H,yOsU C, HizNO;U CsHisN,OsU Cs3HggN¢033Us C3H57N30,9U, Ca3HsoN>0 13U,
M (g mol™) 476.22 440.19 513.29 596.37 2345.45 1251.85 1178.76
cryst syst tetragonal triclinic monoclinic monoclinic trigonal triclinic monoclinic
space group P432,2 P P2/n C2/c R3¢ & C2/c
a(h) 9.8794(2) 5.2458(8) 10.4507(4) 20.7782(12) 25.5726(2) 11.0583(6) 33.764(2)
b(A) 9.8794(2) 6.6155(11) 11.6086(8) 15.4983(10) 25.5726(2) 12.4583(7) 16.2336(5)
c(A) 11.5842(3) 7.5996(10) 12.2553(8) 13.2569(8) 19.0833(2) 15.1292(9) 29.3892(15)
a(deg) 90 90.354(4) 90 90 90 81.442(3) 90
B (deg) 90 91.472(4) 105.657(4) 122.283(3) 90 87.336(3) 100.032(3)
y(deg) 90 104.606(3) 90 90 120 88.505(2) 90
V(A% 1130.65(5) 255.10(7) 1431.62(15) 3609.2(4) 10807.7(2) 2058.5(2) 15862.3(13)
z 4 1 4 8 6 2 16
Deyiea (g cm™) 2.798 2.865 2.381 2.195 2.162 2.020 1.974
(Mo Ka) (mm™) 14.385 15912 11.367 9.033 9.056 7.935 8.229
F(000) 872 198 952 2240 6648 1200 8960
reflns colled 37439 13862 73692 61986 136707 115146 195832
indep reflns 1462 966 2706 3422 6199 7824 15008
obsd reflns [1 > 2a(I)] 1403 966 2284 2928 5997 6370 10398
Rinc 0.014 0.022 0.058 0.028 0.018 0.065 0.061
params refined 80 70 183 244 326 521 920
R, 0.016 0.029 0.028 0.023 0.019 0.030 0.073
WR 0.040 0.080 0.063 0.051 0.047 0.070 0.171
N 1.212 1.102 1.050 1.048 1.025 1.081 1.093
Dfin (6 A7) -1.24 -1.42 -1.66 -0.71 -0.85 -1.35 -3.47
D e (€ A7) 0.41 242 0.96 0.91 0.41 1.25 4.06
Flack parameter 0.635(14) -0.007(7)

8 9 10 11 12 13 14
chemical formula CysHs51NyO155U;  CsqHs7CoNgOy75Us  Cs4Hs7CdNGO175U;  CyaHgoNigNipOgUy  CegHggCunNgOygUs  CssHeoNeOnoUsZn - CagHuN4O14PbU
M (g mol™) 1187.76 1605.04 1658.51 3053.21 1838.38 1656.52 1507.26
cryst syst monoclinic cubic cubic triclinic monoclinic monoclinic monoclinic
space group P2,/n P2,3 P2,3 P1 Pc P2i/n P2/c
a(A) 14.7946(5) 17.9583(2) 18.0725(2) 9.0917(6) 8.2701(3) 14.8140(8) 11.5531(9)
b(A) 11.7088(3) 17.9583(2) 18.0725(2) 13.9416(10) 14.8223(6) 13.9212(5) 11.4052(10)
c(A) 23.2413(7) 17.9583(2) 18.0725(2) 20.9702(11) 26.6956(9) 28.5654(16) 33.8218(18)
a(deg) 90 90 90 103.600(4) 90 90 90
B (deg) 96.463(3) 90 90 97.167(4) 95.453(2) 92.058(3) 97.770(5)
y(deg) 90 90 90 108.243(3) 90 90 90
V(A% 4000.4(2) 5791.56(19) 5902.8(2) 2396.3(3) 3257.6(2) 5887.2(5) 4415.6(6)

z 4 4 4 1 2 4 4
Deaiea (g cm™) 1.972 1.841 1.866 2.116 1.874 1.869 2.267
H(Mo Ka) (mm™) 8.159 5.936 5.904 7.220 5.678 5.971 11.339
F(000) 2260 3096 3180 1456 1784 3208 2824
reflns colled 136750 90471 96674 135973 108206 234579 121504
indep reflns 7577 3657 3732 9076 12042 11149 8372
obsd reflns [1 > 2a()] 5796 3492 3660 7562 11470 8375 6943
Rinc 0.042 0.018 0.013 0.043 0.044 0.055 0.045
params refined 509 248 248 667 848 748 586

