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7 ABSTRACT: Monodentate organophosphorus ligands have been used for
8 the extraction of the uranyl ion (UO2

2+) for over half a century and have
9 exhibited exceptional extractability and selectivity toward the uranyl ion due
10 to the presence of the phosphoryl group (OP). Tributyl phosphate (TBP)
11 is the extractant of the world-renowned PUREX process, which selectively
12 recovers uranium from spent nuclear fuel. Trialkyl phosphine oxide (TRPO)
13 shows extractability toward the uranyl ion that far exceeds that for other
14 metal ions, and it has been used in the TRPO process. To date, however, the
15 mechanism of the high affinity of the phosphoryl group for UO2

2+ remains
16 elusive. We herein investigate the bonding covalency in a series of complexes
17 of UO2

2+ with TRPO by oxygen K-edge X-ray absorption spectroscopy
18 (XAS) in combination with density functional theory (DFT) calculations.
19 Four TRPO ligands with different R substituents are examined in this work, for which both the ligands and their uranyl complexes
20 are crystallized and investigated. The study of the electronic structure of the TRPO ligands reveals that the two TRPO molecules,
21 irrespective of their substituents, can engage in σ- and π-type interactions with U 5f and 6d orbitals in the UO2Cl2(TRPO)2
22 complexes. Although both the axial (Oyl) and equatorial (Oeq) oxygen atoms in the UO2Cl2(TRPO)2 complexes contribute to the X-
23 ray absorption, the first pre-edge feature in the O K-edge XAS with a small intensity is exclusively contributed by Oeq and is assigned
24 to the transition from Oeq 1s orbitals to the unoccupied molecular orbitals of 1b1u + 1b2u + 1b3u symmetries resulting from the σ- and
25 π-type mixing between U 5f and Oeq 2p orbitals. The small intensity in the experimental spectra is consistent with the small amount
26 of Oeq 2p character in these orbitals for the four UO2Cl2(TRPO)2 complexes as obtained by Mulliken population analysis. The DFT
27 calculations demonstrate that the U 6d orbitals are also involved in the U−TRPO bonding interactions in the UO2Cl2(TRPO)2
28 complexes. The covalent bonding interactions between TRPO and UO2

2+, especially the contributions from U 5f orbitals, while
29 appearing to be small, are sufficiently responsible for the exceptional extractability and selectivity of monodentate organophosphorus
30 ligands for the uranyl ion. Our results provide valuable insight into the fundamental actinide chemistry and are expected to directly
31 guide actinide separation schemes needed for the development of advanced nuclear fuel cycle technologies.

32 ■ INTRODUCTION

33 Extraction separation of the uranyl ion (UO2
2+) is of great

34 significance for the efficient utilization of uranium resources
35 and thus the sustainable development of nuclear energy.1−4 A
36 number of ligands have been adopted for the extraction of
37 UO2

2+, among which the monodentate organophosphorus
38 extractants display prominent extractability and selectivity.1,5

39 For example, tributyl phosphate (TBP) is the extractant of the
40 world-renowned PUREX process to recover UO2

2+ from spent
41 nuclear fuel.1 Another example is trialkyl phosphine oxide
42 (TRPO), which shows higher extractability for UO2

2+ than
43 does TBP. The TRPO ligands are used as extractants in the
44 TRPO process, recovering the uranyl ion and other actinides
45 from high-level liquid waste.6 In the TRPO process, the

46distribution ratio of UO2
2+ far exceeds that for other metal

47ions.6 The interactions of the phosphoryl group (OP) in
48these ligands with UO2

2+ are considered to be responsible to
49the extraordinary extractability and selectivity and have been
50investigated by crystallography and theoretical calculations
51over the past several decades.7−18 The crystal structures
52suggest the coordination of the oxygen atoms in the
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53 phosphoryl group with UO2
2+. The theoretical calculations

54 provide the geometry of the complexes and the binding
55 energies between TRPO and UO2

2+, and the bonding order
56 analysis indicates the ionic bonding properties between UO2

2+

57 and the phosphoryl group.16−18 These studies are, however,
58 insufficient to account for the high extractability and selectivity
59 of the monodentate organophosphorus extractants for UO2

2+,
60 and its underlying mechanism requires further investigation.
61 The most significant character that distinguishes uranium
62 from transition metals and lanthanides is the presence of 5f and
63 6d orbitals. The involvement of both 5f and 6d orbitals in the
64 covalent bonds between uranium and axial oxygen (Oyl) atoms
65 induces a geometrically linear and redox-stable uranyl ion,19−22

66 around which other ligands are confined to the equatorial
67 plane. Exploring the coordination behavior between the uranyl
68 ion and the equatorial ligands is an essential issue of current
69 interest because of the direct relevance to the extraction
70 behavior of extractants.23−26 Indications are gradually emerg-
71 ing that the selectivity of extractants toward specific metal ions
72 is related to their covalent bonding interactions.27,28 Given the
73 great involvement of the U 5f orbitals in chemical bonding,20,21

74 we hypothesized that covalency in the bonding interaction
75 between the uranyl ion and the O-donor from the phosphoryl
76 group, U−(OP), may be partially responsible for the
77 remarkable extractability and selectivity of the monodentate
78 organophosphorus extractants for the uranyl ion.
79 As one of the most versatile and direct spectroscopic
80 techniques in the evaluation of the bonding covalency in d and
81 f block compounds, ligand K-edge X-ray absorption spectros-
82 copy (XAS) in combination with density functional theory
83 (DFT) and time-dependent DFT (TDDFT) calculations have
84 attracted much attention in the past decades.29−47 The ligand
85 K-edge XAS probes the transition from the ligand 1s orbitals to
86 unoccupied molecular orbitals (MOs) containing ligand p
87 character. This technique can quantify the component of
88 ligand p character in the metal d and f orbitals, hence the
89 covalency of the metal−ligand bond.29 To guide the
90 interpretation of the XAS spectra, DFT can manifest the
91 orbital energy levels and orbital compositions, which are
92 related to the transition energies and intensities, respectively.
93 TDDFT can simulate the XAS spectra to compare with the
94 experimental spectra. XAS and DFT/TDDFT in combination
95 have been implemented to reveal the covalent bonding
96 behavior of the f and d orbitals of lanthanides and actinides
97 upon mixing with p orbitals of ligands.33−47

98 Our goal in this work is to provide insight into the
99 contributions of U 6d and especially 5f orbitals to chemical
100 bonding covalency between UO2

