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ABSTRACT: Two copper−uranium heterometall ic compounds,
[(UO2)3Cu

IIO2(C6NO2)5] (1) and [(UO2)Cu
I(C6NO2)3] (2), have been

synthesized by the reaction of uranyl acetate with copper salts in the presence
of isonicotinic acid. Both compounds have been characterized by single-crystal
X-ray diffraction, IR, Raman, and UV−vis spectroscopy. In compound 1,
interactions between copper and uranium centers occur and result in a three-
dimensional pillar layered structure. Compound 1 is also the first example of a
heterometallic uranyl organic framework with a trinuclear U3O18 building block.
Compound 2 is the first uranyl organic framework that contains monovalent
copper, which arises from the reaction of Cu(II) chloride and is assumed to be
due to the oxidation of chloride at low pH.

■ INTRODUCTION

The design and synthesis of uranyl−organic coordination
polymers or frameworks (UOFs) presents intriguing structures,
as well as compounds with interesting physicochemical
properties and potential value in the nuclear fuel cycle.1−5

The coordination chemistry of U(VI) is heavily dominated by
the linear (UO2)

2+ uranyl ion. This moiety occurs coordinated
by four, five, or six coplanar (or nearly so) ligands, giving
square, pentagonal, and hexagonal bipyramids with the O
atoms of the uranyl ions located at the polyhedral apicies.6,7

Structural sheets commonly result from the linkage of uranyl
bipyramids through the sharing of equatorial vertices or edges
with other uranyl polyhedra or other cation-centered polyhedra.
The uranyl ion contains triple UO bonds,8 and as a result, its
O atoms are often terminal in the structural unit. Thus, the
most common structural theme in uranyl compounds is the
presence of complex sheets of uranyl and other polyhedra that
form an anionic structural unit, with low-valence cations and
often H2O in the interstitial (interlayer) complex.
Synthetic approaches that favor formation of UOFs are of

interest, with the primary goal of providing linkages between
structural units that are compatible with the bond strengths
within the uranyl ion. A proven strategy for the synthesis of
UOFs is to associate metallic centers with O- or N-donor
organic ligands, which can result in the formation of
multidimensional coordination polymers.9 Many N-bearing
and carboxylate-based organic ligands have been used to yield
UOFs.1,10,11 Using derivatives of either pyridinecarboxylate
and/or benzoic acid, several organic uranyl polymers have been
synthesized and characterized. These consist of either single-
vertex or edge-sharing uranyl pentagonal bipyramids that are
connected by organic ligands, resulting in a series of
mononuclear oligomers, ribbon-like chains, sheets, and
extended frameworks.12−15

An alternative strategy for assembling UOFs is to introduce
other distinct heterometallic elements, such as lanthanides or
transition metals, into the uranyl structural unit.9 Several 3d−5f
heterometallic UOFs have been synthesized, the majority of
which are constructed with inorganic coligands including
sulfate, arsenate, phosphate, and others ligands.16−24 As such,
3d metals are good candidates for this purpose.
Copper is well known for the Jahn−Teller effect associated

with Cu(II) in octahedral coordination and valence state
flexibility. The Jahn−Teller effect is usually manifested as
octahedra with four short Cu−ligand bonds in a square planar
arrangement and two longer axial Cu−ligand bonds, resulting
in an elongated (4+2) octahedral geometry.9,25 Cu(I) cations
usually have unique electron-transfer behavior and are
important in many biological processes.26−29 Relatively few
Cu−U heterometallic compounds have been reported, and
most that have exhibit UOFs with divalent copper.9,17,21,30−41

We are unaware of UOFs containing Cu(I) in the literature.
We are interested in assembling copper−uranium com-

pounds by using isonicotinic acid as a ligand source, with the
intent that both the organic species and the 3d metal may
increase functionality of the resulting compounds. Also of
interest are the variable copper oxidation states that may result
from this synthetic route. Two phases with different oxidation
states of copper, [(UO2)3Cu

