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Presented here are two isostructural uranyl coordination polymers [UO2(EDO)(H2O)]·H2O (1) and [UO2(BDO)(H2O)]·2H2O 
(2) (EDO2=ethylene-1,2-dioxamate; BDO2=butylene-1,2-dioxamate) with identical stepwise zigzag chain structure and 
distinct interchain hydrogen bonding interaction, prepared from hydrothermal reaction of DEEDO or DEBDO (DEEDO= 
diethyl ethylene-1,2-dioxamate; DEBDO=diethyl butylene-1,2-dioxamate) with uranyl ions. The monomeric uranyl-based 
fluorescence emissions of compounds 1 and 2 are red-shifted by about 6 and 5 nm respectively, compared to that of uranyl 
nitrate hexahydrate. Compound 1 has stronger emission than compound 2, but both their emissions exhibit triple-exponential 
decay. The photophysics of uranyl oxalate trihydrate was also investigated for comparison. The selective crystallization of 
compound 1 in alkaline solution was applied to the sequestration of uranyl ions, showing a kinetic preference. 
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1  Introduction 

With the development of supramolecular chemistry and 
crystal engineering, there has been a resurgent interest for 
uranyl-organic complexes because of their unique building 
units and interesting photoactive properties [1–4], as well as 
the observation of the interaction between uranium(VI) and 
organic species, which is related to uranyl extraction in soil 
decontamination and nuclear-waste reprocessing [5–7]. Re-
cently, more efforts have been devoted to exploiting the in-
corporation of supramolecular interactions (such as hydro-
gen and halogen bonding) into the design and assembly of 
uranyl complexes, because these weak interactions not only 
influence on the structural topologies and dimensionality 
[2], but also play subtle effects on the bulk properties [8,9]. 

Uranyl luminescence, originating from ligand-to-metal 
charge transfer (LMCT) transition involving promotion of 
an electron from the highest occupied molecular orbital 
(HOMO) 6d-5f-2p U–O 3u bond to the lowest unoccupied 
molecular orbital (LUMO) nonbonding uranium(VI) 5f and 
5f orbitals [10], is of great theoretical significance because 
it possesses both actinide f-characterized long excited state 
lifetime and ligand L-characterized variable HOMO-LUMO 
energy gap. However, until now, theoretical studies of ura-
nyl photophysics have been mainly limited to the free ura-
nyl ion. As for more complicated photophysical process in 
uranyl complexes, only a few experiment-based examples 
have been documented [11–13]. Therefore, there is an ur-
gent need of abundant experiment data about the relation-
ship between structure and properties to advance the lumi-
nescence theory of uranyl ion in complexes. 

As both coordination and hydrogen-bonding synthon, 
oxamate group has been proven to be versatile for the con-
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struction of functional transition-metal coordination poly-
mers [14]. After the determination of the coordination mode 
between uranyl and oxalate through long-term efforts 
[15–19], it is necessary to inquire into the interaction be-
tween uranyl and oxamate by synthesizing and characteriz-
ing the resulting solid-state products, and further explore the 
potential for the sequestration of uranyl ions through selec-
tive crystallization. 

In general, precipitation- or crystallization-based uranyl 
sequestration mainly refers to the sediment of uranyl ions 
with minerals [20,21]. More recently, we have proposed the 
selective crystallization of uranyl-organic complexes as a 
uranyl sequestration strategy [22,23], since crystallization is 
a convenient and environmental-friendly technique, and 
also the organic ligands are chemically tailored like those in 
solvent extraction strategy [24]. Although the crystallization 
experiments are carried out at a high uranium concentration 
level, the temperature range in the interior of hydrothermal 
reactor is similar to that in the interior of nuclear-waste 
storage tank [25,26]. In consideration of the water solubili-
ty, here we design N-substituted short-chain aliphatic 
bis(oxamate) ligands in their ethyl ester form, diethyl     
ethylene-1,2-dioxamate (DEEDO) and diethyl butylene-1,2- 
dioxamate (DEBDO) (Figure 1(a)), to react with uranyl ions 
in mild hydrothermal conditions. 