2+ and phosphoryl group,
101 thereby revealing the mechanism of the remarkable extract-
102 ability and selectivity of the monodentate organophosphorus
103 extractants for UO2

2+. Complexes of TBP and UO2
2+ cannot

104 be isolated as pure crystalline materials with high symmetry
105 that is desirable for spectroscopic analysis.48−50 To overcome
106 this challenge, we have tested four different TRPO ligands

s1 107 (Scheme 1), and obtained the single crystals of both the
108 ligands and the uranyl complexes, including triphenyl
109 phosphine oxide (TPPO), cyclohexyldiphenyl phosphine
110 oxide (CDPPO), ethyldiphenyl phosphine oxide (EDPPO),
111 and tricyclohexyl phosphine oxide (TCyPO). These four
112 ligands have demonstrated excellent extraction and separation
113 performance toward the uranyl ion (Figure S1). Elementary
114 covalent interactions between UO2

2+ and TRPO in the entire
115 series of UO2Cl2(TRPO)2 complexes are examined using

116oxygen K-edge XAS, with the interpretation guided by DFT/
117TDDFT calculations. This allows us to examine the electronic
118structures of both the TRPO ligands and the UO2Cl2(TRPO)2
119complexes as well as the effect of the R substituents of the
120TRPO ligands on their interactions with the uranyl ion.

121■ RESULTS AND DISCUSSION
122Sample Preparation. All the TRPO and UO2Cl2(TRPO)2
123complexes studied in this work were prepared in large
124quantities, isolated as highly pure crystalline solids, and
125characterized by single-crystal X-ray diffraction prior to
126use.7−13,51−59 Chloride is employed as the counterion in the
127UO2Cl2(TRPO)2 complexes to avoid the interference of the
128oxygen-containing anions such as nitrate to the O K-edge XAS
129spectra. All the crystal structures of TRPO and
130UO2Cl2(TRPO)2 obtained in this work are illustrated in
131 f1Figure 1. Data collection and refinement details are available in
132Tables S1 and S2. Some of the TRPO ligands and
133UO2Cl2(TRPO)2 complexes have been reported previ-
134ously;7−13,51−59 however, to the best of our knowledge, the
135crystal structures of CDPPO, UO2Cl2(CDPPO)2, and
136UO2Cl2(EDPPO)2 have not been reported. The PO bond
137length varies from 1.487 to 1.493 Å in TRPO (Table S3), and
138these values increase to about 1.519 Å in the UO2Cl2(TRPO)2
139complexes (Table S4), suggesting the bonding interaction
140between the TRPO ligands and the uranyl ion. The two TRPO
141ligands are trans to each other in all the UO2Cl2(TRPO)2
142complexes, maintaining the complexes in Ci symmetry. The
143U−Oeq bond length is in the range of 2.288−2.307 Å, much
144longer than the U−Oyl bond length (1.762−1.769 Å). The
145distances between uranium and axial oxygen (Oyl) as well as
146those between uranium and the oxygen of TRPO in the
147equatorial plane (Oeq) show no apparent difference in the four
148UO2Cl2(TRPO)2 complexes. On the basis of this analysis of
149the geometric data obtained by X-ray crystallography, changing
150the substituents in TRPO has no evident effect on the bonding
151interaction with the uranyl ion.

Scheme 1. Molecular Structures of the Ligands Used in the
Present Work
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152 P and Cl K-Edge XAS. Spectra at the P and Cl K-edges
153 were measured initially to probe electronic structure from the
154 perspective of heavier atoms in the coordination sphere.
155 Previous studies have shown that P or Cl K-edge XAS can be
156 sensitive to bonding with phosphine or chloride ligands

f2 157 directly bound to metal centers.33−39,60−65 Figure 2 shows the
158 background-subtracted and normalized P K-edge XAS spectra
159 for the free ligands TRPO and their uranyl complexes
160 UO2Cl2(TRPO)2. In the P K-edge XAS of the TRPO series,
161 the pre-edge features show substantial differences with the
162 variation of the R substituents. A pre-edge feature around
163 2147.8 eV is observed in the spectrum of TPPO, CDPPO, and
164 EDPPO, and this feature disappears in the spectrum of
165 TCyPO. Peak shift and transition intensity variations are
166 observed when comparing the P K-edge XAS of
167 UO2Cl2(TRPO)2 with that of TRPO, indicating the change
168 of the electron distribution on the phosphorus atoms, and thus
169 the bonding interaction between TRPO and the uranyl ion in
170 the UO2Cl2(TRPO)2 complexes.
171 Spectra at the Cl K-edge were measured to probe changes in
172 electronic structure from the perspective of the chloride

f3 173 ligands in the UO2Cl2(TRPO)2 complexes (Figure 3). The
174 spectra are similar to that previously reported for
175 [Ph4P]2[UO2Cl4],

37 in that closely spaced pre-edge features
176 are observed at 2822.4 and 2824.8 eV for all complexes.
177 Previous DFT analyses for [Ph4P]2[UO2Cl4] indicated that
178 these features arise from transitions between the Cl 1s orbitals
179 to the unoccupied MOs of 1b1u + 1b2u + 1b3u + 2b2u and 1b1g
180 symmetries, respectively.37 The close correspondence between
181 the Cl K-edge spectra for [Ph4P]2[UO2Cl4] and each of the
182 UO2Cl2(TRPO)2 complexes indicates that the interactions of

183Cl 3p orbitals with the U 5f and 6d orbitals are not significantly
184perturbed when varying the other equatorial ligands.
185O K-edge XAS. Since the P and Cl K-edge XAS
186measurements only provided indirect probes of the U−O
187bonds, we sought additional insights using O K-edge XAS. The
188O K-edge XAS data were collected by total fluorescence yield
189(TFY) detection for both TRPO and the UO2Cl2(TRPO)2
190complexes. The background-subtracted and normalized O K-
191 f4edge XAS are shown in Figure 4. In the TRPO series, the pre-
192edge features show substantial differences with the variation of
193the R substituents. A substantial pre-edge transition around
194532 eV is observed in the spectrum of TPPO, which is
195diminished in the spectra of CDPPO and EDPPO. For

Figure 1. Crystal structures of TRPO and UO2Cl2(TRPO)2
investigated in this work with thermal ellipsoids drawn at the 30%
probability level. Hydrogen atoms have been omitted for clarity.
Oxygen, phosphorus, carbon, chloride, and uranium atoms are in red,
purple, white, green, and yellow, respectively. Figure 2. Background-subtracted and normalized P K-edge XAS

spectra for the free ligands TRPO (black) and their uranyl complexes
UO2Cl2(TRPO)2 (red).

