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The structure of the uranyl-diacetohydroxamate compound, UO2 (C2 NO2 H4 )2 , was elucidated using a
combination of single crystal X-ray diffraction measurements and all-electron scalar relativistic density
functional calculations. This polymeric compound crystallizes in the C2/c space group (IT No. 15; a =
12.8386(13) Å, b = 7.5661(7) Å, c = 8.9299(9) Å, b = 103.185(2) ◦ ; Z = 4), with main-chain repeating
units featuring a bidentate structure analogous to that frequently found for d-block as well as
lanthanide metal ions. Density functional analysis reveals that this compound is a semiconductor, with
a direct band gap of 1.1 eV.

Introduction
As the simplest geometric arrangement in metal–organic coordination polymers, one-dimensional assemblies have been widely
investigated and, while their structural intricacy is limited, some of
them display interesting properties, particularly magnetic, electric
and optical.1 Among the reported coordination polymers and
frameworks including f elements, those involving actinide ions
are less numerous than those with lanthanide ions, and they are
mainly limited to uranyl ion complexes, but this domain of uranyl–
organic assemblies has undergone a rapid development in recent
years.2 The geometric requirements of the linear uranyl cation,
which is generally surrounded by four to six donor atoms in its
equatorial plane, endow this ion with a particular propensity to
form planar coordination polymers, either two-dimensional, or
one-dimensional with a ribbon shape. Numerous examples of
these geometries obtained with carboxylate ligands have been
known,3 and many novel cases of one-dimensional polymers have
recently been reported with ligands as diverse as polycarboxylates,4
carboxyphosphonates5 or squarate.6 Although hydroxamates are
interesting ligands in this context, since they are potentially both
chelating and bridging, they have been little used in combination
with actinide ions and in particular with uranyl ions. A search of
the Cambridge Structural Database (CSD, version 5.32)7 gives
only ﬁve crystal structures of uranyl–hydroxamate complexes,
three of which involve the bis-phenyl-substituted N-phenyla
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benzohydroxamate,8 and the others are either 4-isopropylphenylbenzohydroxamate,9 or 2-hydroxy-benzohydroxamate.10 All these
compounds are molecular species, except for the latter, which is
polymeric. In the molecular case, the uranyl ion is bound to either
one8a or two8b,c,9 hydroxamate molecules. Further work on these
complexes is all the more desirable given that hydroxamic acids
are candidates for processing in advanced nuclear fuel cycles.11
An original, dry synthesis of the uranyl-diacetohydroxamate
complex has been reported, together with its characterization
by various methods (UV-Vis and FT-IR spectroscopy, 1 H NMR,
EXAFS, and ﬂuorescence).11 It has now been possible to determine
the crystal structure of this complex by single-crystal X-ray
diffraction. This result is reported herein, together with all-electron
scalar relativistic density functional calculations which permitted
the determination of the electronic band structure of the complex.

Results and discussion
Structural features of U-AHA
The uranyl-diacetohydroxamate (U-AHA) polymeric compound
crystallizes in the C2/c space group, with main-chain repeating
units featuring a bidentate structure analogous to that frequently
found for d-block as well as lanthanide metal ions, as can be seen
from the CSD.7 The structure of U-AHA consists of the ubiquitous
uranyl unit positioned with uranium on a 1̄site and coordinated
by six equatorial oxygen atoms donated by four symmetry-related
acetohydroxamic acid molecules (Fig. 1). The local environment
of the uranium metal center is hexagonal bipyramidal with two
short axial U O bonds, both at a distance of 1.766(5) Å and a
linear O U O angle, and with the six equatorial oxygen atoms
forming a plane with a rms deviation of 0.248 Å. The hydroxamate
ligand forms a ﬁve-membered chelate ring with the uranium atom
(rms deviation of the mean plane 0.171 Å). Both acidic oxygens
are unique and exist in different bonding environments; while the
carbonyl oxygen atom O2 is monodentate, the hydroxamate atom
Dalton Trans., 2011, 40, 6007–6011 | 6007
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Table 1 Selected bond lengths (Å) and angles (◦ )a

Fig. 1 View of the U-AHA complex with displacement ellipsoids drawn
at the 50% probability level. Symmetry codes: ¢ = 1 - x, -y, 2 - z; ¢¢ = 1 x, y, 5/2 - z; ¢¢¢ = x, -y, z - 1/2; ¢¢¢¢ = 1 - x, y, 3/2 - z.