2  Experimental 

2.1  General experimental 

All reagents were purchased commercially and used without 
further purification. The infrared spectrum was recorded on 
a Nicolet FT-170SX instrument (Nicolet, USA) using KBr 
discs in the 400–4000 cm–1 region. Powder X-ray diffrac-
tion (PXRD) patterns were collected with a PANalytical 
X’Pert Pro Diffractometer (PANalytical, Netherlands) oper-
ated at 40 kV and 40 mA with Cu-K radiation (step size: 
0.02°; step time: 15 s). Elemental analyses were performed 
on an Elementar Analysenesysteme GmbH varioEL cube 
instrument (Elementar, Germany). Thermal analyses were 
conducted on a PYRIS Diamond TG/DTA instrument 
(PerkinElmer, USA). Fluorescence measurements were 
made on an FLS920 (Edinburgh Instruments, Britain). Lu-
minescence decays were fitted by Eq. (1) on F900 software.  

 

Figure 1  (a) The DEEDO and DEBDO precursors; (b) the uranium 
environment with ellipsoids is drawn at the 50% probability (color online). 

The proportions of each lifetime components were calcu-
lated according to Eq. (2). 
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2.2  Synthesis of DEEDO and DEBDO 

The DEEDO and DEBDO were synthesized according to 
the similar procedure of reference [27]. A solution of 
1,2-ethylenediamine or 1,4-butylenediamine (20 mmol) and 
triethylamine (44 mmol) in dry CH2Cl2 (30 mL) was slowly 
added dropwise to a cooled (0 °C) solution of the ethyl 
oxalylchloride (44 mmol) in dry CH2Cl2 (50 mL). Stirring 
was continued for 30 min at 0 °C and overnight at room 
temperature. CH2Cl2 (50 mL) was added and the mixture 
washed with water, 1.5% AcOH, 5% NaHCO3, and again 
with water. The organic layer was dried by Na2SO4 and the 
solvent evaporated to obtain white solid. 

2.3  Synthesis of [UO2(EDO)(H2O)]·H2O (compound 1) 

A 20 mL vial was charged with UO2(NO3)2·6H2O (18.8 
mg, 0.0375 mmol), DEEDO (13 mg, 0.05 mmol), and 
distilled water (2 mL). The sample was heated at 75 °C for 
12 h and then cooled to room temperature. The resulting 
yellow product was filtered off, washed with a little water, 
and dried at room temperature. Yield (based on UO2

2+): 
65%. IR (KBr, cm1): 3290 (vs), 3100 (m), 2348 (w), 1637 
(vs), 1453 (s), 1352 (vs), 1269 (s), 1227 (s), 1047 (m), 933 
(vs), 818 (s), 749 (s), 533 (s), 463 (s). Elemental analysis 
(%): calcd. for C6H10N2O10U (508.19): C 14.17, H 1.97, and 
N 5.51; found: C 15.21, H 1.61, and N 5.53. 

2.4  Synthesis of [UO2(BDO)(H2O)]·2H2O (compound 
2) 

A 20 mL vial was charged with UO2(NO3)2·6H2O (18.8 
mg, 0.0375 mmol), DEBDO (14.4 mg, 0.05 mmol), and 
distilled water (2 mL). The sample was heated at 75 °C for 
12 h and then cooled to room temperature. A yellow 
polycrystalline solid was filtered off, washed with a little 
water, and dried at room temperature. Yield (based on 
UO2

2+): 57%. IR (KBr, cm1): 3544 (m), 3328 (m), 3271 
(m), 3084 (w), 2941 (w), 2348 (w), 1688 (vs), 1644 (vs), 
1545 (m), 1456 (w), 1370 (s), 1345 (m), 1266 (m), 1196 
(m), 1057 (w), 986 (w), 927 (s), 780 (m), 746 (m), 520 (m), 
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473 (m). Elemental analysis (%): calcd. for C8H16N2O11U 
(554.3): C 17.64, H 2.94, and N 5.14; found: C 18.15, H 
2.75, and N 5.08. The PXRD pattern of bulk sample 
as-synthesized is not very consistent with the simulated 
pattern (Figure S2, Supporting Information online). Cahill 
[28] has noticed an unknown secondary phase in the crys-
tallization of uranyl long-chain aliphatic dicarboxylate co-
ordination polymers. In this example, however, the uranyl 
oxamate unit should be always the same. The single crystal 
sample comes from the fragmented pieces. 