Figure 3. Background-subtracted and normalized Cl K-edge XAS
spectra for the UO2Cl2(TRPO)2 complexes in comparison with that
for [Ph4P]2[UO2Cl4]. For curve-fitting analysis, refer to Figure S6.
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196 TCyPO, no transition at 532 eV is observed in the O K-edge
197 XAS. All the UO2Cl2(TRPO)2 complexes display similar pre-
198 edge features in the O K-edge spectra, with a distinct pre-edge
199 feature near 531.5 eV and a small shoulder feature around 530
200 eV. One can see from Figure 4 that the onset of the pre-edge
201 XAS for all the UO2Cl2(TRPO)2 complexes moves to lower
202 energy as compared with that of TRPO, locating around 530
203 eV. The difference in the O K-edge XAS between TRPO and
204 UO2Cl2(TRPO)2 is supposed to be a result of two factors. One
205 is that the only oxygen in TRPO is from the OP moiety,
206 whereas in the UO2Cl2(TRPO)2 complexes, both the
207 equatorial and axial oxygen atoms contribute to the pre-edge
208 transitions. The other one is the covalent interaction between
209 the uranyl ion and TRPO, which has been confirmed by the
210 peak shift and intensity variation in comparing the P K-edge
211 XAS for TRPO and UO2Cl2(TRPO)2 in Figure 2.
212 The O K-edge XAS spectra of both TRPO and
213 UO2Cl2(TRPO)2 were modeled with Gaussian functions and
214 a step function using an error function to identify the exact
215 energy of the pre-edge features as well as to quantify the
216 intensities. The energy positions of the peaks are determined
217 by the second derivatives and are fixed during the curve fits
218 (Figures S2 and S4). Other fitting parameters, including the
219 peak amplitude and the half width, are entirely unconstrained.

f5 220 Figure 5 shows the modeling results for the pre-edge regions of
221 the spectra for TRPO and UO2Cl2(TRPO)2, and the complete
222 fits and fitting parameters are provided in Figures S3 and S5
223 and Tables S5 and S6).
224 In the TRPO series, the best fits of the spectra for TPPO,
225 CDPPO, and EDPPO are acquired using four pre-edge

226features from 531 to 537 eV. In contrast, using only three
227pre-edge features at 533.0, 534.0, and 535.1 eV can give a high-
228quality curve fit of the spectrum for TCyPO. For the
229UO2Cl2(TRPO)2 complexes, all the spectra are adequately
230 t1modeled by five resolved pre-edge features. Table 1
231summarizes the transition energies and intensities in modeling
232the O K-edge XAS for UO2Cl2(TRPO)2. All the spectra of
233UO2Cl2(TRPO)2 reveal similar transition energies and
234intensities in the pre-edge regions, containing a low-intensity
235pre-edge shoulder at 529.8 eV, an intermediate-intensity pre-
236edge feature around 533.1 eV, and three high-intensity pre-
237edge features near 531.4, 534.6, and 536.0 eV.
238Ground-State Electronic Structure of TRPO. The
239electronic structure of TRPO is investigated to clarify its
240orbitals that can interact with the uranyl ion and to provide a
241basis for interpreting the above O K-edge XAS of TRPO. In
242the OP moiety of TRPO, the O 2p orbitals can mix with P
243 s23p orbitals to form both σ- and π-bonds, as shown in Scheme
244 s22, and the fragment orbitals of PO can mix with the
245symmetry-adapted linear combinations (SALCs) of the orbitals
246from the three R substituents. Taking C3-symmetric TPPO as
247an example, the three phenyl substitutions of TPPO provide

Figure 4. Background-subtracted and normalized O K-edge XAS
spectra for the free ligands TRPO (black) and their uranyl complexes
UO2Cl2(TRPO)2 (red).

Figure 5. Curve-fitting results for O K-edge XAS for TRPO (left) and
UO2Cl2(TRPO)2 (right). The experimental data are shown in black
circles, and the total curve fits are shown in red traces. Postedge
residuals (dashed gray traces) are generated by subtracting the pre-
edge Gaussian functions (blue, yellow, green, purple, and light blue)
from the total curve fits.
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248 both σ- and π-type interactions with the OP moiety. The σ-
249 type SALCs of R orbitals span A and E symmetries to mix with
250 the OP σ- and π-type orbitals, respectively. The π-type
251 SALCs of the R orbitals span A and E symmetries, whereas
252 only those of E symmetry can mix with the OP π-type
253 orbitals. That of A symmetry cannot interact with the OP σ-
254 or π-type orbitals.

255The bonding interactions within the TRPO molecules are
256confirmed by ground-state DFT calculations. Four canonical
257Kohn−Sham orbitals of TPPO calculated at the B3LYP/TZ2P
258 f6level are illustrated in Figure 6. The truncated unoccupied

259MOs energy level diagram for TRPO, which has been shifted
260by a constant to make the energies of O 1s orbitals equivalent
261to each other for comparison with the O K-edge XAS, is also
262presented in Figure 6. For the ligands TPPO, CDPPO, and
263EDPPO, there are orbitals belonging to the phenyl π-orbitals
264mixing with OP π-orbitals between −1.5 and 0.5 eV. In
265contrast, TCyPO has no R π/PO π-type MOs due to the
266lack of phenyl rings and therefore has no orbitals in this region.
267This difference is in perfect agreement with the experimental O
268K-edge XAS, where the transitions around 532 eV in the
269spectra for TPPO, CDPPO, and EDPPO are not observed in
270that for TCyPO. The remaining peaks at the region from 533
271to 536 eV in the O K-edge XAS for all the TRPO complexes
272are attributed to the electronic transitions from O 1s orbitals to
273the unoccupied MOs formed by the mixing of R σ-orbitals with
274OP (π + σ)-orbitals.
275The group theory analysis and DFT calculations reveal that
276the TRPO ligands can provide both σ- and π-orbitals to
277interact with the uranyl ion in the UO2Cl2(TRPO)2 complexes
278since oxygen in the OP group can be both a σ- and π-donor.
279The hybridization of the OP fragment orbitals depends on
280the type of the substituents in TRPO. The orbitals from phenyl
281rings can mix with the OP fragment orbitals through both σ-
282and π-type bonding interactions, whereas the orbitals from
283alkyl substituents can only provide σ-orbitals to mix with the
284OP fragment orbitals. Therefore, no transitions to R π/P
285O π MOs are observed in the O K-edge XAS of TCyPO.
286Ground-State Electronic Structure of UO2Cl2(TRPO)2.
287The chemical bonding interactions between uranyl moiety and
288TRPO ligands in UO2Cl2(TRPO)2 are analyzed by group
289theory and DFT calculations, and the discussion will focus on
290the unoccupied orbitals most relevant to the O K-edge XAS
291experiments. In the O K-edge XAS of UO2Cl2(TRPO)2, both
292the Oeq and Oyl atoms contribute to the pre-edge transitions.
293The bonding interactions between U and Oyl have been widely