IIO2(C6NO2)5] (1) and [(UO2)-
CuI(C6NO2)3] (2), have been synthesized and isolated. Herein,
we report the synthesis, crystal structures, and characterization
of these new compounds. The UVIO−CuII interaction in
compound 1 is a relatively unusual configuration20,34,42−49 that
is similar to that found in a recent report by Arnold and
Loiseau.50,51
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■ EXPERIMENTAL SECTION
Synthesis. Caution! Although depleted uranium was used in these

studies, standard precautions for handling radioactive materials should be
followed.
[(UO2)3Cu

IIO2(C6NO2)5] (1) and [(UO2)Cu
I(C6NO2)3] (2) were

synthesized by reacting uranyl acetate with either Cu(II) acetate or
Cu(II) chloride (Scheme 1). All chemicals were acquired from

commercial suppliers and used without further purification. Distilled
and Millipore filtered water with a resistance of 18.2 MΩ cm was used
in all reactions. The temperature and starting copper(II) salts are very
important in the formation of 1 and 2. In the presence of Cl−, the
Cu(II) cation is reduced to Cu(I) at 180 °C, whereas reduction is not
observed in the analogous reaction at 150 °C.
[(UO2)3Cu

IIO2(C6NO2)5] (1). Uranyl acetate (0.058 mmol, 0.0248 g),
Cu(II) acetate (0.5 M, 0.05 mL), isonicotinic acid (0.075 mmol,
0.0092 g), and 2 mL of water were heated at 150 °C in a 23 mL
Teflon-lined stainless steel reaction vessel for 4 days, followed by
cooling to room temperature at a rate of 0.1 °C min−1. Green needle-
like crystals of 1 (133 mg of product, in ca. 57.4% yield based on Cu)
and blue sheet-like plates (known structure of copper di(isonicotinate)
tetrahydrate, confirmed by X-ray diffraction) were collected by
filtration of the reaction mixture followed by washing with distilled
water. The initial and final pH values of this reaction were 3.33 and
3.46, respectively. Phase purity was confirmed by comparing simulated
and observed powder X-ray diffraction patterns (Figure S1).
[(UO2)Cu

I(C6NO2)3] (2). Uranyl acetate (saturated aqueous solution,
1.2 mL), Cu(II) chloride (0.5 M, 0.1 mL), isonicotinic acid (0.2 mmol,
0.0247 g), and 0.8 mL of water were heated at 180 °C in a 23 mL
Teflon-lined stainless steel reaction vessel for 4 days, followed by
cooling to room temperature at a rate of 0.1 °C min−1. Dark red
octahedral crystals of 2 (100 mg of product, in ca. 29.1% yield based
on Cu) and a small amount of black powder were collected by
filtration and were washed using distilled water. The initial and final
pH values were 3.04 and 3.23, respectively. Comparison of the
simulated and observed powder X-ray diffraction patterns demon-
strated phase purity (Figure S2).
Single-Crystal X-ray Diffraction and Powder X-ray Diffrac-

tion. Suitable single crystals of 1 and 2 were selected under cross-
polarized light. Each was mounted on a glass fiber for single-crystal X-
ray diffraction studies using a Bruker APEX II Quazar diffractometer
equipped with graphite-monochromated Mo Kα X-radiation provided
by a microfocus source combined with Montel optics. A sphere of data
was collected at room temperature for each compound using frame
widths of 0.5° in ω. Data were integrated and corrected for
background, Lorentz, and polarization effects using the APEX II
software.52 Data were corrected for absorption empirically using
SADABS.53 Each structure was solved and refined using SHELXTL54

on the basis of F2. Selected crystallographic parameters are provided in
Table 1, and selected bond lengths and angles are in Tables 2 and S1.
Full details of the structures are in the Supporting Information.
Powder X-ray diffraction patterns of 1 and 2 were collected using a

Bruker θ−θ diffractometer equipped with a Lynxeye one-dimensional
solid-state detector and Cu Kα radiation from 5° to 50° (2θ) with a

step width of 0.05° and a fixed counting time of 1 s/step. Patterns
were calculated from the crystallographic parameters using Mercury.55