R, 0.059 0.025 0.023 0.028 0.030 0.041 0.027
WR» 0.144 0.063 0.059 0.062 0.075 0.085 0.058
N 1.165 1.065 1.094 1.035 1.033 1.020 1.049
Dfin (6 A7) -1.66 -0.76 -0.52 -1.35 -0.52 -121 -1.08
D (€ A7) 232 0.40 0.58 0.53 0.81 0.78 0.88
Flack parameter —-0.014(10) —0.003(8) —0.003(5)
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Table 2. Isomeric Form of the 1,4-chdc?*~ Ligand, Countercations and Dimensionality in

Complexes 1-14

Compound  Isomers present Countercations Dimensionality

1 trans 1D

2 trans 2D

3 cis 2D

4 cis 1D

5 cis C(NHy)s*, HoNMe,* 3D

6 cis + trans H>oNMe,* 1D

7 cis + trans H>NMe,* 2D, 3-fold interpenetration
8 cis + trans HoNMe,* 3D, 3-fold interpenetration
9 cis Co(bipy)s?* 3D

10 cis Cd(bipy)s** 3D

11 cis + trans Ni(bipy)s** 0D, tetranuclear

12 cis + trans Cu(bipy),* 3D, 2-fold interpenetration
13 cis Zn(bipy)s* 2D

14 cis + trans Pb(bipy)** (complexed) 3D
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Table 3. Uranyl-Containing Entangled Networks

Ligand Countercations Dimensionality Reference
Interpenetration
terephthalate NH4* 2D, 2-fold 8
pyridine-4-carboxylate-N-oxide 2D (hydrogen-bonded), 2-fold 27
2,5-thiophenedicarboxylate Na* 2D, 2-fold 30
biphenylsulfone-4,4'-dicarboxylate propane-1,3-di(4-pyridinium) 2D, 2-fold 36
2,6-dichloropyridine-4-carboxylate Ag" (built-in) 2D, 3-fold 33
2,2"-bipyridine-5,5'-dicarboxylate Cu?* (built-in) 2D, 3-fold 39
1,4-cyclohexanedicarboxylate H,NMe,* 2D, 3-fold this work
undecane-1,11-dicarboxylate [Mn(phen);]** 2D, 3-fold, Borromean 34
4.,4',4"-(phenylsilanetriyl)tribenzoate Hphen* 3D, 2-fold 38
methane tetrakis(phenyl-4-carboxylate) HoNMe,* 3D, 2-fold 40
1,4-cyclohexanedicarboxylate [Cu(bipy),]* 3D, 2-fold this work
terephthalate / 1-(4-(1H-imidazol-1-yl)-2,5-dimethylphenyl)-1H-imidazole 3D, 3-fold 16
4,4'-[[2-[(4-carboxyphenoxy)ethyl]-2-methylpropane-1,3-diyl]dioxy]dibenzoate 3D, 3-fold 28
hexakis[4-(carboxylatophenyl)oxamethyl]-3-oxapentane 3D, 3-fold 28
4.,4',4"-(phenylsilanetriyl)tribenzoate 3D, 3-fold 38
1,4-cyclohexanedicarboxylate HoNMe,* 3D, 3-fold this work
Polycatenation
pyridine-4-carboxylate Cu?* (built-in) 2D - 3D, parallel 29
pentane-1,5-dicarboxylate NH,* 2D - 3D, parallel 37
4,4'-biphenyldicarboxylate [Ni(bipy)s]**/[Ni(phen);]** 2D - 3D, inclined, 2-fold 32
2,5-thiophenedicarboxylate [Ag(bipy).]* 2D - 3D, inclined, 2-fold 35
2,2"-bipyridine-5,5'-dicarboxylate Cu?*, Zn** (cross-linkers) 2D - 3D, inclined, 2-fold 39
terephthalate 4,4'-bipyridinium 2D - 3D, inclined, 2-fold 19
terephthalate propane-1,3-di(4-pyridinium) 2D - 3D, inclined, 2-fold 19
butane-1,4-dicarboxylate / 4,4'-bipyridine 2D - 3D, inclined, 3-fold 26
3,5-di(4’-carboxylatophenyl)benzoate H,NMe,* 2D - 3D, inclined, 3-fold 31
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Figure Captions

Figure 1. Top left: View of complex 1. Displacement ellipsoids are drawn at the 50%
probability level and carbon-bound hydrogen atoms are omitted. Symmetry codes: i =y, x, 1 —
Z;J =Y, x, 2 —z. Top right: View of the 1D polymer with uranium coordination polyhedra
colored yellow, as in all subsequent figures, and hydrogen atoms omitted. Bottom left: View
showing the chirality-inducing hydrogen bonding between adjacent chains. Symmetry code: k

=x+1/2,3/2 -y, 5/4 — z. Bottom right: View of the packing.