Table 1. Energy and Intensity Obtained by Curve-Fitting of
the O K-edge XAS for UO2Cl2(TRPO)2

curve fitting

transition energy (eV) intensity

UO2Cl2(TPPO)2
1s → 1b1u + 1b2u + 1b3u 529.8 0.12
1s → 2b2u + 2b3u 531.4 1.41
1s → 1b1g 533.0 1.36
1s → 2b1u 534.6 2.10
1s → 1b2g + 1b3g 536.0 2.58

UO2Cl2(CDPPO)2
1s → 1b1u + 1b2u + 1b3u 529.8 0.14
1s → 2b2u + 2b3u 531.5 1.43
1s → 1b1g 533.4 1.42
1s → 2b1u 534.6 1.95
1s → 1b2g + 1b3g 536.3 3.04

UO2Cl2(EDPPO)2
1s → 1b1u + 1b2u + 1b3u 529.8 0.14
1s → 2b2u + 2b3u 531.4 1.83
1s → 1b1g 533.1 1.19
1s → 2b1u 534.6 3.19
1s → 1b2g + 1b3g 536.4 3.59

UO2Cl2(TCyPO)2
1s → 1b1u + 1b2u + 1b3u 529.8 0.13
1s → 2b2u + 2b3u 531.5 1.31
1s → 1b1g 533.5 1.38
1s → 2b1u 534.5 1.82
1s → 1b2g + 1b3g 535.7 2.11

Scheme 2. Qualitative MOs Correlation Diagram of TRPO
in C3 Point Group Symmetry

Figure 6. Contours of the representative MOs (0.03 au) for TPPO
(top), and comparisons of the calculated MOs energy levels with the
experimental O K-edge XAS for TRPO (bottom).
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294 studied. The two axial U−Oyl triple bonds are formed by
295 mixing of U 5f and 6d orbitals with the Oyl 2p orbitals,
296 resulting in two σ- and four π-bonding orbitals
297 (σu

2πu
4σg

2πg
4).19−21,66 For the chemical bonding between the

298 uranyl ion and the equatorial oxygen atoms from TRPO
299 ligands, it is quite simplistic to perform group theory analysis
300 on UO2Cl2(TRPO)2 assuming D2h symmetry by ignoring the
301 phosphorus atom of TRPO and the substituents on it. The
302 fragment orbitals provided by the two TRPO molecules can
303 form four π-type SALCs spanning b1u + b2u + b1g + b2g
304 symmetries and two σ-type SALCs spanning b3u + ag
305 symmetries. The SALCs of b1u and b2u symmetries can mix
306 with the U 5f orbitals to form π U−TRPO bonding
307 interactions of 1b1u (U−Oeq 5fπ, U−Oyl 5fδ), 1b2u (U−Oeq

308 5fπ, U−Oyl 5fφ), and 2b1u (U−Oeq 5fπ, U−Oyl 5fσ) symmetries.
309 The SALCs of b3u symmetry can mix with the U 5f orbitals to
310 form σ U−TRPO bonding interactions of 1b3u (U−Oeq 5fσ,
311 U−Oyl 5fφ) and 2b3u (U−Oeq 5fσ, U−Oyl 5fπ) symmetries. This
312 leaves the U 5f orbital of 1au (U−Oeq 5fδ, U−Oyl 5fδ)
313 symmetry as nonbonding with respect to both Oeq and Oyl

314 atoms and that of 2b2u (U−Oeq 5fφ, U−Oyl 5fπ) symmetry as
315 nonbonding with respect to Oeq atoms and π-bonding with
316 respect to Oyl atoms. For the chemical bonding between
317 TRPO and U 6d orbitals, the SALCs of b1g + b2g symmetries
318 can mix with the U 6d orbitals to form π U−TRPO bonding
319 interactions of 1b1g (U−Oeq 6dπ, U−Oyl 6dδ) and 1b2g (U−Oeq

320 6dπ, U−Oyl 6dπ) symmetries. The SALCs of ag symmetries can
321 mix with the U 6d orbitals to form σ U−TRPO bonding
322 interactions of 1ag (U−Oeq 6dσ, U−Oyl 6dδ) and 2ag (U−Oeq

323 6dσ, U−Oyl 6dσ) symmetries. This leaves the U 6d orbital of
324 b3g (U−Oeq 6dδ, U−Oyl 6dπ) symmetry as nonbonding with
325 respect to Oeq atoms and π-bonding with respect to Oyl atoms.

f7 326 Figure 7 shows the truncated energy levels of the unoccupied
327 MOs of UO2Cl2(TRPO)2 obtained from ground-state DFT
328 calculations. Orbitals of σ-type (1b3u and 2b3u) and π-type
329 (1b1u, 1b2u and 2b1u) interactions between Oeq 2p and U 5f

330orbitals and orbitals of π-type (1b1g and 1b2g) interactions
331between Oeq 2p and U 6d orbitals can be observed in DFT
332calculations. Orbitals of σ-type bonding interactions between
333Oeq 2p and U 6d orbitals in ag symmetry are not observable
334because their energies are too high, resembling the case of
335UO2Cl4

