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A B S T R A C T

This work describes the reaction of the potentially tetradentate Schiff-base ligand N-(2-pyridylmethy)-3-
methoxysalicylaldimine (HL) with UO2(O2CMe)2⋅2H2O and UO2(NO3)2⋅ 6H2O in MeOH in the absence or pres-
ence of an external base, respectively. The product from these reactions is the mononuclear complex [UO2(L)2]
(1). Its structure has been determined by single-crystal, X-ray crystallography. The anionic ligand adopts two
different coordination modes (1.1011, 1.1010; Harris notation) in the complex. The new compound was fully
characterized by solid-state (IR, Raman and Photoluminescence spectroscopies) and solution (UV-Vis and 1H NMR
spectra, conductivity measurements) techniques.
1. Introduction

Uranium is a controversial element in the Periodic Table. The reason is
the discussion about its use and the relevant consequences. A secondary
reason is the fact that it sometimes behaves like lanthanoids but others
more like a transition metal [1]. Because of these facts, uranium appears
something of a ‘’Mr. Hyde and Dr. Jekyll character’’. The 5f orbitals are
well outside the atomic core into the valence region. Thus, the 5f orbitals
have a better overlapwith the frontier orbitals of the ligands’donor atoms,
and this results in increased covalency compared to the 4f orbitals which
are considered as more inner orbitals. This radial extension of the 5f or-
bitals, as well as relativistic effects, are responsible for the variety of
oxidation states of uranium (from þII to þ VI) [1,2]. Compounds in the
oxidation state þ IV and þVI are the most common ones.

Hexavalent uranium, as the linear thermodynamically stable trans-
oxidouranium cation (trans-{UVIO2}2þ or uranyl ion), dominates the
chemistry of this metal. There has been a remarkable growth of interest
in the chemistry of the uranyl cation in the last 10 years or so for many
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reasons including: (i) topics of metallosupramolecular chemistry [3]; (ii)
the oxido reactivity in the uranyl ion [4]; (iii) the development of anionic
uranyl-organic materials with large porosity for efficient removal of the
radiotoxic 127Csþ ions [5]; (iv) the {UO2}2þ uptake by proteins (both
artificial and natural) [6]; (v) the chemistry of uranyl-peroxide com-
plexes [7]; (vi) theoretical studies concerning the mechanism of uranyl
transport and chemical toxicity in vivo [8]; and most importantly (vii) the
selective complexation and separation of this metal ion from seawater,
environmental and biological samples, and acid media during various
steps in nuclear technology [9, 10, 11, 12, 13, 14]. In all those (and other)
aspects, the appropriate choice of polydentate organic ligands for uranyl
coordination is of paramount importance.

A frequently used class of ligands for {UO2}2þ complexation consists of
Schiff bases, which were first synthesized by Hugo Schiff in 1864 and
contain one or more azomethine (-HC ¼ N-) or imine (>C¼N-) groups.
Schiff-base ligands are central ‘’players’’ in the development of modern
coordination chemistry and their metal complexes are associated with
many research areas, including molecular magnetism, multifunctional
demokritos.gr (C.P. Raptopoulou), perlepes@upatras.gr (S.P. Perlepes).
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molecular materials, compounds with non-linear optical properties, en-
ergetic materials, sensors, bioinorganic and medicinal chemistry, heter-
ogenous and homogenous catalysis, and multielectron redox chemistry
[15, 16, 17, 18, 19, 20, 21, 22, 23, 24]. The study of uranyl complexeswith
Schiff bases as ligands is an important research topic in coordination
chemistry. Aspects of interest involve: (a) the employment of the uranyl
cation as an excellent template agent for condensation of diketo-
nes/dialdehydes and diamines leading to complexes possessing macro-
cyclic Schiff bases as ligands [25]; (b) the behaviour of neutral uranyl
complexes with polydentate chelating Schiff bases to act as anion, e.g.
H2PO4

- , receptors [26]; (c) the efficiency of uranyl/Schiff-base complexes
to behave as homogenous catalysts, e.g. for 1,4-thiol addition reactions
[27]; (d) the use of such complexes in separationprocesses associatedwith
nuclear fuel processing and nuclear waste management [28, 29, 30]; (e)
the utility of Schiff bases in the reduction and reactivity (functionaliza-
tion) chemistry of {UVIO2}2þ [31]; and (f) theoretical studies on com-
plexes of {UVIO2}2þwith Schiff-basemolecules andanions as ligands [32].