2.5  Competition experiments 

A 20 mL vial was charged with UO2(NO3)2·6H2O (18.8 
mg, 0.0375 mmol), one kind of competing metal nitrate 
(0.0375 mmol), DEEDO (13 mg, 0.05 mmol), and spring 
water (2 mL). The sample was heated at 75 °C for 12 h and 
then cooled to room temperature. The resulting yellow 
product was filtered off, washed with a little water, and 
dried at room temperature. Yield (based on UO2

2+): >60%. 
Elemental analysis (%): C 15.26, H 1.63, and N 5.46. 

2.6  Single-crystal structure determination 

Single-crystal X-ray diffraction data were collected on a 
Bruker APEX-II CCD diffractometer (Germany) (Mo-K, 
= 0.71073 Å) at 293 K. An empirical absorption correction 
based on a comparison of redundant and equivalent 
reflections was applied using SADABS. Both structures 
were solved by direct methods and refined by fullmatrix 
least-squares cycles on F2 (Table 1). 

Table 1  Crystal data and structural refinement results 

Compound 1 2 

Formula [UO2(EDO)(H2O)]·H2O [UO2(BDO)(H2O)]·2H2O 

Formula weight 508.19 554.3 

Temperature (K) 296(2) 296(2) 

Crystal system monoclinic monoclinic 

Space group P2/c P2/n 

a (Å) 5.4930(14) 5.618(16) 

b (Å) 7.0433(18) 8.34(2) 

c (Å) 16.015(4) 15.46(4) 

β (o) 99.081(2) 96.13(4) 

V (Å3) 611.8(3) 720(4) 
Z 2 2 

Dc (g cm3) 2.759 2.529 

Reflns coll. 4247 3326 

Unique reflns 1086 746 

Rint 0.0347 0.1249 

R1 [I>2σ(I)] a) 0.0291 0.0574 

wR2 [I>2σ(I)] b) 0.0564 0.1118 

R1 (all data) 0.0332 0.0718 

wR2 (all data) 0.0587 0.1201 

GOF b) 1.180 1.050 

  a) R1=∑{|Fo|−|Fc|}/∑|Fo|; b) wR2=[∑w(Fo
2−Fc

2)2/∑w(Fo
2)2]1/2; b) Good-

ness of fit. 

3  Results and discussion 

3.1  Synthesis and structures 

The bis(oxamate) ligands, ethylene-1,2-dioxamate (EDO2) 
and butylene-1,2-dioxamate (BDO2), are easily generated 
by hydrothermal reaction of DEEDO or DEBDO with 
uranyl ions at 75 °C; this process results in the formation of 
flat like rhombic crystals of [UO2(EDO)(H2O)]·H2O (1) 
and [UO2(BDO)(H2O)]·2H2O (2). Single-crystal X-ray 
analyses reveal that compounds 1 and 2 are isostructural. 
Compounds 1 and 2 crystallize in the monoclinic space 
group P2/c and P2/n respectively. Their asymmetric units 
contain one mononuclear uranyl ion. The uranium 
coordination environment is shown in Figure 1(b). In 
addition to two oxo groups at the axial location (in 1, U–O1 
1.7228(1) Å; in 2, U–O1 1.724(1) Å), the uranium atom is 
equatorially bound to four oxygen atom from two distinct 
ligands (in 1, U–O at an average distance of 2.374 Å; in 2, 
U–O at an average distance of 2.363 Å). Its last pentagonal 
bipyramidal coordination geometry is completed by one 
water molecule (in 1, U–O9 2.3769(1) Å; in 2, U–O9 
2.492(3) Å). 

As shown in Figure 2, compounds 1 and 2 consist of 
one-dimensional (1D) polymeric chain. Each bis(oxamate) 
ligand is coordinated to two uranium ions through the OO 
donor sets of its two oxamate groups, leaving potential hy-
drogen bonding donor (amide) and hydrogen bonding ac-
ceptor (carbonyl). As two bis(oxamate) ligands are in a cis 
arrangement around the uranium center, the polymeric chain 
adopts zigzag conformation. Owing to the presence of 
kinked aliphatic chain backbone, this type of 1D structure 
can be best described as stepwise zigzag chain. Further-
more, the adjacent chains are arranged in a parallel fashion 
and cross-linked by interchain hydrogen bonding interaction 
between amide N–H donor and carbonyl O acceptor, thus 
generating a 2D supramolecular layer with “step” confor-
mation. Notably, the hydrogen bonding in 1 (H···O distance  

 

Figure 2  Polyhedral representation of 1D polymeric chain and 2D 
supramolecular layer of compound 1 (a) and compound 2 (b). Carbon- and 
nitrogen-bound hydrogen atoms are omitted (color online). 