2−.37 The energies of the MOs associated with the
336bonding interactions between the uranyl ion and TRPO are
337very similar for the four UO2Cl2(TRPO)2 complexes, and this
338is consistent with the XAS spectra where the substituents have
339little effect on the pre-edge energies. It is worth mentioning
340that some orbitals with energies above −1.5 eV contain O 2p
341components but no U 5f or 6d orbitals. These orbitals also
342contribute slightly to the pre-edge transitions in the O K-edge
343XAS, as suggested by TDDFT calculations (vide inf ra).
344According to the orbital energies provided by the ground-
345state DFT calculations in Figure 7, the five pre-edge features
346(from left to right) around 529.8, 531.4, 533.2, 534.6, and
347536.0 eV, obtained by curve-fitting analysis in the O K-edge
348XAS of the UO2Cl2(TRPO)2 complexes in Figure 5, are
349reasonably assigned to the transitions from O 1s orbitals to the
350unoccupied MOs of 1b1u + 1b2u + 1b3u, 2b2u + 2b3u, 1b1g, 2b1u,
351and 1b2g + 1b3g symmetries, respectively. The transitions from
352O 1s orbitals to the unoccupied MOs of 1b1u + 1b2u + 1b3u and
3531b1g symmetries are contributed by the oxygen atoms of
354TRPO. The other three transitions to the orbitals of 2b2u +
3552b3u, 2b1u, and 1b2g + 1b3g symmetries are contributed by both
356the equatorial and axial oxygen atoms. The Oyl K-edge XAS for
357the uranyl complexes where no oxygen atoms are present in
358the equatorial plane have been examined previously.20,21,67 For
359example, Denning et al. examined the Oyl K-edge XAS for
360Cs2UO2Cl4 and found three pre-edge features at 531.4, 534.1,
361and 536.5 eV, corresponding to the transitions from Oyl 1s
362orbitals to the unoccupied orbitals of U−Oyl 5fπ, U−Oyl 5fσ,
363and U−Oyl 6dπ, respectively.

20,21 These values match well with
364our findings for UO2Cl2(TRPO)2 at 531.4 eV, 534.6, and
365536.0 eV.

Figure 7. Truncated MOs energy levels for UO2Cl2(TRPO)2 calculated at DFT/B3LYP level (left) and the contours of unoccupied Kohn−Sham
orbitals (0.02 au) relevant to the orbital interactions between the uranyl ion and TRPO (right).
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366 Hybrid TDDFT Spectral Simulations. The TDDFT
367 calculations on TRPO and UO2Cl2(TRPO)2 are carried out
368 to obtain the simulated spectra for direct comparison with the

f8 369 experiment XAS, and the results are shown in Figure 8. The

370 simulated spectra have been shifted by approximately +14.3 eV
371 for TRPO and +12.4 eV for UO2Cl2(TRPO)2 to account for
372 the omission of the atomic and extra-atomic relaxation
373 associated with the core excitation, relativistic stabilization,
374 and errors associated with the functional.68,69

375 The simulated spectra of TRPO match well with the
376 experimental data, with a slight discrepancy in relative
377 intensity. The transitions around 532 eV in the simulated
378 spectra for TPPO, CDPPO, and EDPPO are not observed for
379 TCyPO, consistent with the experimental spectra. The
380 TDDFT simulations confirm that the pre-edge regions from
381 533 to 536 eV in the O K-edge XAS spectra for TRPO are
382 attributed to the electronic transitions from O 1s orbitals to the
383 unoccupied MOs formed by the mixing of R σ-orbitals with
384 PO (σ + π)-orbitals.
385 For the spectra of UO2Cl2(TRPO)2, the electronic
386 transitions from Oeq and Oyl 1s orbitals to the unoccupied
387 MOs were calculated separately, and the transitions are
388 depicted by blue and orange bars, respectively, in Figure 8.
389 One can see that five transition features in TDDFT simulated
390 spectra are resolved, matching well with the experimental data.

391Although there is no way to experimentally discriminate the
392contributions from Oeq and Oyl atoms to the XAS spectra of
393UO2Cl2(TRPO)2, TDDFT calculations confirm the assign-
394ments of transitions in DFT calculations that the first feature at
395529.8 eV in each spectrum is entirely attributed to the
396transitions from Oeq 1s orbitals to the unoccupied MOs of 1b1u
397+ 1b2u + 1b3u symmetries, which are associated with the
398covalent mixing between Oeq 2p orbitals and U 5f orbitals. The
399transitions from Oeq and Oyl 1s orbitals to unoccupied MOs
400both contribute to the pre-edge features at 531.4, 534.6, and
401536.0 eV obtained by curve fits in Figure 5, with Oyl
402contributing much more than Oeq. The pre-edge feature
403around 533.2 eV is contributed by the transition from Oeq 1s
404orbitals to the orbital of 1b1g symmetry, and there are no
405transitions from Oyl 1s orbitals to the unoccupied orbitals. As
406mentioned above, some orbitals containing O 2p components
407that do not mix with U 5f or 6d orbitals can contribute slightly
408to the pre-edge transitions from O 1s orbitals to the orbitals of
4091b1g symmetry as well as to those of 2b2u + 2b3u, 2b1u, and 1b2g
410+ 1b3g symmetries. In such a context, only the transitions from
411O 1s orbitals to the orbitals of 1b1u + 1b2u + 1b3u symmetries
412exclusively reflect the U−Oeq covalent bonding interactions.
413Evaluation of the Bonding Covalency between the
414Uranyl Ion and TRPO. The intensity of the pre-edge feature
415observed in ligand K-edge XAS spectra correlates to the degree
416of ligand np orbital mixing in metal-derived MOs according to
417the relationship29,70

I
N

h I
1 2

0α=
418(1)

419where I is the integrated pre-edge area for the normalized
420spectrum, N is the number of absorbing ligand atoms, h is the
421number of electron holes, α2 is the p character per electron−
422hole in the acceptor molecular orbital, and I0 is the intrinsic
423transition dipole integral for ligand 1s → np excitations that is
424dependent on the property of the sample, sample preparation,
425detection method, and beamline end-station and upstream
426optics. To obtain α2 from the pre-edge intensity requires the
427value of the intrinsic transition dipole integral I0. In the
428quantitative study of lanthanide-oxygen orbital mixing in
429CeO2, PrO2, and TbO2, Minasian et al. compared the pre-edge
430intensities associated with Ln 4f orbitals in the O K-edge XAS
431spectra to the relative intensities of the two peaks in the Ln L3-
432edge XAS and estimated a value of 9.86 for the intrinsic
433intensity of O 1s → 2p transition.46 This value is comparable
434to 10.3 for the photoabsorption cross-section of atomic oxygen
435reported by McLaughlin et al.71 As mentioned above, many
436factors affect the intrinsic intensity of I0, such as the sample
437properties and detection method. In this work, the method to
438collect the XAS spectra is TFY, in which the intrinsic intensity
439is proportional to the X-ray absorption cross section.
440Saturation and self absorption effects must be considered
441because they can cause fluorescence yield variations, resulting
442in the variation of the pre-edge transition intensities.72,73