Figure 2. Top: View of complex 2. Displacement ellipsoids are drawn at the 50% probability
level. Symmetry codes:i=-x,2-y,2-z;j=x-1,y,zk=1-x,2-y,2-zl=x+1,y, 2
m=1-x,1-y,1-zzn=x,y—1,z- 1. Middle: View of the 2D assembly. Bottom: Packing

with layers viewed edge-on. Hydrogen atoms are omitted in all views.

Figure 3. Top left: View of complex 3. Displacement ellipsoids are drawn at the 40%
probability level. Symmetry codes: i=x+ 1/2,3/2 -y, z+ 1/2;j=1/2—-x,y—1/2; 1/2 - z; k=
x—=1/2,312—-y,z—-1/2;1=1/2—x, y + 1/2; 1/2 — z. Top right: View of the 2D assembly. Bottom
left: View of the packing with layers viewed edge-on. Bottom right: Simplified representation
of the 2D network (yellow: uranium, red: oxygen, blue: dicarboxylate ligand, dark red: DMF).

Hydrogen atoms are omitted in all views.

Figure 4. Top: View of complex 4. Displacement ellipsoids are drawn at the 40% probability
level. Symmetry codes: 1 =3/2 —x, y—1/2,3/2 - z;j=3/2 - x, y + 1/2, 3/2 — z. Middle: View
of the 1D polymer. Bottom: Packing with chains viewed end-on. Hydrogen atoms are omitted

in all views.
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Figure 5. Top: View of complex 5. Displacement ellipsoids are drawn at the 50% probability
level and carbon-bound hydrogen atoms are omitted. Hydrogen bonds are shown as dashed
lines. Symmetry codes: i=y—-x+1/3,y—1/3,z+ 1/6;j=1-y,x—y+ 1, z;k=y—-x, 1 —x, z;
l=y—x+2/3,y+ 1/3, z— 1/6. Bottom: View of the 3D framework with counterions, solvent

molecules and hydrogen atoms omitted.

Figure 6. Top: View of complex 6. Displacement ellipsoids are drawn at the 40% probability
level and carbon-bound hydrogen atoms are omitted. Hydrogen bonds are shown as dashed
lines. Symmetry codes:i=x—-1,y-1,z;j=—x,2-y, 1 —z;k=x+ 1,y + 1, z. Middle: View
of the ladderlike 1D polymer. Bottom: Packing with chains viewed end-on. Hydrogen atoms

are omitted in the last two views. Only one position of the disordered atoms is shown.

Figure 7. Top left: View of complex 7. Displacement ellipsoids are drawn at the 40%
probability level. Symmetry codes: i=x+ 1/2, y—1/2,z;j=x—-1/2,y+ 1/12, z; k=1-x, 1 -y,
-z 1=1-x,4-y,1—-z Topright: View of the interpenetrated 2D assembly. Bottom left:
View of the packing with layers viewed edge-on. Bottom right: Nodal representations of the
threefold interpenetrated 2D nets. Counterions, solvent molecules and hydrogen atoms are

omitted in all views.

Figure 8. Top left: View of complex 8. Displacement ellipsoids are drawn at the 40%
probability level. Symmetry codes: 1=1/2 —x,y - 1/2,—z—1/2;j=12-x,y+ 1/2, -z - 1/2; k
=1l-x,-y,1-z;1=-x, 1 -y, 1 —z Top right: View of the interpenetrated 3D framework.
Bottom left: View showing the helical subunit formed by the c-1,4-chdc?™ ligand alone (parallel

to [0 1 0]) in the upper part, connected to a series of chains (viewed end-on) formed by the #-
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1,4-chdc?®- ligand alone (parallel to [1 1 0]) in the lower part. Bottom right: Nodal representation
of the threefold interpenetrated 3D nets. Counterions, solvent molecules and hydrogen atoms

are omitted in all views, and only one position of the disordered atoms is shown.