This work describes the reactions of two uranyl sources (namely
uranyl nitrate and uranyl acetate) and the potentially tetradentate Schiff
base N-(2-pyridylmethyl)-3-methoxysalicylaldimine [another name is 2-
methoxy-6-(2-pyridylmethyliminomethyl)phenol], abbreviated as HL
here; the unique product of these reactions has been fully characterized.
The structural formula of the free ligand is illustrated in Scheme 1. The
coordination chemistry of HL or/and L� is poorly investigated and only
few complexes with other metal ions have been structurally character-
ized [33, 34, 35, 36, 37, 38, 39, 40]. This study is in the frame of the
intense interest of our groups in several aspects of actinoid (5f) chemis-
try, with [41, 42, 43] or without [44, 45, 46] Schiff-base ligands.

2. Experimental

2.1. Materials and methods

All experimental manipulations were carried out in the normal labo-
ratory atmosphere using materials (reagents, solvents) as purchased from
chemical companies (Alfa Aesar, Sigma-Aldrich); deionized water was
produced in-house. The free ligand HL (Scheme 1) was synthesized by the
typical 1:1 reaction between 3-methoxy-salicylaldehyde (o-vanillin) and
2-(2-aminomethyl)pyridine in EtOH following the procedure described in
the literature [33] in a 70%yield (63% reported in ref. [33]). The purity of
the yellow solid was confirmed by determination of the melting point
(found 102–103 �C, reported 104 �C), and IR and 1H NMR spectroscopies
[33].Warning: Although thedepleteduraniumused in the experiments has
a very long half-life, all the precautions for working with radioactive
materials must be strictly followed; the reactions were carried out in a
fume hoodwhich contains α- and β-counting equipment. In addition to the
radioactive uranium hazards, {UO2}2þ compounds should be handled
with care (use masks and gloves) because they are toxic.

Microanalyses for C, H and N were performed by the Central Labo-
ratory of Instrumental Analysis of the University of Patras using a Carlo-
Erba, model EA1108 analyzer. FT-IR spectra in the 4000-400 cm�1 were
Scheme 1. The structural formula and abbreviation of the potentially tetra-
dentate Schiff base N-(2-pyridylmethyl)-3-methoxysalicylaldimine [or 2-
methoxy-6-(2-pyridylmethyliminomethyl)phenol].
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run using a Perkin-Elmer 16PC spectrometer, with samples prepared in
the form of KBr pellets under pressure. For the Ramanmeasurements, the
T64000 Horiba-Jobin Yvon micro-Raman setup was used. The excitation
wavelength was 632.8 nm emitted from a He-Ne laser (Optronics Tech-
nologies SA, model HLA-20P, 20mW). The laser power on the samples
was 1 mW. The photobleaching of the samples for 30 min, prior to the
Raman measurements, was crucial for eliminating or minimizing the
overlapping fluorescence effect. The backscattered radiation was
collected from a single configuration of the monochromator after passing
through a suitable edge filter (LP02-633RU-25, laser2000 Ltd., Huntig-
don, Cambridgeshire, UK). The calibration of the instrument was per-
formed via the Raman peak position of silicon at 520.5 cm�1. The spectral
resolution was less than 5 cm�1. 1H NMR spectra were recorded on a
Bruker Avance DPX spectrometer at a resonance frequency of 400.13
MHz; the signal of the solvent (d6-DMSO) was used as reference. Con-
ductivity experiments were carried out at 25 � 0.5 �C in DMSO with a
Metrohm-Herisau E-527 bridge and a cell which has a standard constant;
solution concentration was ~10�3 M. The UV-VIS spectrum of the
complex in DMSO (99%) was recorded in the region 250–800 nm using a
Hitachi-U300 spectrometer. Solid state and solution room-temperature
photoluminescence studies were performed using a Cary Eclipse fluo-
rescent spectrometer.