443Besides, the effective charge dependence of the transition
444dipole moment integral should be taken into account, as
445reported by Neese et al.74 In this context, it is not appropriate
446to directly convert the experimental pre-edge intensity of the O
447K-edge XAS in Figure 5 to percent O 2p character using the
448value of the intrinsic intensity obtained from lanthanide
449dioxides or atomic oxygen. In this work, therefore, we use the
450data from Mulliken population analysis that are intimately

Figure 8. Comparison of the simulated spectra obtained by TDDFT
calculations (red) with the experimental O K-edge XAS data for
TRPO and UO2Cl2(TRPO)2 (black). The bars represent the energies
and oscillator strengths for the individual transitions. The blue and
orange bars represent the transitions from Oeq and Oyl 1s orbitals,
respectively, in the TDDFT calculations for UO2Cl2(TRPO)2.
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451 associated with the experimental XAS data to evaluate the
452 bonding covalency between the uranyl ion and TRPO ligands.

t2 453 Table 2 summarizes the DFT calculated percent Oeq and Oyl
454 2p character for the MOs showing in Figure 7 that are relevant

455 to the pre-edge transitions in the O K-edge XAS of the
456 UO2Cl2(TRPO)2 complexes. Taking UO2Cl2(TPPO)2 as an
457 example, the amount of Oeq 2p character in the π-bonding with
458 U 5f orbitals of 1b1u, 1b2u, and 2b1u symmetries are 0.39, 1.00,
459 and 0.37, respectively, and that in the σ-bonding with U 5f
460 orbitals of 1b3u and 2b3u symmetries are 0.35 and 0.16,
461 respectively. The amount of Oeq 2p character in the π-bonding
462 with U 6d orbitals of 1b1g and 1b2g symmetries are 1.00 and
463 0.26, respectively. All the amounts of Oeq 2p character are very

464small and much lower than that of Oyl 2p character. For
465example, the amount of Oyl 2p character in π-bonding with U
4665f orbitals of 2b2u and 2b3u symmetries are 21.19 and 18.97,
467respectively. Upon the variation of the TRPO ligands in the
468UO2Cl2(TRPO)2 complexes, the amounts of Oeq 2p character
469are very similar, indicating the insignificant effect of the
470substituents in TRPO on the bonding interaction with the
471uranyl ion.
472As mentioned above, only the pre-edge feature around 529.8
473eV in each spectrum is exclusively attributed to the transitions
474from Oeq 1s orbitals to the unoccupied MOs of 1b1u + 1b2u +
4751b3u symmetries. The total amount of Oeq 2p character of the
476orbitals of 1b1u + 1b2u + 1b3u symmetries in Mulliken
477population are 1.74, 1.94, 2.06, and 2.37% in UO2Cl2(TPPO)2,
478UO 2 C l 2 ( CD P PO ) 2 , UO 2 C l 2 ( E D P PO ) 2 , a n d
479UO2Cl2(TCyPO)2, respectively. These small values are
480consistent with the small intensity of the first pre-edge feature
481in the O K-edge XAS spectra for the UO2Cl2(TRPO)2
482complexes. In contrast, the total amount of Oyl 2p character
483in the orbitals of 2b2u + 2b3u symmetries in Mulliken
484population are remarkably large, corresponding to the high
485intensity of the pre-edge features around 531.4 eV in the O K-
486edge XAS of the UO2Cl2(TRPO)2 complexes. In general, both
487the experimental O K-edge XAS results and DFT calculations
488clearly indicate a very small amount of covalent bonding
489between the uranyl ions and TRPO ligands in the
490UO2Cl2(TRPO)2 complexes.
491Although there have been many studies on the interactions
492between the uranyl ion and ligands on its equatorial plane, few
493have evaluated the bonding covalency. Spencer et al. examined
494the Cl K-edge XAS for [Ph4P]2[UO2Cl4] and found that the
495total amount of percent Cl 3p character observed with the U 5f
496orbitals was roughly 7.6% per U−Cl bond.37 According to the
497intensities of the pre-edge features obtained by curve-fitting
498analysis on the Cl K-edge XAS for the UO2Cl2(TRPO)2
499complexes (Figure S6 and Tables S7 and S8), the amount of
500percent Cl 3p character with the U 5f orbitals is from 6.53 to
5018.02 per U−Cl bond in the UO2Cl2(TRPO)2 complexes. DFT
502calculations (Table 2) reveal that the total amount of Cl 3p
503character in the orbitals of 1b1u + 1b2u + 1b3u + 2b2u symmetries
504are 12.98, 13.16, 13.51, and 13.12, corresponding to 6.49, 6.58,
5056.76, and 6.56 per U−Cl bond in UO2Cl2(TPPO)2,
506UO 2 C l 2 ( CD P PO ) 2 , UO 2 C l 2 ( E D P PO ) 2 , a n d
507UO2Cl2(TCyPO)2, respectively. The XAS experiments and
508DFT calculations agree very well with each other. The
509Mulliken population analysis suggests that the U 5f orbitals
510participate more in mixing with Cl 3p orbitals than in mixing
511with Oeq 2p orbitals in the UO2Cl2(TRPO)2 complexes.
512Furthermore, both the experimental and theoretical results
513quantitatively confirm the conclusion aforementioned that the
514interactions of Cl 3p orbitals with the U 5f and 6d orbitals are
515not significantly perturbed when varying the other equatorial
516ligands in the uranyl complexes.