Spectroscopic Measurements. Electon paramagnetic resonance
(EPR) spectra for a powdered sample of complex 1 were recorded
with an X-band (9.5 GHz) Bruker EMX Plus spectrometer at room
temperature. The field modulation was in the range 1 to 5 G, the
modulation frequency was 100 kHz, and the microwave power was
0.05 to 1 mW. Absorption and fluorescence data were acquired for
crystals of 1 and 2 using a Craic Technologies UV−vis−NIR
microspectrophotometer with a fluorescence attachment. Absorption
data over the range 250−1500 nm were collected under ambient
conditions. Infrared spectra were collected from powdered specimens
of 1 and 2 using a SensIR Technology IlluminatIR FT-IR
microspectrometer equipped with an attenuated total reflectance
(ATR) objective. The spectra were taken from 600 to 4000 cm−1 with
a beam aperture of 100 μm for samples stored in a desiccator for 24 h
prior to analysis. Raman spectra were collected under ambient
conditions for single crystals of 1 and 2 using a Bruker Sentinel system
linked by fiber optics to a Raman probe held in a microscope mount.
The laser wavelength was 785 nm with a power of 400 mW. Energy
dispersive spectra were collected for crystals of each compound using a
LEO EVO 50 scanning electron microscope. X-ray photoelectron
spectroscopy measurements were carried out with an XPS PHI
VersaProbe II X-ray photoelectron spectrometer at room temperature.
The C 1s peak of adventitious carbon at 284.6 eV was used for
calibration.

■ RESULTS
Single-crystal X-ray analysis revealed that compound 1 contains
two symmetrically distinct uranyl cations, one Cu(II) cation,
and three isonicotinate anions. The isonicotinate anions adopt
three distinct coordination modes by acting as terminal,
bridging, and triconnected ligands, as illustrated in Figure 1a.
The Cu1 center is six-coordinated with a typical (4+2)
environment due to the Jahn−Teller effect arising from the
electronic degeneracy of Cu(II) in a holosymmetric octahedral
ligand field.9,25 There are four pyridyl N atoms with pairs of
Cu−N bond lengths at 2.034(5) and 2.037(6) Å and two
uranyl oxo atoms with Cu−O distances of 2.480(5) Å. The
bond-valence sum at Cu1 is 2.08 vu (valence units),56

consistent with the expected valence and green color of
Cu(II). Both U(VI) cations are present as typical uranyl ions
with bond lengths ranging from 1.771(5) to 1.799(5) Å. The
calculated bond-valence57 sums at the uranyl ions are 5.8 and

Scheme 1. Synthesis of Compounds 1 and 2

Table 1. Crystallographic Data and Structure Refinement
Results for Compounds 1 and 2

1 2

structure formula [(UO2)3Cu
IIO2(C6NO2)5] [(UO2)Cu

I(C6NO2)3]
fw 1543.98 687.78
cryst syst monoclinic orthorhombic
space group P2/c Aba2
a (Å) 9.7137(11) 27.757(3)
b (Å) 14.5743(16) 10.7340(11)
c (Å) 14.5114(16) 14.1940(15)
β (deg) 105.0120(13) 90
V (Å3) 1984.3(4) 4229.1(8)
Z 2 8
ρcalcd (g/cm

3) 2.584 2.160
μ (mm−1) 12.821 8.703
Rint 0.0683 0.0730
R1 [I > 2σ(I)] 0.0296 0.0459
wR2 (all data) 0.0681 0.1142
GOF on F2 1.027 1.045
Δρmax, Δρmin (e Å−3) 1.14, −0.75 0.67, −0.73
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6.1 vu, respectively, consistent with the expected oxidation
state. Both of the uranyl ions are equatorially coordinated by
five oxygen atoms with bond lengths in the range 2.247(6) to
2.573(5) Å, similar to those reported for other pentagonally
coordinated uranyls.36 The two inequivalent crystallographic
uranyl centers form a U3O18 trinuclear motif, built through the
linkage of a μ3-O1 atom, with additional bridging through the
O4 atom. The trinuclear uranyl core is linked to two symmetry-
related Cu(II) centers through a UO−Cu interaction. The
resulting units are connected to each other through
isonicotinate to construct a three-dimensional pillar layered
structure (Figure 1b). The overall coordination structure of 1
consists of sheets formed by trinuclear U(VI) clusters with a
UO−Cu interaction linking them (Figure 1c).