2.2. Preparation of the complex [UO2(L)2] (1) and characterization data

2.2.1. Method A
A yellow solution of HL (0.048 g, 0.20 mmol) in MeOH (10 mL) was

added to a stirred yellow solution of UO2(O2CMe)2⋅2H2O (0.043 g, 0.10
mmol) in the same solvent (15 mL). A bordeaux solid was immediately
precipitated, the reactionmixture was stirred for a further 15 min and the
powder was isolated by filtration. The solid was dissolved in a warm
solvent mixture comprising EtOH (3 mL) and CH2Cl2 (12 mL) giving an
orange-red solution. The reaction solution was carefully layered with
Et2O (5 mL) and X-ray quality bordeaux crystals of the product were
grown within a period of 5 d. The crystals were collected by filtration,
washed with Et2O (3 � 1 mL) and dried in air. Typical yields were in the
range 65–70%. Anal. Calc. for C28H26N4O6U (F.Wt. ¼ 752.56): C, 44.69;
H, 3.49; N, 7.45 %. Found: C, 45.18; H, 3.38; N, 7.41%. IR (KBr, cm�1):
3444 wb, 3074w, 2998w, 2930w, 2830w, 1634s, 1614s, 1572w, 1554m,
1482sh, 1468s, 1441s, 1434sh, 1398m, 1350w, 1302s, 1250s, 1222s,
1190w, 1168w, 1106w, 1080m, 1046m, 1018w, 996w, 972w, 952w,
890s, 854m, 784sh, 772sh, 746s, 652sh, 642w, 610w, 580w, 544w,
494w, 420w, 404w. Raman (1900-100 cm�1): 1634w, 1597w, 1553w,
1467m, 1445m, 1346m, 1329sh, 1312m, 1223wb, 1103w, 1084w,
1055w, 1023w, 997w, 862m, 801s, 642w, 547wb, 499w, 422w, 321wb,
299w, 247w, 240w, 203wb, 175w, 159w, 126w. The IR and Raman
spectra of the bordeaux powder and a batch of the crystals were identical.
1H NMR (d6-DMSO, δ/ppm): 9.58 (s, 1H), 7.88 (dd, 1H), 7.72 (d, 1H)
7.57 (d, 1H) 7.31–7.26 (mt, 2H), 6.69 (t, 2H), 3.96 (s, 2H), 3.35 (s, 3H),
2.62 (s, 15H). UV/VIS (DMSO, λ/nm): 275, 353, 409, 485. ΛМ (DMSO,
10�3 M, 25 �C) ¼ 5 S cm2 mol�1. The solid complex emits light at 533,
593 and 651 nm upon excitation at 404 or 436 nm.

2.2.2. Method B
A yellow solution of HL (0.048 g, 0.20 mmol) and Et3N (28 μL, 0.20

mmol) in MeOH (10 mL) was added to a stirred yellow solution of
UO2(NO3)2⋅6H2O (0.050 g, 0.10 mmol) in the same solvent (12 mL).
Upon mixing, a bordeaux solid was precipitated. The reaction mixture
was stirred for a further 10 min and the powder was isolated by filtration.
The solid was dissolved in a warm solvent mixture comprising EtOH (3
mL) and CH2Cl2 (12 mL). The orange-red solution obtained was carefully
layered with Et2O (5 mL) and low quality bordeaux crystals were
collected by filtration, washed with Et2O (3� 1 mL) and dried in air. The
yield was 42%. Anal. Calcd. for C28H26N4O6U (F.Wt.¼ 752.56): C, 44.69;
H, 3.49; N, 7.45 %. Found: C, 44.81; H, 3.60; N, 7.27 %. The sample had
identical IR, Raman and 1H NMR spectra with the solid isolated using the
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method A. ΛМ (DMSO, 10�3 M, 25 �C)¼ 2 S cm2 mol�1. The IR spectra of
the powder and the crystals were identical.

2.3. Single-crystal X-ray crystallography

A crystal of 1 obtained by method A was taken from the mother
liquor and immediately cooled at 170 K. Diffraction data were collected
on a Rigaku R-AXIS Image Plate diffractometer using graphite-
monochromated Cu Kα radiation. With the use of this radiation (and not
MoKα) the absorption factor takes a value of 18.05mm�1; the average size
of the measured crystal was 0.27mm. The product of the two quantities is
~5. This value is above 3 and thus a numerical absorption correction was
applied resulting in a very good data set with few, not serious alerts in the
checkcif file. Data collection (ω-scans) and processing (cell refinement,
data reduction and numerical absorption correction) were performed
using the CrystalClear program package [47].

The structure was solved by direct methods using SHELXS, ver. 2013/
1 [48], and refined by full-matrix least-squares techniques on F2 with
SHELXL ver. 2014/6 [49]. All H atoms were introduced at calculated
positions as riding on their corresponding bonded atoms. All non-H
atoms were refined anisotropically. Structural plots were drawn using
the Diamond 3 program package [50]. The crystallographic details are
listed in Table 1. CCDC 2165160 contains the supplementary data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif;
E-mail: deposit@ccdc.cam.ac.uk.