517■ CONCLUSION AND OUTLOOK
518We have detected for the first time the covalency of the
519U(VI)−TRPO system that is actually used in separation
520processes using the technique of oxygen K-edge X-ray
521absorption spectroscopy (XAS) in combination with density
522functional theory (DFT) calculations. The primary purpose of
523this work is to investigate the contributions of U 6d and
524especially 5f orbitals to the bonding covalency between the
525uranyl ion and TRPO on its equatorial plane in order to

Table 2. Mulliken Population Analysis for the
UO2Cl2(TRPO)2 Complexes

Mulliken population (DFT, %)

MOa energy (eV) Oeq 2p Oyl 2p Cl 3p

UO2Cl2(TPPO)2
1b1u −2.19 0.39 2.51
1b2u −2.17 1.00 4.37
1b3u −2.15 0.35 3.67
2b2u −0.50 21.19 2.43
2b3u −0.49 0.16 18.97
1b1g 0.79 1.00 5.60
2b1u 2.88 0.37 37.31 0.26
1b2g 3.93 0.26 8.93
1b3g 4.00 9.24 2.64

UO2Cl2(CDPPO)2
1b1u −2.31 0.64 2.35
1b2u −2.29 1.10 4.63
1b3u −2.26 0.20 3.68
2b2u −0.64 20.85 2.50
2b3u −0.69 0.01 18.99
1b1g 0.70 1.15 5.02
2b1u 2.64 0.37 15.24 0.03
1b2g 3.87 0.23 7.65
1b3g 3.90 7.83 0.66

UO2Cl2(EDPPO)2
1b1u −2.30 0.41 2.61
1b2u −2.26 1.13 4.62
1b3u −2.23 0.52 3.74
2b2u −0.64 20.92 2.54
2b3u −0.63 0.19 18.80
1b1g 0.72 1.31 5.39
2b1u 2.75 0.39 19.52 0.29
1b2g 3.82 0.26 10.01
1b3g 3.98 9.03 1.32

UO2Cl2(TCyPO)2
1b1u −2.14 0.65 2.32
1b2u −2.11 1.28 4.58
1b3u −2.08 0.42 3.66
2b2u −0.55 20.69 2.56
2b3u −0.51 0.01 18.92
1b1g 0.80 0.50 4.41
2b1u 2.68 0.16 10.07 0.06
1b2g 3.93 0.68 5.51
1b3g 4.03 6.31 2.75

aOrbitals at high energy levels, e.g., 2b1u, 1b2g, and 1b3g, split into two
or more orbitals, among which the highest orbital composition is
presented in the table.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c02236
Inorg. Chem. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c02236/suppl_file/ic1c02236_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c02236?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


526 elucidate the extrodinary extractability and selectivity of the
527 monodentate organophosphorus extractants to the uranyl ion.
528 Using the O K-edge XAS technique and DFT calculations, we
529 have detected the electronic structure of both the free ligands
530 TRPO and the complexes UO2Cl2(TRPO)2. Although the
531 TRPO ligands display substantially different pre-edge features
532 depending on whether their substituents can provide π-orbitals
533 to mix with the OP orbitals, all the TRPO investigated can
534 engage in σ- and π-type interactions with U 5f and 6d orbitals
535 in the UO2Cl2(TRPO)2 complexes. All the UO2Cl2(TRPO)2
536 complexes show similar pre-edge features in O K-edge XAS,
537 indicating that substituents on TRPO have little effect on the
538 covalent bonding between TRPO and UO2

2+. The first pre-
539 edge feature in the O K-edge XAS of UO2Cl2(TRPO)2 is
540 identified as the transitions to the U 5f orbitals of 1b1u + 1b2u +
541 1b3u symmetries, which are exclusively contributed by the σ-
542 and π-type mixing between U 5f and Oeq 2p orbitals. Curve-
543 fitting analysis indicates small intensities of 0.12−0.14 for this
544 pre-edge feature of the UO2Cl2(TRPO)2 complexes, which are
545 consistent with the small amount of Oeq 2p character (1.74−
546 2.37%) as obtained by Mulliken population analysis. Other
547 pre-edge features in the O K-edge XAS of UO2Cl2(TRPO)2
548 are dominantly contributed by the U−Oyl orbital mixing, and
549 the contributions of the U−Oeq orbital mixing cannot be
550 extracted from the experimental spectra. Nonetheless, DFT
551 calculations reveal that both U 5f and 6d orbitals can
552 participate in U−TRPO σ- and π-type covalent bonding
553 interactions.
554 To thoroughly reveal the role of covalency in extraction
555 separation, additional work is warranted in the future, as there
556 are many factors that can affect the extraction efficiency, such
557 as the geometries of the extracted species and the aggregation
558 behavior in the organic phase. Nevertheless, we believe that the
559 covalent bonding interactions between TRPO and UO2

2+,
560 especially the contributions from U 5f orbitals, play the central
561 role in achieving the remarkable extractability and selectivity of
562 TRPO for the uranyl ion. Cross et al. reported that the amount
563 of Cl 3p character mixing with Am 5f orbitals is 0.54(5)% per
564 Am−Cl bond for AmCl6

3−. In contrast, for EuCl6
3− the

565 amount of Cl 3p orbital mixing in the Eu−Cl bond is too small
566 to quantify and significantly less than the 0.54(5)% value for
567 AmCl6

3−. The subtle differences between Am 5f orbitals in
568 Am−Cl orbital mixing and Eu 4f orbitals in Eu−Cl orbital
569 mixing are considered to have the potential to achieve the
570 appreciable Am/Eu separations,38 because only ∼0.4 kcal/
571 mol/bond is needed to achieve appreciable Am/Eu separa-
572 tions.75 In the present work, the total amount of mixing
573 between U 5f and Oeq 2p orbitals is 0.87−1.18% per U−Oeq
574 bond as obtained by Mulliken population analysis. This value is
575 relatively small, but it is supposed to be sufficiently significant
576 for achieving a high distribution ratio in an extraction,
577 according to the work by Cross and co-workers.38 In contrast,
578 it is not necessarily the case that more covalency would induce
579 stronger interactions between metal ions and ligands. Covalent
580 interactions between the ligands and metal ions are usually
581 accompanied by ligand-to-metal charge transfer interactions,
582 which would act to weaken the stabilization of the metal−
583 ligand complexes due to the reduced ionic attraction by
584 decreasing the charge differential.76 Therefore, too much
585 covalency between the ligands and metal ions can be
586 counterproductive to extraction and separation. This is
587 reminiscent of the multidentate ligands with both hard and
588 soft donor atoms that possess high extractability and selectivity

589toward actinides. The soft donor atoms play the role to
590covalently interact with the metal ions to enhance the
591selectivity in extraction, while the hard donor atoms retain
592the affinity and thus the remarkable extractability toward the
593metal ions.77−81 Accordingly, the TRPO ligands can serve the
594combined soft−hard strategy in the extraction of uranyl ions,
595in which a small amount of covalency based on the strong
596affinity achieve the remarkable selectivity and extractability of
597TRPO toward the uranyl ions.

