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A uranium coordination compound with pyridine-2,6-dicarboxylic acid in deionized water
has been synthesized and characterized by IR, UV, XPS, and X-ray single-crystal diffraction.
The crystal belongs to the monoclinic system, space group C2/c¢ with «=1.8427(4)nm,
b=0.6886(16)nm, c¢=1.5442(4)nm, «=90°, B=94.082(2)°, y=90°, Z=4, and V=
1.9544(8)nm>. The structure shows an eight-coordinate uranium forming a hexagonal
bi-pyramidal 3-D geometry with pyridine-2,6-dicarboxylate as building units. Fluorescent
studies show several strong emissions. Cyclic voltammetric measurement of the compound
reveals that uranium(VI) is reduced irreversibly at E;,=927mV with AE,=77mV,
E p=-289mV with AE,=113mV. The electron transfer number (1) involved in reduction
processes could be calculated to be approximately two and one, which corresponded to the
unusual U(VI)/U(IV) and U(IV)/U(III) couples.
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1. Introduction

Although the chemistry of the 5f elements is under development [1-5], the number of
coordination compounds of actinides is much less than that of transition metals and
lanthanides. Among the actinides the chemistry of uranium has been more explored
[6, 7], with a number of complexes of uranium in different oxidation states (III, IV, V,
and VI) reported.

Due to the variable oxidation states of uranium, electrochemical studies [8—12] of
uranium complexes are valuable to understand the influence of ligand environment on
the relative stability of the U(III), U(IV), U(V), and U(VI) species in solution. Almost
all complexes of uranium(VI) are of uranyl cation UO%Jr [13]. Herein, we have
synthesized a U(VI) compound. A new uranium(VI) complex with pdc (pdc = pyridine-
2,6-dicarboxylate) is described in this article. The planar pyridine-2,6-dicarboxylic acid
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has previously been used as a ligand for UO%*. Two tridentate ligands encompass one
uranyl ion bound to nitrogen and one oxygen from each acid group [14, 15], which is
also the case with the related ligand pyridine-2,6-bis(monothiocarboxylic) acid [16]. We
decided to investigate the uranyl complexes formed with pdc. In this article, the crystal
structure, spectroscopy, and electrochemistry behavior of the obtained compound are
studied.

2. Experimental

2.1. Materials and physical measurements

All chemicals were from commercial sources and deionized water used as solvent
without purification. Elemental analyses were carried out on an Italy Elemental
Analyzer EO1106 elemental analyzer. Fluorescence data were collected on an
Edinburgh FL-FS920 TCSPC system. Thermal gravimetric analysis (TGA) was
tested under nitrogen with a heating rate of 10°C min~' using a Perkin-Elmer TGA-7
Thermal Analysis system. Cyclic voltammograms were obtained on a model CHI660C
electrochemical analyzer (CH Instruments, Austin, TX, USA) controlled by a personal
computer at room temperature.

2.2. Synthesis of the complex

UO, (0.1351 g, 0.5 mmol) was put in a beaker with 8 mL of concentrated hydrochloric
acid. To the yellow solution, pyridine-2,6-dicarboxylic acid was added. The mixture
was then transferred to a flask and refluxed for 7h at 70°C. When the solution cooled
to room temperature, green crystals were collected after 2 weeks. Anal. Calcd for
Ci4H7N,0,0U -4H,0 (%): C, 24.96; H, 1.04; N, 4.16. Found (%): C, 24.75; H, 1.21;
N, 4.18.

2.3. Single-crystal structure determination

A single crystal with dimensions of 0.22 mm x 0.24 mm x 0.28 mm was selected for data
collection on a Bruker Smart Apex CCD diffractometer equipped with a graphite-
monochromated Mo-Ka radiation (A=0.071073nm) by using an « scan mode
(4.4 <20 < 48.0) at 291(2) K. A total of 5059 reflections were collected and 1911
were independent (Rj,;=0.035), of which 1520 reflections with 7> 20(I) were
considered as observed. Correction for Lp factors was applied. The structure was
solved by direct methods with SHELXS [17] and refined using full-matrix least-squares
on F* with SHELXL [18]. All non-hydrogen atoms were refined anisotropically.
A summary of the crystallographic data and structural determination for the
title compound is listed in table 1. Selected bond lengths and angles are provided
in tables 2 and 3.
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Table 1. Data collection and processing parameters for the complex.