O3 is m2 -bridging between two symmetry-related uranium metal
centers. The end result of this bonding pattern is an extended
chain structure propagating along the c-axis (Fig. 2), which is
analogous to that obtained with 2-hydroxy-benzohydroxamate,
with the bridging oxygen atom being that bound to nitrogen in
both cases.10 However, while the chain extends along a two-fold
axis in the previous case, the metal atom sits on an inversion
center in U-AHA. The dihedral angle between the equatorial
planes of successive uranyl ions along the chain is 27.90(8)◦ .
The dihedral angle is measured between the mean plane deﬁned
by the six atoms around one uranyl ion and the mean plane

Fig. 2 Top: View of the packing of chains showing the uranium
coordination polyhedra. Bottom: View of the packing down the c-axis
with hydrogen bonds represented as dashed lines. Hydrogen atoms are
omitted in both views. Color legend: U, yellow; O, red; N, purple; C, blue.

6008 | Dalton Trans., 2011, 40, 6007–6011

Parametersa

Exp.

DFT

U–O1
U–O2
U–O3
U–O3¢¢
O2–C1
O3–N1
N1–C1
C1–C2

1.766(5)
2.432(5)
2.519(5)
2.513(4)
1.288(8)
1.375(7)
1.300(9)
1.482(9)

1.80
2.46
2.55
2.55
1.29
1.36
1.31
1.49

O1–U–O1¢
O2–U–O2¢
O3–U–O3¢
O2–U–O3
O2–U–O3¢¢¢
O3–U–O3¢¢
O1–U–O2
O1–U–O3
O1–U–O3¢¢
C1–O2–U
N1–O3–U
N1¢¢–O3¢¢–U
U–O3–U¢¢
C1–N1–O3
O2–C1–N1
O2–C1–C2
N1–C1–C2

180
180
180
62.44(15)
66.63(15)
53.90(17)
86.0(2)
97.75(19)
84.85(18)
118.6(4)
111.7(3)
122.7(4)
125.11(17)
119.1(6)
117.6(6)
122.5(6)
119.8(6)

180
180
180
62.1
66.4
54.0
86.7
97.6
85.5
118.8
112.6
121.9
125.2
119.5
118.1
122.5
119.4

a
Symmetry codes: ¢ = 1 - x, -y, 2 - z; ¢¢ = 1 - x, y, 5/2 - z; ¢¢¢ = x, -y, z 1/2.

deﬁned by the six atoms around the neighboring uranyl ion. As
expected, the U–O2 bond length, 2.432(5) Å, is smaller than the
average bond length with the bridging O3 atoms, 2.516(3) Å,
and these values match their counterparts in the other polymeric
compound, 2.428(6) and 2.49(2) Å, respectively. Hydrogen bonds
linking the protonated N1 atoms of one chain to the O2 atoms
of a neighboring chain are present [N1 ◊ ◊ ◊ O2¢ 2.575(8), N1–H
0.88, H ◊ ◊ ◊ O2¢ 2.02 Å, N1–H ◊ ◊ ◊ O2¢ 120◦ ; symmetry code ¢ = x,
-y, z + 1/2] (cf. Fig. 2), while an intramolecular hydrogen bond
involving the hydroxy substituent is formed in the 2-hydroxybenzohydroxamate complex. Long-range interactions are also
possibly present between the exterior methyl group and the -yl
oxygen atoms, with an O1 ◊ ◊ ◊ H contact at 2.29 Å.
As shown in Table 1, structural parameters calculated using
all-electron scalar relativistic density functional theory at the
PW91/DNP level are in close agreement with experimental data,
i.e. within less than 2% for bond lengths and less than 1% for bond
angles. The relaxed unit-cell parameter along the polymeric chain
direction is c = 9 : 07 Å, i.e. 1.5% larger than the experimental
value. The axial uranium–oxo bonds in the polymeric chain (1.80
Å) are slightly elongated compared to the U O distance in the
isolated UO2 2+ ion which is predicted to be 1.72 Å at the same level
of theory,12 in excellent agreement with fully relativistic Dirac–
Hartree–Fock results.13 The computed equatorial U–O distances
also reproduce the experimental observation of a U–O2 bond
length, 2.46 Å, smaller than the bond lengths with the bridging
O3 atoms, 2.55 Å. The calculated dihedral angle between the
equatorial planes of successive uranyl ions along the chain is 26.7◦ ,
i.e. 4.3% smaller than experiment. This large deviation, compared
to other structural parameters, suggests that interchain forces,
which are not accurately described with standard DFT, may play
This journal is © The Royal Society of Chemistry 2011
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a signiﬁcant role in the relative orientation of adjacent uranium
coordination polyhedra.
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Chemical bonding and electronic structure
Partial atomic charges using the Hirshfeld partitioning of the
electron density have also been computed.14 Hirshfeld charges
provide a chemically accurate description of the interplay of charge
redistribution and structural changes occurring in the vicinity of
the actinide metal centers upon modiﬁcation of their molecular
environment.12 The charge carried by U is +0.68 e, as a result
of metal-to-ligand charge-transfer (MLCT) to the -yl O1 atoms
(-0.28 e) and to the equatorial O2 (-0.19 e) and O3 (-0.17 e)
atoms. The charge of N1 is essentially unchanged (-0.01 e), while
C1 and C2 possess charges of +0.16 e and -0.11 e, respectively.
This suggests that signiﬁcant charge transfer occurs from C1 to
O2. The protons of the methyl group and the hydroxamate ligand
carry charges of +0.05 e and +0.11 e, respectively.
The computed band structure and the total and projected
densities of states of the U-AHA crystal are displayed in
Fig. 3. Calculations show that this polymeric compound is a
semiconductor, with a direct gap of 1.1 eV opening at the
center of the Brillouin zone (C point). This value is close to
the energy band gap of monocrystalline Si, 1.11 eV,15 and lies
near the gap energy for optimum solar-cell efﬁciency at room
temperature.16 Therefore, this compound might be suitable for
efﬁcient polymer photovoltaics, similar to transition-metal oxide
polymeric structures for solar-energy conversion.17