 Shu et al.   Sci China Chem   June (2016) Vol.59 No.6 743 

2.071 Å, N−H···O angle 144.14 Å, and N···O distance 2.814 
Å) is much stronger than that in 2 (H···O distance 2.347 Å, 
N−H···O angle 133.86 Å, and N···O distance 3.007 Å). In 2, 
the far separation between O and N is due to the flexible 
butylene spacer. Thermogravimetry (TG) analysis of 1 un-
der a nitrogen atmosphere shows that the polymeric skele-
ton is stable up to ~300 °C and with no stable phase after 
the complete dehydration (Figure S4).  

3.2  Photophysical properties of 1 and 2  

As mentioned above, the uranyl photophysics is rather 
intricate. Especially for uranyl complexes, their emission 
band shifts and high luminescence decay exponents relative 
to free uranyl ions are confusing. The solid-state emission 
spectra of 1, 2, and UO2(NO3)2·6H2O were recorded by 
excitation at 365 nm at room temperature (Figure 3). They 
all exhibit a characteristic band composed of six distinct 
peaks that reflects the vibronic structure of transition [29]. 
The vibrationally resolved emission spectrum has been 
applied in uranium detection assays such as detecting 
uranium in glasses, ceramics and living organisms [11]. The 
emission maxima of 1 and 2 are located at 515 and 514 nm, 
respectively bathochromic shift 6 and 5 nm compared to the 
emission maxima of UO2(NO3)2·6H2O at 509 nm. The 
emission maxima of the uranyl monomer shift to lower 
energy, possibly because the strong oxamate OO donor in 
the equatorial plane makes the uranyl oxygen atoms more 
basic, thereby, leads to narrower HOMO-LUMO energy 
gap. The slightly larger shift of 1 than 2 may be owing to 
the increased strength of oxamate donor in 1, whose N–H 
groups are stronger hydrogen-bonded. Here we may first 
demonstrate that the weak supramolecular interaction con-
tributes to uranyl emission shift, further ensuring the ligand 
L feature of uranyl luminescence. 

After excitation at 365 nm, the luminescence decay 
curves of both 1 and 2 are fitted well with triple-exponential 
function, showing lifetimes of 4.67±0.47 (2.98%), 24.32± 
0.29 (79.01%), and 45.06±1.26 (18.01%) µs for 1, and 
3.75±0.20 (8.84%), 16.35±0.29 (76.25%), and 30.54±1.41  

 

Figure 3  Solid-state emission spectra of UO2(NO3)2·6H2O, 1 and 2 at 
room temperature (color online). 

(14.91%) µs for 2 (the percentage refers to the proportion of 
each component). But the emission of uranyl nitrate hexa-
hydrate [UO2(NO3)2·6H2O] excited at 365 nm exhibits a 
single-exponential decay with a lifetime of 739±1 µs. The 
luminescence intensities of both 1 and 2 are weaker than 
that of free uranyl ions, as the photophysical process is ac-
companied by the photochemical process [11,30,31]. Pho-
toexcitation of UO2

2+ to higher excited states leads to the 
formation of UO2

2+* with oxygen-centered radical. The 
UO2

2+* can return to the ground state through luminescence, 
and can develop to the uranium(V) radical pair by taking an 
electron from organic group as well. As a consequence, the 
luminescence quantum yield is counter-related to the photo- 
chemical quantum yield. Moreover, the luminescence life-
times of 1 are uniformly longer than those of 2 (Figure 4), 
showing that the stronger hydrogen bonding interaction is 
more likely to decrease the N–H vibration quenching, in 
good agreement with the actinide f feature of uranyl excited 
state. Given that the medium-long-lived components domi-
nate the luminescence decays in both 1 and 2, the longest- 
lived components may originate from the weak coupling of 
equatorial water vibration and axial O=U=O vibration that 
enhances absorption electronic transition [32], and the 
shortest-lived components may be due to the vibrational 
coupling of f-characterized excited state by N–H  oscilla-
tors. 