3. Results and discussion

3.1. Synthetic comments

In the present work, we have studied the reactions between the Schiff
base-ligand HL and uranyl sources; uranyl complexes with this ligand did
Table 1. Crystallographic data for compound 1.

Parameter

Formula C28H26UN4O6

Formula weight 752.56

Crystal system Monoclinic

Space group P21/c

Color Bordeaux

Crystal size (mm) 0.21 � 0.23 � 0.38

Crystal habit Prismatic

a (Å) 11.849 (2)

b (Å) 10.8039 (2)

c (Å) 20.9278 (4)

β (�) 103.626 (1)

Volume (Å3) 2593.99 (8)

Z 4

Temperature (K) 170

Radiation (Å)/2θmax Cu Kα (1.54178/134.0)

ρcalcd (g cm�3) 1.927

μ (mm�1) 18.05

Measured, unique (Rint) and observed
[I > 2σ(I)] reflections

34909, 4454 (0.064)
and 4401

No. of parameters 354

R1, wR2 [І > 2σ(І)]a 0.0299, 0.0720

R1, wR2 (all data)a 0.0301, 0.0722

Goodness-of-fit (on F2) 1.12

Δρmax/Δρmin (e Å�3) 1.78, -2.02

a R1 ¼ Σ(|Fo|-|Fc|)/Σ(|Fo|), wR2 ¼ {Σ[w (Fo2-Fc2)2]/Σ[w (Fo2)2]}1/2, w ¼ 1/
[σ2(Fo

2)þ(αP)2 þ bP] where P ¼ [max (Fo
2, 0)þ2Fc

2]/3, α ¼ 0.0196 and b ¼
17.2310.
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not exist in the literature. Many synthetic parameters were explored
involving the uranyl source (chloride, nitrate, acetate), the solvent, the
temperature, the pressure (i.e. solvothermal conditions), the presence/
absence of external bases (Et3N, NaOMe, Me4NOH⋅5H2O), the absence/
presence of bulky countercations or counteranions (to investigate the
possibility of existence of anionic or cationic complexes, respectively),
the reaction time and the crystallization techniques, before arriving at
the optimized conditions described in section 2. It seems that complex
[UO2(L)2] (1) is the only product in all the cases. The reactions described
in paragraphs 2.2.1 and 2.2.2 are represented by Eqs. (1) and (2),
respectively.

UO2ðO2CMeÞ2 � 2H2Oþ2 HL →
MeOH�

UO2ðLÞ2
�

1
þ 2 MeCO2Hþ 2H2O (1)

UO2ðNO3Þ2 � 6H2Oþ2 HLþ2 Et3N →
MeOH�

UO2ðLÞ2
�

1
þ 2 ðEt3NHÞðNO3Þ

þ 6 H2O

(2)

Two points deserve further comments: (i) The use of the uranyl
acetate starting material gives higher yields and crystals of better
quality; and (ii) the {UO2}2þ:HL reaction ratio does not affect the
product identity since the 1:1 UO2(O2CMe)2⋅2H2O/HL and 1:1:1
UO2(NO3)2⋅6H2O/HL/Et3N reaction systems lead again to compound 1
(microanalytical and IR evidence), suggesting that this complex is the
thermodynamically preferred product from the general {UO2}2þ/HL
system.

3.2. Description of structure

Selected bond distances and angles, and parameters for H-bonding
interactions are listed in Tables 2 and 3, respectively. Structural plots are
shown in Figures 1, 2, and 3.

Compound 1 crystallizes in the monoclinic space group P21/c and the
asymmetric unit contains one [UO2(L)2] molecule. The UVI atom is sur-
rounded by four oxygen and three nitrogen atoms in a distorted
pentagonal bipyramidal geometry. The two 1.1 uranyl oxygen atoms (O5,
O6) occupy the axial positions, as expected. One oxygen (O3) and two
nitrogen (N3, N4) atoms from a 1.1011 (Harris notation [51]) L� ligand,
and one oxygen (O2) and one nitrogen (N1) atoms from a 1.1010 L�
Table 2. Selected bond lengths (Å) and angles (�) for complex 1.

