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The sequestering of uranium from the ocean is an attractive
choice for clean energy due to its vast inventory (about 4.5
billion tons).»* In this regard, the extractant with high binding
affinity to uranyl (UO,*") is desired.® In the past few decades,
amidoxime (AO) has been screened as the most promising
candidate, and various absorption materials bearing this ligand
or its derivatives have been developed and applied in both
mimic seawater and field experiments.*® To date, sequestering
uranium from ocean at the industrial level is still limited.”
Enhancing the binding capability of the extractant towards
uranyl has always been an issue of top-priority.®

The binding modes with uranyl were recognized for AO, as
presented in Scheme 1 (n' and n?, and chelated).>** Among
these, the n> mode was identified as the most favorable, and
modification of the ligands at their side chains is a promising
strategy to enhance their binding with uranyl. Regarding the
electronic effect, actinides are strong electron acceptors,' and
the binding of the ligand with uranyl can be enhanced by
incorporating electron-donating groups into the ligand mole-
cules. This concept has been suggested based on theoretical
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Scheme 1 The binding modes between AO and uranyl.

“Institute of Materials, China Academy of Engineering Physics, Mianyang, 621900,
China. E-mail: xlwang@caep.cn

*Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics,
Mianyang, 621900, China

‘Department of Chemistry, Center for Atomic Engineering of Advanced Materials,
Anhui University, Hefei, 230601, China. E-mail: yuhaizhu@ahu.edu.cn

t Electronic supplementary information (ESI) available: Experimental details, MS
data, and DFT calculations. See DOI: 10.1039/c7ra00404d

This journal is © The Royal Society of Chemistry 2017

*xab

The enhanced binding of aryl amidoximes with uranyl due to the electron-donating substituents was
identified by mass spectrometry, fluorescence quenching experiments, and theoretical calculations.

calculations.” Experimental studies dealing with this issue,
however, are scarce due to the lack of model AO derivatives.

Recently, we reported the one-pot synthesis of aryl amidox-
ime (AO1-AO5 in Fig. 1) using Pd catalyst' and investigated
their complexion (AO2-AO4) with uranyl by density functional
theory (DFT) calculations” and mass spectrometric experi-
ments.’® The synthetic strategy allows us to investigate the
aforementioned substitutive effect by providing a series of AO
derivatives. In this study, selected AO ligands bearing different
substituent groups were studied. The results from electrospray
ionization mass spectrometry (ESI-MS), fluorescence quenching
experiments, and theoretical calculations provide consistent
conclusions on the electronic effect of the substituent on AO-
UO, bonding.

The structures of the AO ligands are shown in Fig. 1. In the
following experiments, AO2 was utilized as the reference
compound with no substituent groups. The AO1 ligand has
a poor electron-withdrawing effect because the strong electro-
negativity of fluorine atoms overcomes the slight electron
donation effect of the side group itself. In comparison, the
electron donation effect increases in AO3 due to an extension of
the aryl ring and further increases in AO4 due to the substitutive
methoxy group. Although AO5 and AO6 containing electron-
withdrawing nitro-groups were expected to poorly bind with
uranyl and were hard to be experimentally studied, they were
investigated together with the other AO ligands using DFT
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Fig. 1 The structures and the substitutive groups of the investigated
aryl-amidoxime ligands.
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calculations. As a result, the increasing trend of the electron
donating abilities of the substitutive groups along with the
series of AO ligands was achieved, facilitating a study of the
electronic effect within uranyl-AO binding.

As we have previously reported, the main ESI-MS generated
uranyl-AO species were [UO,(AO),(NO;)]" (n = 1-3), with the
intrinsic nitrate stemmed from solid uranyl nitrate crystal.
Considering the structural similarities among the AO homo-
logues (Fig. 1) as well as the constant instrumental and solution
parameters (see the ESI material}), the response factors of them
in ESI-MS are expected to be similar.”” With this assumption,
the signals of the UO,-AO complexes will reflect the yield of the
complexes during ESI-MS process. Indeed, increasing MS
intensities of all the investigated complexes (Fig. 2) were
observed along the AO ligand series. The 1 : 2 complexes, ie.,
[UO,(AO),(NO5)]" demonstrates stronger MS signals than the
1:1or1:3 complexes across the AO ligand series because the
equatorial plane of uranyl in 1 : 2 complexes was saturated with
the most stable > binding mode of AO;® however, it was
unsaturated in 1:1 complexes or partially ligated by AO with
the less stable m' binding mode." Note that uranyl-AO5
complexes show a much poorer MS intensity; hence, they were
not further experimentally investigated.

The further exploration of the dissociation of uranyl-AO
complexes by tandem MS also revealed the same trend. In these
experiments, the precursor ions were mass-selected and frag-
mented upon collision with the buffer gas (He) in the ion trap.
The dissociation profiles were plotted by obtaining the abun-
dance of the precursor ion relative to the summed ions
including both the precursor and product ions (Fig. 3). The
dissociation energy (D.E.) associated with 50% relative abun-
dance' was utilized to evaluate the relative binding affinity of
the corresponding complexes. The selection of the precursor
ion, however, must be taken into account. Although there are
two competing fragmentation pathways for the ESI-MS gener-
ated [UO,(AO),(NOs)]" (n = 1-3) complexes, viz. the loss of nitric
acid or the loss of AO ligand, the first pathway was predomi-
nant."® Consequently, the D.E. of these complexes mainly
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Fig. 2 MS signals of the uranyl complexes with AO1, AO2, AO3, and
AO4 with the same experimental parameters.
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reflected the binding between uranyl and nitrate. To preclude
this interference, [UO,(AO),-H]" (n = 2-3), which was the frag-
ment ion of [UO,(AO),(NO;)]" in CID, was alternatively chosen
as the target complexes (Fig. 3). Because its main fragmentation
pathway was the loss of AO ligand, the corresponding D.E. re-
flected the uranyl-AO binding affinity. The results show that the
D.E. increased from about 16% (AO1) to 22% (AO4) for
[UO,(AO),-H]" (Fig. 3(a)), with the arbitrary unit (normalized
collision energy, NCE) defined by the instrument manufacturer.
The same trend was also obtained in [UO,(AO);-H]' complexes
(Fig. 3(b)). These results indicated that breaking the UO,-AO
interaction required higher energy for the AO ligands with
electron-donating substituents.