(the z axis is chosen here perpendicular to the U equatorial plane
and the y axis along the chain propagation direction); although
not shown in Fig. 4, non-bonding 2px orbitals of the -yl O atoms
also contribute weakly to the upper valence band. The lower
conduction band is essentially formed by 5fy(3x2 - y2 ) states.

Fig. 4 Frontier crystal orbitals of U-AHA calculated at the GGA/PW91
level of theory. Crystal orbitals corresponding to (a) the lowest-energy
conduction band and (b) the highest-energy valence band at the C point
are represented with an isovalue of 0.03. The lower conduction band is
essentially formed by 5fy(3x -y ) states. The upper valence band is formed
by 2pz states isolated on the O1 and O3 atoms, as well as by p orbitals
resulting from the constructive overlap of C1 and N1 2pz orbitals. The
wavefunction phase is distinguished by yellow and blue colors. Hydrogen
atoms are omitted in both views.
2

2

Conclusions

Fig. 3 Electronic band structure (left) and total and projected densities
of states (right) of the U-AHA crystal. The Fermi energy is set to zero.

As shown in Fig. 3, 2p states dominate the top of the valence
band, while states at the bottom of the conduction band are
derived primarily from U 5f orbitals. 2p–5f hybridization occurs
predominantly below ca. -1.5 eV. U 6d and U 7s orbitals only play
a minor role close to the Fermi level but contribute more efﬁciently
below -3.0 eV, with in particular a strong 2p–7s hybridization seen
below -4.0 eV. The crystal orbitals corresponding to the lowestenergy conduction band and the highest-energy valence band at
the C point are represented in Fig. 4. A close examination of these
frontier orbitals reveals that the upper valence band is formed by
2pz states isolated on the O1 and O3 atoms, as well as by p orbitals
resulting from the constructive overlap of C1 and N1 2pz orbitals
This journal is © The Royal Society of Chemistry 2011

Using single crystal X-ray diffraction measurements and allelectron scalar relativistic DFT calculations, the structure of
the uranyl-diacetohydroxamate compound, UO2 (C2 NO2 H4 )2 , was
elucidated. This polymeric compound crystallizes in the C2/c
space group, with main-chain repeating units featuring a bidentate
structure. DFT analysis reveals that metal-to-ligand chargetransfer occurs between U and the -yl and equatorial O atoms and
that this compound is a semiconductor, with a direct gap of 1.1
eV. The modiﬁcation of organic linkers between uranyl moieties
should offer a viable means of tuning the band gap for speciﬁc
device applications.