Bond lengths

U1-O5 1.794(4) C9-C10 1.512(9)

U1-O6 1.791(4) C9-N1 1.477(8)

U1-O2 2.229(4) C8-N1 1.291(7)

U1-O3 2.261(4) C2-O1 1.370(7)

U1-N1 2.552(4) C16-O4 1.376(7)

U1-N3 2.598(5) C22-N4 1.277(8)

U1-N4 2.546(5) C23-N4 1.477(8)

Bond lengths

O5-U1-O6 177.2(2) O2-U1-O3 154.1(1)

O5-U1-O2 90.7(2) O2-U1-N1 71.2(1)

O5-U1-O3 88.5(1) O2-U1-N3 73.9(1)

O5-U1-N1 96.6(2) O2-U1-N4 136.1(2)

O5-U1-N3 86.9(2) O3-U1-N1 83.2(1)

O5-U1-N4 93.4(2) O3-U1-N3 131.8(1)

O6-U1-O2 89.7(2) O3-U1-N4 69.8(2)

O6-U1-O3 92.1(2) N1-U1-N3 144.9(2)

O6-U1-N1 85.7(2) N1-U1-N4 150.9(1)

O6-U1-N3 91.0(2) N3-U1-N4 62.7(2)

O6-U1-N4 84.7(2) C8-N1-C9 115.2(5)

C6-C8-N1 127.7(5)

http://www.ccdc.cam.ac.uk/data_request/cif
mailto:deposit@ccdc.cam.ac.uk


Table 3. H-bonding interactions in the crystal structure of complex 1.

D-H…A D…A (Å) H…A (Å) D-H…A (�) Symmetry of A

C9-HA(C9)…O3a 3.296(7) 2.56 130.7(4) x, y, z

C9-HA(C9)…O4a 3.576(8) 2.61 165.2(4) x, y, z

C28-H(C28)…O1a 2.977(7) 2.47 113.2(2) x, y, z

C28-H(C28)…O2a 2.921(7) 2.35 117.8(4) x, y, z

C8-H(C8)…O60b 3.512(6) 2.69 145.1(4) -xþ1, -y, -zþ2

C17-H(C17)…O500b 3.544(8) 2.60 173.8(5) -xþ2, y-1/2, zþ5/2

a Intramolecular H bonds. bIntermolecular H bonds. Abbreviations: D¼ Donor;
A ¼ acceptor.

Figure 1. Fully labelled ORTEP plot of the [UO2(L)2] molecule that is present in
the structure of 1. The thermal ellipsoids are presented at the 50% probability
level. The thick dashed cyan lines indicate bifurcated H bonds of the C-H…O
type (Table 3).

Figure 2. The two L� ligands of complex 1 presented in the overlay mode. The
N1-, N2- and N4-, N3- containing ligands are represented by red and blue colors,
respectively.
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group define the equatorial plane; the pyridyl nitrogen (N2) of the latter
ligand remains uncoordinated. Thus, the two L� ligands in 1 adopt two
different ligation modes (1.1011 and 1.1010; Scheme 2). A consequence
of the different modes is the angle between the two aromatic rings of
each ligand; this is 88.3(2)� for the bidentate 1.1010 ligand (i.e., the two
rings are nearly perpendicular) and 53.3(2)� in the case of the tridentate
1.1011 ligand. The difference is further reflected in the overlay diagram,
shown in Figure 2. The two pyridyl ends of the L� ligands clearly present
different orientations, as it is also revealed by the torsion angles
N1-C9-C10-C11 and N4-C23-C24-C25 which take the values -114.9(6)
and 150.2(6)�, respectively. There are two bifurcated, non-classical
intramolecular H bonds (Figure 1, Table 3). In one of them, the donor
4

is the pyridyl carbon atom C28 of the tridentate L� ligand, and the ac-
ceptors are the coordinated phenolato oxygen atom (O2) and the ‘’free’’
methoxy oxygen atom (O1) both from the bidentate ligand. In the second
intramolecular H bond, the donor is the methylene carbon atom C9 of the
bidentate ligand, and the acceptors are the coordinated phenolato oxy-
gen atom (O3) and the ‘’free’’ methoxy oxygen atom (O4) both from the
tridentate ligand.