598■ EXPERIMENTAL SECTION
599Sample Preparation. Caution! Standard precautions for handling
600radioactive materials should be implemented due to the slightly radioactive
601uranium used in this work.
602Single crystals of TRPO suitable for X-ray diffraction character-
603ization were obtained by recrystallization from dichloromethane/n-
604heptane in a glovebox, according to the procedure reported in the
605literature.56 Single crystals of the uranyl complexes UO2Cl2(TRPO)2
606were prepared using the reported procedures with slight modifica-
607tions.13 Detailed procedures for the synthesis of UO2Cl2(TRPO)2 are
608illustrated in the Supporting Information. [PPh4]2[UO2Cl4] was
609synthesized and crystallized from the reaction of hydrated uranyl
610nitrate with tetraphenylphosphonium chloride in acetonitrile followed
611by slow evaporation in atmosphere condition based on the reports in
612the literature with some modification.82,83

613X-ray Crystallography. The single-crystal X-ray diffraction data
614were collected on a Super Nova, Dual, Cu at zero, AtlasS2 (Rigaku)
615using Cu Kα (λ = 1.54184 Å) or Mo Kα (λ = 0.71073 Å) radiation.
616All crystals were measured at low temperature (104−173 K). Data
617collection and reduction were carried out in CrysAlisPro 1.171.39.46
618(Rigaku Oxford Diffraction, 2018). The structure solution and
619refinement were carried out with SHLEX-97 and Olex2 1.2
620program.84,85 The absorption data were corrected using the multiscan
621method. The structure was solved by direct methods or Intrinsic
622Phasing method and was refined against F2 by full-matrix least-squares
623techniques. All non-hydrogen atoms were refined with anisotropic
624displacement parameters. The hydrogen atoms were added according
625to the ideal geometry and were not refined for good refinement
626convergence. Data collection and refinement details are available in
627Tables S1 and S2. The crystallographic information files (CIFs)
628mentioned this manuscript are available through the Cambridge
629Crystal Data Centre (CCDC 2043630−2043637).
630XAS Measurements and Data Analysis. The O K-edge XAS
631data were recorded at beamline 02B02 of Shanghai Synchrotron
632Radiation Facility (SSRF) running in electron storage ring mode at
6333.5 GeV and with current at 240 mA.86 The energy range of the
634beamline 02B02 is from 40 to 2000 eV. The measured photon flux is
635around 1011 photons/s with E/ΔE = 3700 at 244 eV. The beam spot
636size at a sample is measured to be about 150 μm × 50 μm. Grating
637was optimized with line densities of 400 lines mm−1 covering the
638energy ranges 40−600 eV to obtain high-energy resolution. The XAS
639data were collected by total fluorescence yield (TFY) mode in an
640ultrahigh vacuum chamber about 5 × 10−9 Torr. The energy steps of
6411, 0.15, 0.3, 1, and 2 eV were used between 500 and 530, 530−545,
642545−560, 560−580, and 580−600 eV, respectively, to collect the O
643K-edge XAS data. The P and Cl K-edge XAS data were recorded at
644beamline 4B7A of Beijing Synchrotron Radiation Facility (BSRF)
645over an energy range from 1750 to 6000 eV in partial fluorescence
646yield (PFY) mode using a 13-element Si (Li) array detector.87 The
647energy of the electron beam is 2.5 GeV in the storage ring, where the
648maximum beam current is 250 mA. The beam spot size at a sample is
649about 1.5 mm × 0.4 mm, and the measured flux is over 3 × 1010

650photons/s/250 mA.
651Single-crystal samples were ground into a fine powder and
652dispersed on carbon tape for P and Cl K-edge XAS measurements
653and indium films for O K-edge XAS measurements. The energy scales
654in the O, P, and Cl K-edge XAS were calibrated using SrTiO3,
655Na4P2O7, and D2d-Cs2CuCl4 standard, respectively, which were
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656 repeatedly analyzed between sample scans. All the spectra were
657 collected in duplicate at least twice. Spectra showed no signs of
658 radiation damage and were reproduced over multiple regions of the
659 sample.
660 The background subtraction and normalization of O, P, and Cl K-
661 edge XAS data were manipulated using the Athena interface in the
662 Demeter software program.88 In a typical example, a line was fit to the
663 pre-edge region and then subtracted from the experimental data to
664 eliminate the background of the spectrum. The data were normalized
665 to a unit step height by fitting a second-order polynomial to the
666 postedge region of the spectrum. Curve-fitting of the O K-edge XAS
667 was carried out using the program IGOR pro 8.04 and a modified
668 version of EDG_FIT.89 Second derivative spectra were used as guides
669 to determine the number and position of peaks (Figures S1 and S3).
670 Pre-edge and rising edge features were modeled by Gaussian line
671 shapes and an error function, respectively (Figures S2 and S4). Fits
672 were carried out over several energy ranges. The quality of each curve
673 fit was determined by evaluating changes in the χ2 and by inspecting
674 the residual intensity, which is obtained by subtracting the fit from the
675 experiment data and should resemble a horizontal line at zero. The
676 area under the pre-edge peaks (defined as the intensity) was used as
677 the transition intensity.
678 DFT and TDDFT Calculation. All DFT computations were
679 carried out with the Amsterdam Density Functional (ADF 2019)
680 program,90,91 using the B3LYP hybrid functional.92,93 The all-electron
681 Slater type orbital (STO) basis sets of triple-ζ augmented by two sets
682 of polarization functions (TZ2P) were employed to describe all
683 atoms. Zero-order regular approximation (ZORA) was used to
684 consider the scalar relativistic (SR) effects.94 The geometries were
685 optimized for TRPO and UO2Cl2(TRPO)2, and the selected average
686 bond lengths and bond angles were comparable to the values in the
687 experimental crystals (Tables S3 and S4). To obtain the values of
688 Mulliken populations larger than 0.01%, the keyword “ORBPOP” was
689 used in single-point calculations.
690 The O K-edge XAS spectra for all complexes were simulated using
691 of simplified TDDFT (sTDDFT) method.95,96 For the TDDFT
692 calculations at the ground-state optimized geometry, only excitations
693 from O 1s core levels to virtual orbitals were analyzed by restricting
694 the energy range of core level and virtual orbitals involved in
695 excitation. The calculated oscillator strengths were evenly broadened
696 with a Gaussian function of full-width at half maximum of 1 eV to
697 generate the simulated absorption spectra. An energy shift was applied
698 by aligning the experimental and calculated pre-edge peaks to account
699 for the omission of the atomic and extra-atomic relaxation associated
700 with the core excitation, relativistic stabilization, and errors associated
701 with the functional, according to the literature.68,69
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