Experimental
Synthesis and puriﬁcation
Powdered samples of 0.390 g uranyl acetate (The General Chemical Company) and 0.158 g AHA (Alfa Aesar) were manually
ground together in an agate mortar until a sticky, dark orange
paste was formed, after 15 min of vigorous grinding. This was
Dalton Trans., 2011, 40, 6007–6011 | 6009
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washed three times in cold acetone by batch resuspension and
dried under gentle vacuum overnight for a ﬁnal yield of 0.382 g
(89%). The purity of all products was assessed via UV-vis, 1 HNMR, and ATR-FT-IR spectroscopies.
Additional details of the synthesis and puriﬁcation methods,
as well as alternative methods of energy input and spectroscopic
characterization of the products, can be found elsewhere.11
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Crystallography
A single crystal of U-AHA with dimensions of 15 mm ¥35 mm, from
a batch obtained as previously reported,11 was mounted on a glass
ﬁber and, by use of a digital camera, optically aligned on a Bruker
APEX CCD X-ray diffractometer. Initial intensity measurements
were performed using graphite monochromated Mo-Ka radiation
from a sealed tube and monocapillary collimator. SMART18 was
utilized for preliminary cell constant determinations and data
collection control. The intensities of reﬂections of a sphere were
collected by a combination of three sets of exposures (frames),
each set consisting of 600 frames. Each set had a unique f angle
for the crystal and each exposure covered a range of 0.3◦ in w.
The exposure time per frame for the resulting 1800 frames was
30 s/frame. Determination of integrated intensities and global
reﬁnement were performed with the Bruker SAINT18 software
package using a narrow-frame integration algorithm. These data
were treated with a semi-empirical absorption correction by
SADABS.18 The program suite SHELXTL (v 6.12) was used for
space group determination (XPREP), direct methods structure
solution (XS), and least-squares reﬁnement (XL).19 The ﬁnal
reﬁnements included anisotropic displacement parameters for all
atoms. Secondary extinction was not noted, nor was there evidence
of twinning. Crystal data and structure reﬁnement details are given
in Table 2. The drawings were done with SHELXTL19 and Vesta.20

Table 2 Crystal data and structure reﬁnement details
Compound

U-AHA

Formula
C4 H8 N2 O6 U
Color and habit
Orange acicular prism
Crystal system
Monoclinic
Space group
C2/c (No. 15)
a (Å)
12.8386(13)
b (Å)
7.5661(7)
c (Å)
8.9299(9)
b (◦ )
103.185(2)
V (Å3 )
844.57(14)
Z
4
-3
rc /g cm
3.289
m (Mo-Ka) (cm-1 )
19.222
T (K)
193
l (Å)
0.71073
◦
Maximum 2q ( )
56.63
Rint
0.044
Reﬂections (total)
4324
Reﬂections (independent)
4154
Parameters
61
Drmin , Drmax (e Å-3 )
-0.80, 2.14
R1 a for F o 2 > 2s (F o 2 )
0.023
0.059
wR2 b



a
b
2
2
2
F o | - |F c /|F o |. [ w(|F o | - |F c |) / w|F o 2 |2 ]1/2 all reﬂections.
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Computational methods
All-electron scalar relativistic calculations of the total energies, optimized geometries, and properties were performed using density
functional theory as implemented in the DMol3 software.21 The
exchange correlation energy was calculated using the generalized
gradient approximation22 (GGA) with the parametrization of
Perdew and Wang (PW91).23 GGA functionals such as PW91
or PBE24 are generally preferred over hybrid functionals which
do not appear to describe bonds as accurately in actinide-bearing
molecular systems.25
Double numerical basis sets including polarization functions
on all atoms (DNP) were used in the calculations. The DNP
basis set corresponds to a double-z quality basis set with a p-type
polarization function added to hydrogen and d-type polarization
functions added to heavier atoms. For main-group elements, the
DNP basis set is comparable to 6-31G** Gaussian basis sets26 with
a better accuracy for a similar basis set size.21 For the U atom, 5f,
6d and 7s polarization functions were added. In the generation of
the numerical basis sets, a global orbital cutoff of 5.9 Å was used.
A supercell approach was used in the calculations to represent
the 3D-periodic system, with a unit cell containing four formula
units. The Brillouin zone was sampled using the Monkhorst–
Pack special k-point scheme27 with a 2 ¥ 3 ¥ 3 mesh for
structural optimization and total energy calculations. The c unitcell parameter along the polymeric chain direction was relaxed,
while the a and b parameters were ﬁxed to experimental values.
These structural constraints were motivated by the fact that
standard DFT, as used in this study, cannot account accurately
for long-range intermolecular forces between adjacent chains. The
energy tolerance in the self-consistent ﬁeld calculations was set
to 10-6 Hartree. Optimized geometries were obtained without
symmetry constraints using the direct inversion in a subspace
method (DIIS) with an energy convergence tolerance of 10-5
Hartree and a gradient convergence of 2 ¥ 10-3 Hartree/Bohr.
The charge density was expressed by a nucleus-centered multipole expansion truncated at the octupole level. The spin–orbit
coupling was neglected in the calculations as it is expected to be
small in a strong ligand-ﬁeld.
This computational approach has shown previously to yield
accurate structural results and properties for molecular systems
and compounds containing uranium and other f elements.12,28,29,30
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