The U¼O [5,6] bonds (~1.79 Å) are slightly elongated compared
to those of typical trans-{UVIO2}2þ complexes [4,41,42,44,45], while
the O¼U¼O unit is slightly bent (~177�); the reason for these experi-
mental facts will be discussed below. The C8-N1 and C22-N4 bond
lengths are 1.291(7) and 1.277(8) Å, respectively, suggesting double
carbon-nitrogen bonds indicative of Schiff-base linkages. On the other
hand, the single carbon-nitrogen bond character of the Cmethylene-Nimino
distances is confirmed by their bond lengths which are both 1.477(8) Å.

The bond angles between the neighboring atoms in the equatorial
plane are in the range 62.7(2)-83.2(1)�. These angles deviate from the
ideal value of 72� for the perfect pentagonal bipyramid indicating a
distorted geometry. This distortion is primarily a consequence of the
small bite angles due to the formation of the N4C23C24N3U1 chelating
ring [N3-U1-N4 ¼ 62.7(2) �]. Furthermore, the five equatorial donor
atoms deviate from their best mean plane by 0.032(O2), 0.113(N1),
0.173(O3), 0.172(N4) and 0.079(N3) Å.

Further to the intramolecular H bonds described above, intermolec-
ular H bonds are also present in the crystal structure of 1 (Figure 3,
Table 3). Neighboring centrosymmetrically-related molecules form di-
mers through C8-H(C8)…O60 and C80-Н(C80)…Ο6 H-bonding in-
teractions (symmetry codes: -xþ1, -y, -zþ2). The ‘’dimers’’ interact
further through C17-H(C17)…O5΄΄ (and symmetry related) H bonds
forming layers parallel to (10–2) planes (symmetry code: -xþ2, y-1/2,
zþ5/2). These two intermolecular H bonds, which involve the uranyl oxo
atoms (the so-named Oyl atoms [52]), are most probably responsible for
the elongation of the U¼Oyl bond lengths and the moderate bent of the
trans-{UVIO2}2þ unit [4,31,52, 53, 54]. Other reasons for this bending
might be unfavorable steric interactions between the equatorial donor
atoms and the uranyl oxo groups as revealed by the ‘’large’’ O3-U1-N1
bond angle (which deviates from the ideal of 72�) [53], the relatively
strong σ-donating abilities of the equatorial L� ligands [53] and π
donation from the equatorial ligands into the 6d and 5f orbitals of U(VI)
[54].

Complex 1 is a new member of a small family of metal complexes
possessing the L� ligand (there are no structurally characterized com-
plexes of the neutral HL ligand). For convenience, we have listed all these
complexes in Table 4 along with the coordination modes of L�; the latter
are drawn in Scheme 2. Perusal of Table 4 reveals that the ligation mode
1.1010 has been observed for the first time in the uranyl complex of the
present work, while 1 is the first complex in which two different coor-
dination modes of L� co-exist.

3.3. Spectroscopic characterization of 1 in brief

Spectroscopic data are shown in Figures 4, 5, and 6 and S1. The two
strong bands at 1634 and 1614 cm�1 in the IR spectrum of 1 are attrib-
uted to the v(C¼N) vibration of the Schiff-base group [33]. The
appearance of two bands in the spectrum of 1 is probably a consequence
of the presence of two different L� ligands in the complex. The corre-
sponding Raman peak is located at 1634 cm�1. The IR band of strong
intensity in the spectrum of the complex at 890 cm�1 is assigned [42,44,
55] to the IR-active antisymmetric stretch of the trans-{UVIO2}2þ group
(v3). The strong Raman peak at 801 cm�1 is due to the corresponding
symmetric stretching vibration (v1) [53-55]. It is well documented that
the uranyl cation features three characteristic vibrational modes: a
symmetric stretching vibration (v1, 850-880 cm�1, Raman active), a
bending vibration (v2, ~200 cm�1, IR-active, well below the detection
limits of most IR spectrometers) and an asymmetric stretching vibration
(v3, 920-960 cm�1, IR-active). The red shift of both the IR band and the



Figure 3. (a) A H-bonded dimer in the crystal structure of complex 1 (symmetry code: -xþ1, -y, -zþ2). (b) Layers of dimers parallel to the (10–2) planes. Dashed light
green and orange lines represent the C8-H(C8)…O60 and C17-H(C17)…O500 H bonds, respectively. See Table 3 for metric parameters and symmetry operations, and
the text for details.