Compound UO(H,0)(pdc), - 4H,O
Formula weight 673.31

Temperature 2912)K

Wavelength 0.071073 nm

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions (nm, °)

a 1.8427(4)

b 0.6886(16)

¢ 1.5442(4)

o 90

B 94.082(2)

y 90

Volume (nm?%), Z 1.9544(8), 4

Calculated density, D, (gem ™) 2.288

Absorption coefficient (mm™") 8.38

F(000) 1268

Crystal size (mm?) 0.22 x 0.24 x 0.28

0 range for data collection 2.2-24.0

Index ranges —22<h<2l; -8<k<8 -9<i/<18
Reflections collected/unique (Rjn,) 5059/1911(0.035)
Goodness-of-fit on F> 0.98

Final R indices [/ > 20(])] R R;=0.0327; wR,=0.0733
Largest diffraction peak and hole (e A~?) 1.72 and —1.50
Ri=Y||Fo| = |Fll/Y|Fol; WRy = Y [w(F2 — F2))/ S Iw(F23; W =[s2(Fo)* +(0.04 P)* +

0.88 P, P=(F2 +2F2)/3.

Table 2. Selected bond distances (nm) and angles (°) for the compound.

Ul-01 0.2502(4) Ul-Olw 0.2337(6)
U1-03 0.2503(4) U1-05 0.1762(5)
UI-NI 0.2618(5) 01-Cl 0.1257(8)
02-Cl 0.1281(7) 03-C7 0.1202(9)
04-C7 0.1255(7) NI1-C6 0.1387(8)
NI-C2 0.1387(9) C1-C2 0.1355(9)
C6-C7 0.1470(9) 01-U1-Olw 86.73(9)
01-U1-03 120.92(14) 01-U1-05 93.27(9)
O1-U1-N1 61.36(15) Olw—U1-03 100.01(8)
Olw—UI1-05 180.00(2) Olw—UI-NI 92.69(9)
03-U1-05 79.99(8) 03-U1-NI 59.74(16)
05-U1-N1 87.31(9) Ul1-01-Cl 124.4(3)
Ul-03-C7 128.0(4) Ul-Olw—Hl1 123.00(2)
Ul-N1-C6 122.0(4) C2-N1-C6 120.3(5)
UI-N1-C2 117.2(4) 02-C1-C2 126.8(6)
01-C1-C2 120.5(5) 03-C7-C6 120.2(5)
04—C7-C6 109.4(6) C3-C7-04 128.3(6)
N1-C6-C7 109.2(5) N1-C6-C5 120.3(5)
N1-C2-C3 118.4(7) N1-C2-Cl 116.4(5)

3. Results and discussion

3.1. Description of the crystal structure

As shown in figure 1, the structure reveals that pyridine-2,6-dicarboxylate binds
bidentate to uranium by two oxygens of two monodentate carboxylates and one
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Table 3. Hydrogen bond distances (nm) and angles (°) for the compound.

D-H---A D—H H---A D---A D-H---A
OIW—H1-.-05' - 0.0850 0.2420 0.2787 106.00
O2W—-H2x--- 03" 0.0850 0.2430 0.2811 108.00
O3W—H3X.---02" 0.0850 0.1560 0.2159 125.00
O3W—H3Y ... 04" 0.0850 0.2000 0.2662 135.00
Symmetry codes: O y—1z 0 x4 12, y—1/2, z; ) v 41, —y+1,z-1/2; W vy, y=1,—z+1/2.

Figure 1. The molecular structure of the uranium complex with displacement ellipsoids drawn at the 50%
probability level. Atoms labeled with the suffix A are related by the symmetry operator (—x, y, 1/2 —z).

nitrogen donor. The compound crystallizes in a monoclinic system, space group C2/c.
The asymmetric unit contains half of the independent molecule, with U(1) on a twofold
rotation axis at special position 0.0000 0.73014(4) 0.2500. The central uranium was
eight coordinate by four oxygens from carboxylate, two nitrogens, one water, and a
uranyl oxygen forming a hexagonal bi-pyramidal geometry. Two ligands locate
unsymmetrically in the equatorial positions. Water and oxygen occupy axial positions.
The two pdc molecules in every unit are distorted, presenting a splayed shape. The Ul—
Ol(pdc) and U1-O3(pdc) bond distances were the same. U1-N1 of 0.2618(5) nm was
larger than the mean U-O (carboxylate) bond length. C6, C7, O3, Ul, N1 were in one
plane and CI1, C2, Ol, Ul, N1 were in another plane, forming pentabasic rings. The
C6—C7-03, C7-03-Ul, 03—U1-NI1, Ul-NI1-C6, and N1-C6—C7 angles were
120.5(5)°, 128.0(4)°, 59.74(16)°, 122.0(4)°, and 109.2(5)°, respectively, showing a
539.14(34)° value, in agreement with a rule that the interior angle of pentabasic ring
equals 540°. Furthermore, the two pentabasic rings were not coplanar, defining a
dihedral angle of 14.44°. The O4—C7—C6 angle was the same as the angle of
N1-C6—C7. We concluded that the line of O4, C7, C6 and N1, C6, C7 were parallel.