Figure 9. Top: View of complex 9. Displacement ellipsoids are drawn at the 40% probability
level. Symmetry codes: i=z+ 1/2,3/2—-x, 1 —y; j =32 -y,1 -z, x—1/2; k=y,z, x; 1 = z, x,
y. Middle: View of the 3D framework. Solvent molecules and hydrogen atoms are omitted in
both views, and counterions in the last view. Bottom: Nodal representation of the 3D framework
(yellow: uranium, blue: dicarboxylate ligand); slightly rotated from the orientation of the

previous view.

Figure 10. View of complex 10. Displacement ellipsoids are drawn at the 30% probability
level. Solvent molecules and hydrogen atoms are omitted. Symmetry codes: i =3/2 —z, 1 —x,
y+1/2;j=1-y,z-1/2,32 -x;k=2z-1/2, 1/2-x, 1 =y;1=1/2 -y, 1 — z, x + 1/2. The 3D

framework is similar to that in the isomorphous complex 9.

Figure 11. Top: View of complex 11. Displacement ellipsoids are drawn at the 50% probability
level. Symmetry code: i=1—-x, 1 —y, 2 — z. Middle: View of the packing with nickel atoms
shown as blue spheres. Solvent molecules and hydrogen atoms are omitted in both views.
Bottom: View of the Hirshfeld surface of the anionic complex showing the hydrogen bonding

interactions with cations and solvent molecules.

Figure 12. Top left: View of complex 12. Displacement ellipsoids are drawn at the 50%
probability level. Symmetry codes: i=x, -y, z+ 1/2,j=x—-1,1 -y, z+ 1/2; k=x, -y, z— 1/2;

l=x+1,1-y,z—1/2. Top right: View of the interpenetrated 3D framework with copper atoms
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shown as blue spheres. Bottom: Two nodal views of the twofold interpenetrated 3D nets.

Solvent molecules and hydrogen atoms are omitted in all views.

Figure 13. Top left: View of complex 13. Displacement ellipsoids are drawn at the 40%
probability level. Symmetry codes: i =x+ 1/2, 1/2 -y, z + 1/2;j=1—-x,-y,  —z; k=x-1/2,
172 —y, z — 1/2. Top right: View of the 2D assembly with counterions omitted. Bottom left:
View of the packing with layers viewed edge-on and zinc atoms shown as green spheres.
Bottom right: Simplified representations of the 2D assembly (yellow: uranium, red: oxygen,

blue: dicarboxylate ligand). Solvent molecules and hydrogen atoms are omitted in all views.

Figure 14. Top: View of complex 14. Displacement ellipsoids are drawn at the 50% probability
level. Symmetry codes:i=x+1,y,z;j=1-x,y-1/2; 12—z k=—x,y—-1/2; 112 -z;1=1 -
X, y+1/2;12-zm=x-1,y,zn==x,y+ 1/2;12-z;0=2-x,1 -y, 1l —z;p=2—-x, -y, 1
-z;9=x+1, 1/2 —y; z+ 1/2. Middle: View of the 3D framework with lead atoms shown as
green spheres. Bottom: Simplified representation of the framework (yellow: uranium, green:
lead, red: oxygen, blue: dicarboxylate ligand, dark red: bipy). Hydrogen atoms are omitted in

all views.

Figure 15. Emission spectra of complexes 1, 2, 5, 8, 10, 11 and 13, recorded in the solid state

with an excitation wavelength of 420 nm.

Figure 16. Distribution of the positions of the four most intense emission peaks in a series of

uranyl carboxylate complexes, with the equatorial environments O¢ (blue), O4N> (green), Os

(red), and Os4 (orange).
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For Table of Contents Use Only

Structural Consequences of 1,4-Cyclohexanedicarboxylate cis/trans
Isomerism in Uranyl Ion Complexes: from Molecular Species to

2D and 3D Entangled Nets

Pierre Thuéry and Jack Harrowfield

The crystal structures of 14 uranyl complexes containing either the trans or cis isomers of 1,4-
cyclohexanedicarboxylate, or a mixture of both, have been determined, showing a strong
dependence on the experimental conditions, and particularly on the organic or metallic
counterions present. The complexes formed have dimensionalities in the whole 0-3 range, and
three novel examples of interpenetrated two- and three-dimensional networks are reported.

Uranyl emission spectra fit with the general trend observed with other polycarboxylate ligands.
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