Scheme 2. The to-date crystallographically confirmed coordination modes of L� using the Harris notation [51]. In the 1.1011 mode, M is CuII, ZnII and PdII. In the
2.21,2111212 mode, either M ¼ CdII or M ¼ ZnII and M΄ ¼ LnIII (SmIII, EuIII, GdIII, TbIII). In the 2.21,201212 mode, M ¼ NiII and M΄ ¼ LnIII (SmIII, EuIII). Coordination
bonds are drawn with bold lines.
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Raman peak in 1, compared with those of typical uranyl complexes, is
ascribed [42,53,54] to the weakening of the axial uranium(VI)-oxo bonds
(due to the negative charge in the equatorial plane and the participation
of the axial atoms in H bonds) and to the slight bending of the trans--
OUVIO unit (due to H-bonding interactions involving the oxo groups, the
σ-donating ability of the L� ligands, the π-donation from these ligands
and the steric interactions involving the equatorial donor atoms) [52-54].
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The old and simplified empirical equation 0.933� v3 ¼ v1 [56], which
has been derived for compounds containing strictly linear tran-
s-{UVIO2}2þ groups, does not apply for 1 in accordance with the devia-
tion (albeit small) from linearity.

The 1H NMR spectrum of 1 in d6-DMSO is simple and does not change
with time, probably suggesting the equivalence of the two ligands L� and
the presence of one species in solution. The spectrum is different from



Table 4. Up-to-date structurally characterized homo- and heterometallic com-
plexes containing the organic ligand L�. The ligation modes are abbreviated
using the Harris notation [51].

Complexa,b Ligation mode of L-d Ref.

[CuIIX(L)] 1.1011 [33]

[CuII4(L)4](ClO4)4c 3.31,2,3111212 [34]

[CuII(N3)(L)] 1.1011 [35]

[PdII(O2CMe)(L)] 1.1011 [36]

[ZnCl(L)] 1.1011 [37]

[Cu(NCS)(L)(DMF)] 1.1011 [40]

[Cd2(NCS)2(L)2] 2.21,2111212 [39]

[ZnLn(NO3)2(L)2]e 2.21,2111212 [38]

[NiSm(NO3)3(L)2(H2O)2]e 2.21,201212 [38]

[NiEu(NO3)3(L)2(H2O)]e 2.21,201212 [38]

[UO2(L)2] (1) 1.1011, 1.1010 this work

Abbreviations: DMF ¼ N,N-dimethylformamide; Ln ¼ Sm, Eu, Gd, Tb; X ¼ Cl, Br.
a There are no characterized metal complexes with the neutral HL ligand.
b Lattice solvent molecules have been omitted.
c Themolecule contains aheterocubane{CuII4(μ3-OR)4}4þ core,whereRO�¼ L�.
d See also Scheme 2.
e The subscript 1 refers to the LnIII ion and the subscript 2 refers to the tran-

sition metal ion.

Figure 4. The Raman spectrum of the free ligand HL and complex 1 in the
1900-100 cm�1 region.

Figure 5. The UV/VIS spectrum of complex 1 in DMSO. The VIS spectrum of a
more concentrated solution is shown in the inset.

Figure 6. Solid-state, room-temperature excitation (maximum emissions at 533,
593 and 651 nm) (curve 1) and emission (maximum excitations at 404 or 436
nm) (curve 2) of complex 1.
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that of the free ligand HL in MeOD [33]. This fact and the nonappearance
of -OH signals in the spectrum both confirm the existence of deproto-
nated L� anions in solution; the almost negligible value of molar con-
ductivity of 1 in DMSO (5 S cm2 mol�1) implies that the L� ions remain
coordinated [57]. The singlet signals at δ values 9.58, 3.96 and 3.35 ppm
are assigned to the imine, benzylic (-CH2-) andmethoxy (-OCH3) protons,
respectively [33]; the integration ratio of these signals is 1:2:3, as ex-
pected. The aromatic protons appear in the δ range 7.88–6.69 ppm. The
equivalence of the two coordinated L� ions (in the solid state one ligand
is bidentate and the other is tridentate) is a strong evidence of the same
coordination mode in solution. The non-deshielded nature of the aro-
matic protons next to the pyridyl nitrogen atoms (at δ 7.88 ppm) make us
tentatively propose that the two equivalent L� ligands are O(phenolato),
N(imine)-bidentate chelating in solution; an appreciable downfield shift
of this signal would be expected in the case of N(pyridyl)-coordination.
Thus, the neutral complex species in solution appears to be
[UO2(L)2(DMSO)x] (x ¼ 1 or 2). The presence of coordinated DMSO
molecule(s) in the complex in solution is further corroborated by the
appearance of a singlet signal at δ 2.62 ppm, slightly downfield shifted
from the main -CH3 signal of the non-deuterated percentage of the
6

solvent (at δ 2.50 ppm). It is well established that the dipolar, aprotic
solvent DMSO is a strong O-bonded donor to the uranyl ion [58].