Note that O3 connected O2W, O2W connected O4 formed one chain via hydrogen
bonds. Additionally, O2W and O3W from two different waters connected O4 from the
ligand, forming an irregular triangle via hydrogen bonds, as shown in figure 2. The
chains then are stacked into a 3-D structure by offset face-to-face x---m stacking
interactions (figure 3). The shortest distance between the offset face-to-face aromatic
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Figure 3. The distance between the offset, pyridine rings of neighboring pyridine-2,6-dicarboxylic acid
molecules.

rings of neighboring pdc is 3.491 A. The extensive 7---7 stacking and hydrogen-
bonding interactions increase the stability of the structure.

3.2. IR spectrum

The IR spectrum of the complex exhibits a strong absorption at 3519cm™" due to the
stretching vibration of O-H, indicating that the complex contains water [19]. The peak
at 928 cm ™' can be assigned to the stretching vibration of UO%““. From two groups of
the observed absorption bands at 1645 and 1597 cem~ !, 1446 and 1397cm™!, we can
conclude that they are asymmetric and symmetric modes of vibration of the
dicarboxylates. If Av (vus—vg) > 200cm ™', the carboxylate group is monodentate
coordinated, otherwise is bidentate [20]. This article indicates that carboxylate is
monodentate coordinated with uranium, consistent with the crystal structure.
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Figure 4. Emission spectrum of the complex in the liquid state.

3.3. Fluorescence spectrum

The emission spectrum of the complex in water is shown in figure 4. The excitation of
free ligand and complex in water were both 310 nm. Emission peaks of ligand were 352
and 413nm. Emission peaks of the complex were 352, 413, 493, and 534nm. The
complex showed similar peak positions at 352 and 413 nm, caused by intraligand
fluorescence emissions, but presented two new peaks compared with the free ligand.
The complex showed stronger intensity, indicating that the bridging interaction
increased rigidity of the ligand, and the loss of energy decreased [21, 22]. For the
emission bands at 493 and 534 nm, we conclude environmental influence of the metal
ion with the ligand [23].

3.4. Electrochemical behavior of [UO(H,0)(pdc),] - 4H,0

Cyclic voltammetric measurement of the complex was carried out in deionized water
at 25°C under nitrogen using glassy carbon as the working electrode, a platinum(Pt)
wire counter electrode and saturated calomel reference electrode at a scan rate
of 100mVs™'.

As shown in figure 5, two couples of reduction and oxidation were recorded.
In the range —1.0~ 1.5V, one cathodic response at 0.901 V and, in the return sweep,
one anodic peak at 0.978V were observed. The other couple of reduction and
oxidation appeared at —0.339 and —0.226 V, and E,, values were —0.289 and 0.927 V.
Because the value of AE, is not equal to 59mV, we conclude that the transition
was irreversible. For an irreversible system, |E,— Ej;,|=47.7/an [24], o of totally
irreversible electrode process was generally assumed to be 0.5 [25]. Thus, the electron
transfer number (7) involved in the reduction processes could be calculated to be
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Figure 5. Cyclic voltammogram of the complex in water; scan rate: 100mV s~'; working electrode: glassy
carbon disk.
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Figure 6. Deconvolution of U4f;;, photoelectron peaks.

two and one, respectively, which correspond to the unusual U(VI)/U(IV) and U(IV)/
U(II) couples.

3.5. XPS analysis

The binding energies for U(VI) in the Uy 7> peak are between 382.0 and 382.3eV with
an average value of 382.1eV [26]. The observed binding energy 382.0 eV agrees with the
previous reported value of 381.8 eV for U(VI) in metaschoepite [27] (figure 6).
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4. Conclusions

A new uranium(VI) compound, [UO(H,O)(pdc),]-4H,O, has been synthesized and
characterized. The compound presented a 3-D framework built up by O-H - -- O weak
hydrogen-bonding interactions and 7 - - - 7w stacking. Spectroscopy and electrochemistry
of the obtained compound are studied.

Supplementary material

Crystallographic data for the structure reported in this article have been deposited with
Cambridge Crystallographic Data Center as supplementary publication No.755865.
Copies of the data can be obtained free from the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ (Fax: +44 1223 336 033; E-mail: deposit@ccdc.cam.ac.uk or
www: http://www.ccdc.cam.ac.uk).
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