The UO−Cu interaction in 1 is somewhat unusual
because of the strength of the UO bonding within the
uranyl ion. However, the Jahn−Teller distortion of the Cu(II)
octahedron results in a relatively low Cu−O bond strength,
which facilitates the interaction. Several recent publications
have designated interactions between uranyl ions and transition
metal cations as cation−cation interactions (CCIs).9,20,34,50,51

Historically, in actinide chemistry a CCI involves the
interaction of an O atom of an actinyl ion with a second
actinyl ion, and it is only recently that the definition appears to
have been expanded to include the bonding of a uranyl ion O
atom to various other cations.51 We prefer to conform to the
earlier definition of CCI and therefore do not designate the
UO−Cu interaction in 1 as such. However, it is important to

Table 2. Selected Bond Lengths (Å) for Compounds 1 and 2

compound 1 compound 2

U1−O1 2.259(3) U2−O9 2.445(5) U1−O1 2.508(9)
U1−O2 1.799(5) U2−O9a 2.444(5) U1−O2 2.451(8)
U1−O3 1.776(5) U2−O10 1.771(5) U1−O3 2.318(9)
U1−O4 2.288(4) U2−O10a 1.771(5) U1−O4f 2.361(8)
U1−O5c 2.573(5) Cu1−N1 2.037(6) U1−O5 2.302(7)
U1−O6c 2.490(5) Cu1−N2 2.034(5) U1−O7 1.762(10)
U1−O7 2.471(5) Cu1−N1b 2.037(6) U1−O8 1.727(9)
U2−O1 2.247(6) Cu1−N2b 2.034(5) Cu1−N1 1.955(12)
U2−O8 2.354(5) Cu1−O2d 2.480(4) Cu1−N2 1.979(10)
U2−O8a 2.354(5) Cu1−O2e 2.480(4) Cu1−N3 2.112(10)

Cu1−O6 2.274(12)
a1−x, +y, 1/2−z. b2−x, +y, 3/2−z. c+x, −1+y, +z. d+x, 1−y, z−1/2. e2−x, 1−y, 1−z. f−x, 2−y, +z.

Figure 1. (a) Depiction of the coordination environments of the three UVI sites and one CuII site in compound 1. (b) Three-dimensional
coordination structure indicating the heterometallic UO−Cu interactions. (c) Perspective of the three-dimensional network.
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note that the interaction is analogous to those reported as CCIs
for Cu(II),9,34 Zn(II),20 and Ln(III)51 and that this interaction
facilitates formation of a three-dimensional structure.
The asymmetric unit of 2 consists of one crystallographically

unique uranyl cation, one Cu(I) cation, and three isonicotinate
anions. The unusual terminal coordination mode with a free
pyridyl N atom seen in 1 is absent here, with one isonicotinate
anion being a bridging ligand and the other two serving as
triconnected linkers. The Cu(I) center is four-coordinated by
three pyridyl N atoms and one carboxylate O atom from four
organic linkers. Two uranyl groups are joined by a pair of
triconnected organic anions to form a binuclear cluster in which
each U(VI) cation occurs in a pentagonal bipyramidal
coordination geometry with five equatorial oxygen atoms
from four distinct isonicotinate ligands and U−O bond lengths
in the range 2.303(7) to 2.510(9) Å. The UO bond lengths
are 1.735(10) and 1.767(10) Å, respectively. Each binuclear
uranyl cluster is connected to another four Cu(I) cations
through six isonicotinate anions, resulting in the final
complicated three-dimensional coordination structure of 2
(Figure 2b). The bond-valence sums57 of the U(VI) and Cu(I)
centers in 2 are 6.1 and 1.2 vu, respectively, consistent with
their formal valences and the typical red color of Cu(I).
In reported heterometallic UOFs with transition metals and

carboxylate ligands the uranyl centers are linked to carboxylate
groups, whereas the transition metals exhibit various coordina-
tion modes. Trinuclear uranyl motifs are relatively rare in
UOFs, with only a few crystal structures documented.2,58−62