3.3  Photophysics of uranyl oxalate trihydrate 

To support these proposals on emission shift and multi-  

 
Figure 4  Luminescence decay profiles of 1 (a) and 2 (b) (color online). 
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exponential decay of uranyl ion in complexes, we reviewed 
the luminescence spectrum and decay curve of the uranyl- 
urea-bearing dipropionate compound featuring only N–H 
oscillators [22], and examined those of uranyl oxalate trihy-               
drate [UO2C2O4·3H2O] possessing coordination environ-                      
ments and polymeric chain structure similar to 1 and 2 but 
no N–H oscillators (Figure 5) [15,16]. In comparison with 
UO2(NO3)2·6H2O, the uranyl-urea-bearing dipropionate 
compound shows no emission shift, but the luminescence 
decay curve fits double-exponential function. This may 
reveal the vibrational coupling of uranyl excited state with 
N–H oscillator. The lifetime values of uranyl-urea-bearing 
dipropionate and uranyl oxmate are at nearly the same order 
of magnitude, because the softer N atom contributes to 
photochemical process. The emission maxima of UO2C2O4· 

3H2O shows only 1 nm bathochromic shift compared to that 
of UO2(NO3)2·6H2O (Figure 6), because the bridging mode 
of oxalate makes its two sets of OO donors weaken. Excited 
at 365 nm, the emission of UO2C2O4·3H2O exhibits double- 
exponential decay with lifetimes of 166±5 (22.05%) and 
368±3 (77.95%) µs (Figure 7). This proves the remarkable 
effect of water on the promotion of the uranyl excited state. 
In a word, the luminescence intensity of uranyl ion in com-
plexes is governed mainly by the photochemical process, 
while the N–H and water vibrational couplings cause multi- 
channel inactivation of uranyl excited state. 

3.4  Uranyl sequestration 

By view of the good crystallization capacity of 1, we choose  

 

Figure 5  Polyhedral representation of 1D polymeric chain of UO2C2O4 · 
3H2O (color online). 

 

Figure 6  Solid-state emission spectra of UO2(NO3)2·6H2O and UO2C2O4 · 
3H2O at room temperature. 

 

Figure 7  Luminescence decay profiles of UO2C2O4·3H2O (color online). 

DEEDO to examine the performance of oxamate ligand in 
the sequestration of uranyl ions. With the addition of a 
comparable amount of competing metal cations (e.g., Na+, 
K+, Mg2+, Ca2+, Al3+, Pb2+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, 
Cd2+, Ce3+, Tb3+, or Yb3+), reaction of DEEDO with uranyl 
ion in distilled water gives no crystalline product of 1. 
While using alkaline spring water (pH around 7.3) as 
solvent, each kind of competing metal cation makes little 
effect on the crystallization and separation of uranyl species 
of 1, confirmed by EA and PXRD of crystalline solid (see 
synthetic procedures and Figure 8). Besides the strongly 
geometrical preference for uranyl ion, the selectivity over 
other metal ions is more likely to be kinetic selectivity [33], 
as, in alkaline solution, the activation energy of the uranyl- 
synergized hydrolysis of DEEDO decreases much larger 
than those synergized by other metal ions, that is, the 
difference of Lewis acidity between uranium(VI) and other 
metal ions is magnified. 

4  Conclusions 

In summary, we first exploited the oxamate ligands as ura-
nyl complexing agents and succeeded in obtaining two 
isostructural crystalline compounds with identical stepwise  

 
Figure 8  (a) Simulated powder XRD pattern of 1, and the experimental 
powder XRD patterns of 1 (b) as-synthesized from distilled water, (c) 
as-synthesized from spring water, and (d) as-synthesized from spring water 
in the presence of competing metal cations. 
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zigzag chain structure and distinct interchain hydrogen 
bonding interaction. After rigorous experimental studies, we 
answered theoretical issues with regard to luminescence 
shift and multi-exponential decay, as well as application 
issue regarding the sequestration of uranyl ions through 
selective crystallization of uranyl complexes. 
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