The electronic spectrum of the free ligand HL in DMSO shows ab-
sorption bands at 280, 331 and 424 nm, the former two being assigned
[32-34] to π→π* transitions of the imine linkage and the aromatic rings,
and the latter to the n→π* transitions of the pyridyl group. Solutions of
1 in DMSO are red. Spectra of varying concentrations exhibit bands at
275, 353 and 409 nm due to intraligand transitions, which have been
somewhat shifted from those of the free HL due to its deprotonation and
coordination in the complex [32,33]. Uranyl complexes typically absorb
at ~425 nm due to ligand-to-metal charge transfer (LMCT). This band
often displays clearly appeared vibronic progressions as, for example,
seen in the spectrum of UO2(NO3)2⋅6H2O [53]. In the solution spectra of
1, the LMCT transition is hypsochromically shifted by ~60 nm, and a
band appears at 485 nm which is not observed in classical uranyl
complexes (usually of yellow color). The band at 485 nm gives the red
color which has been considered as evidence for the bending of the
trans-OUVIO group and the weakening of the UVI-Oyl bonds, both seen in
the structure of 1 [53].

Room-temperature emission spectra of the free ligand HL and com-
pound 1 in the solid state were recorded. Upon maximum excitation at
496 nm, HL exhibits an emission band centered at 550 nm. The same
emission band is also observed in a DMSO solution of the free ligand. A
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solid sample of the complex also emits light; upon maximum excitations
at 404 or 436 nm, broad emission bands with maxima at ~535, ~595
and ~650 nm are recorded (Figure 6). Some uranyl compounds exhibit a
characteristic green emission pattern with strong vibronic coupling,
leading to a well-resolved five-peak pattern [54,59, 60, 61]. The green
emission at ~520 nm arises from ligand-to-metal charge transfer tran-
sitions between uranyl 3σu, 3σg, 2πu and 1πg and the nonbonding 5f δu
and φu molecular orbitals [54]. The fluorescence of uranyl compounds,
first recorded by Brewster in 1833, allowed Stokes to confirm his law in
1852 and played an incidental role in the discovery of radioactivity by
Becquerel in 1896 [59]; it is thus of historical value. The emission peaks
resolved in the spectrum of 1 are tentatively assigned to the uranyl cation
[60,61]; the most intense peak is positioned at 533 nm. The emission
pattern is shifted to longer wavelengths relative to the corresponding
profile in the spectrum of UO2(NO3)2⋅6H2O, and this difference has been
interpreted as arising from the influence of the coordinated deprotonated
ligands [60]. An alternative assignment of the 595 nm emission peak
is that this is ligand-based; it is red-shifted by ~50 nm relative to
the emission of HL, due to the deprotonation and coordination of the
ligand [42].

4. Concluding remarks

The important messages of this work-in our opinion-are: (a) The
{UVIO2}2þ/HL reaction system gives one product, namely 1; this com-
pound is the first structurally characterized 5f-metal complex of HL or L�.
(b) The structure of 1 exhibits some interesting features, i.e., elongation
of the trans uranium(VI)-oxo bonds through participation of the Oyl
atoms in intermolecular H bonds, bent of the trans-{OUVIO}2þ unit, a new
ligation mode (1.1010) in the coordination chemistry of HL, and the
simultaneous presence of one bidentate and one tridentate chelating L�

ligands; and (c) Complex 1 has some exciting spectroscopic characteris-
tics, i.e., the low wavenumber of the v(OUVIO) vibrational modes (IR and
Raman), a VIS band at 485 nm in solution which gives rise to its red color
and an interesting emission pattern; the former features are related to the
rather long UVI-Oyl bonds and the slight bending of the {OylUVIOyl} unit.
Efforts are in progress to study the photocatalytic properties of 1, and
prepare and study uranyl complex(es) with the Schiff base derived from
ortho-vanillin and 2-(2-aminoethyl)pyridine (i.e., the similar ligand
containing two -CH2- groups instead of one) in order to evaluate the
bulkier and more flexible character of the latter ligand in terms of the
structural and electronic properties of the product(s).
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