[UO(AO,),(NO3)J* + nAO,, (m = 1, 3, 4-6) —
[UO5(AO,,),(NO3)" nAO, (n = 1-3) (1)

The selection of [UO,(AO),-H]" was necessary for the
abovementioned experiments, but their MS signals decreased
by at least one magnitude during the mass isolation. Conse-
quently, an investigation of the D.E. of the 1 : 1 complexes, viz.
[UO,(AO-H)]" failed because of the low MS signals of their
parent ions (Fig. 2), viz. [UO,(AO)(NO;)]". The electronic effect of
the substituents, however, could still be concluded from the
abovementioned tandem MS results.

Although the solvation condition was different in the gas
phase (MS) from that in the aqueous phase, the binding modes
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Fig. 3 Dissociation profiles of (a) the [UO,(AO),-HI* and (b)
[UO»(AQ)3—HI* complexes for AO1, AO2, AO3, and AO4.
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and the trend due to the binding affinity in both phases were
similar.?® With this fact, the electronic effect of the substituents
was also confirmed by the fluorescence quenching experiments
in an aqueous solution.”*** Under the neutral condition (pH =
7.0), the uranyl solution was titrated by the AO ligands. As
presented in Fig. 4, the fluorescence of uranyl decreased upon
the addition of the ligands (see details in the ESIt), which was
attributed to the binding between them. Using the Stern-
Volmer equation,* the conditional stability constants (log Ksv)
were obtained from the slopes of the plots. The increasing
conditional stability constants across the AO ligand series (3.4
for AO1, 3.6 for AO2, 3.7 for AO3, and 3.9 for AO4) clearly
suggests the same trend for the binding affinity and thus for the
electronic effect.

We also made an attempt to explore the electronic effect of
the substituents by vibrational spectroscopy, in which the
symmetric (Raman) and asymmetric (IR) stretching bands may
shift upon binding with different ligands.>*** Unfortunately,
inconspicuous changes (ESIt) were obtained for the ligands,
possibly due to the low resolution of the instruments.

In addition to the abovementioned experimental results, the
energetics of the MS observed species were calculated using
the reported density functional theory (DFT) methods."® After
geometric optimization and frequency calculations, [UO,-
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Fig. 4 Titration of uranyl (0.1 mM, pH = 7.0 by MES buffer) by 0.1, 0.5,
1.0, 2.0, 4.0, and 6.0 equivalents of AO ligands. The excitation and
emission wavelength was 310 nm and 330-580 nm, respectively. The
conditional stability constants (log Ksy) were calculated from the
slopes of the plots.

Table 1 Enthalpy changes (kcal mol™?) of the exchange reaction for
[UOL(AOmM),(NO3)I* (m = 1-6, n = 1-3), the HOMO energies (eV), and
the charge characteristics of the AO ligands in the complexes

n=1 n=2 n=3 HOMO Charge
AO5 8.15 11.64 13.70 —5.59 0.497
AO6 4.83 8.66 11.88 —5.57 0.518
AO1 4.08 5.91 7.27 —5.40 0.509
AO2 0.00 0.00 0.00 —5.12 0.518
AO3 -3.07 —-2.15 —-1.74 —-5.11 0.536
AO4 —7.50 —6.50 —6.40 —4.96 0.559
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(A02),NO;]" was chosen as the reference complex, and the
exchange reactions by the other AO ligands were calculated (eqn
(1)). As shown in Table 1, the enthalpy changes of the corre-
sponding exchange reactions were positive for AO5, AO6, and
AO1, illustrating its poorer binding affinity with uranyl relative
to that of AO2. In contrast, the exchange reactions of AO3 and
AO4 were exothermic with decreasing enthalpies. In addition,
according to natural bond orbital (NBO) analysis on different
UO,(AOm),NO; (m = 1-6) complexes, the energy of the highest
occupied molecular orbital (HOMO) of AOm (m = 1-6) gradually
increased. As shown in Table 1, the lower HOMO energies of the
electron-donating ligands result in the weaker orbital interac-
tion between the HOMO of ligand part and the LUMO of the
uranyl part, and thus weaken the binding affinities. Similar to
this observation, the charge characteristic of AOn parts in the
[UO,(AOm),NO;]" complexes also follow similar trends (Table
1). The more positive charge characters of AO2 and AO4 indi-
cates that they donate more electrons to the uranyl center and
result in stronger uranyl-AO binding strengths. Therefore, all
the aforementioned discussions suggest that the electron-
donating substituent benefits the stronger U-AO binding
(compared to the electron-withdrawing ones). These results
proved the electronic effect of the substituents.

In summary, the substitution effect on the binding ability of
the amidoxime ligand with uranyl was qualitatively explored
using the formation yields in the gas phase and the dissociation
energy (D.E.) in tandem mass spectrometry. Furthermore, the
fluorescence quenching experiments and theoretical calcula-
tions of the energetics presented quantitative results of this
effect. This study suggested that the incorporation of the
electron-donating substituents into the ligand is a promising
strategy to improve the future practices in sequestering
uranium from the seawater. This study also provides a protocol
for evaluation of the binding between the ligands and metal
ions with simplicity.
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