Compound 1 appears to be the first example of a heterometallic
UOF that contains trinuclear uranyl units. The UO and Cu−
O bond distances are comparable to those reported that exhibit
similar UVIO−CuII interactions.9,11,34,50,51,63 In comparison
with known Cu(II) heterometallic UOFs, the UO−Cu
interaction and U−O−C−O−Cu bridging modes lead to a high
dimensionality in 1. For compound 2, the absence of a UO−
Cu interaction does not prevent the formation of a three-
dimensional coordination network due to ligation saturation of
the isonicotinate anions. The coordination modes of these
anionic ligands are dissimilar to those recently reported for a
uranylpyridinecarboxylate with CuII ions synthesized by either

using Cu(NO3)2 or copper metal as the transition metal
source.9,11,35,37,38 Notably, although quite a few copper−uranyl
heterometallic UOFs have been reported, complex 2 contains
monovalent Cu ions, which arise from in situ reduction of
divalent Cu ions. The formation mechanism is assumed to be
oxidation of chloride ions at low pH (ca. 3.04).
The EPR spectrum of complex 1 measured at room

temperature is presented in Figure 4. The signal has an

anisotropic symmetry with gx = 2.2542, gy = 2.0815, gz = 2.0483,
and Ax = 14.7 mT. The EPR signal of complex 1 is typical for
compounds containing copper(II) with d9 electronic config-
uration. The symmetry of the registered signal is slightly
rhombic, where the g value order gx ≫ gy > gz > ge (ge = 2.0023)
is characteristic for copper(II) in the d(x2−y2) ground state.64

The significant widening of the spectrum, especially of low-field
components of hyperfine splitting, suggests strong interactions
between copper and nitrogen atoms.65

Semi-quantitative EDS analyses indicate that elemental Cu:U
ratios for compounds 1 and 2 are ∼1:3 and ∼1:1, in good
agreement with the formulas provided by the single-crystal X-
ray diffraction structure analyses. The Cu oxidation state of

Figure 2. (a) Depiction of the coordination environments of the two UVI sites and one CuI site in compound 2. (b) Three-dimensional coordination
structure showing the complicated network.

Figure 3. Absorption spectra for 1 and 2.
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compound 2 was evaluated by X-ray photoelectron spectros-
copy (XPS) at room temperature. The spectrum was fit using
an iterated Shirley background and Gaussian-Lorentzian line-
shape for the Cu 2p3/2 peak at 932.25 eV, as shown in Figure
S3. The measured binding energy is comparable to
corresponding values obtained for other Cu(I) compounds.66,67

The IR spectra (see Figure S4) of 1 and 2 both show strong
bands at 909 cm−1 that arise from ν3 (UO2)

2+ stretching
vibrations.68 The Raman spectra (Figure S5) contain bands at
809 and 839 cm−1 for 1 and 840 and 865 cm−1 for 2 that are
assigned to ν1 (UO2)

2+ symmetric stretching vibrations. On the
basis of an empirical relationship for the uranyl ion bond length
and the Raman frequency of the corresponding vibrations
[d(U−O)(pm) = 10650[ν1 (cm−1)]−2/3 + 57.5],69 the
predicted bond distances in 1 of 1.80 and 1.77 Å and in 2 of
1.77 and 1.75 Å are consistent with those from the structure
analyses. The absorption spectra of both compounds show the
typical (UO2)

2+ bands at around 446 nm for 1 and 476 nm for
2. The position of this transition varies compared with the
typical vibrational-coupled electronic transition around 420 nm
due to the chemical coordination environments about the
U(VI) cations.4,70 An additional absorbance peak in the
spectrum of 1 at 608 nm is attributed to the d−d transition
of the Cu(II) centers, as shown in Figure 3, and no such band
was observed for compound 2.

■ CONCLUSIONS
Reaction of uranyl acetate with either Cu(II) acetate or Cu(II)
chloride in the presence of isonicotinic acid results in two
three-dimensional frameworks of copper−uranium heterome-
tallic compounds. Compound 1 presents an unusual interaction
between the 5f U(VI) and 3d Cu(II) centers, and 2 exhibits the
first example of a uranyl organic framework that includes a
monovalent copper center. Presently, efforts are under way to
define the mechanism of the reduction of copper in the
formation of compound 2.
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