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The structural parameters of uranyl complexes may provide important hints for understanding the

electronic structures of the U-X (ligand) bond. The present study aims to find out a reliable theoretical

method to simulate the structures of different uranyl complexes. Examining the performance of different

relativistic effective core pseudopotentials (RECPs) and different density functional theory (DFT)
methods, we found that the overall performance of BB1K/(SDD-MWB60:6-311G(d,p)) (M2-B1) and LC-
BLYP/(SDD-MWB60:6-311G(d,p)) (M7-B1) methods is relatively better than all the other examined
ones (including the popular B3LYP method). Good linear correlations has been gained between the

calculation results with M2-B1 or M7-B1 and the experimental ones (x-ray crystal structure). The R? of
both these methods are about 0.985, and the SD are both about 0.05 A for 68 U-X bond distances. On this
basis, the preliminary ligand structure-binding ability analysis of U-O bonds and the elucidation of the

binding mode of the azide group in concerned U-N(azide) compound have been provided.

1. Introduction

The extraction of uranyl dication (UO,*") is fundamentally
important for the development of nuclear energy, fuel and
materials." Generally, UO,>" exist in natural environment as the
ligand coordinated complexes, and the tolerated ligands includes
water, carbonate, and nitrite etc.? Therefore, the design of novel
ligands with stronger binding ability with UO,>" (relative to the
aforementioned ones) are promising for the extraction of uranium
and the migration of nuclear wastes. In the past decades, various
ligands (such as amidoximate,” glutarimidedioxime,* and glycine®)
have been designed from both experimental and theoretical
aspects.®” In addition, the x-ray crystal structure characterization,
the electronic structure analysis, the spectroscopic probes on the
uranyl complexes and the kinetic measurements on the ligand
exchange reactions have all been frequently used for better
understanding of the binding modes between UO,?* and the
concerned ligands.*'> For example, the charge distribution and
the molecular structure of [UOZ(OH)X(HZO)Y]“”‘ have been
widely studied with different methods (such as Raman
Frequency™ and theoretical calculations”™), and the pKa value of
the solvent was found to be determinant for the predominant
structure of the uranyl species. Similarly, the oxo exchange
reactions between uranyl complexes and water have also been
extensively studied by spectroscopy and density functional theory
(DFT) calculations.'

Systematic understandings on the ligand structure-binding
ability relationships might provide important hints for future
development of novel and efficient uranyl extraction materials.®
Due to the experimental difficulties (such as the high cost and

75

complicated handling procedures), theoretical calculations have
recently become an increasingly attractive method for studying
the uranyl complexes. Nonetheless, the currently used theoretical
methods are under debate in some cases. For example, the
relative accuracy of the small core (SC)' relativistic effective
core pseudopotentials (RECPs) and the large core (LC) RECPs'”
remains unknown. Despite SC-RECP has been proposed to be
more accurate than LC-ECP in many previous studies,'®"
wonder whether this conclusions generally applicable for various
uranyl systems or not? Meanwhile, both the Hartree-Fock (HF)
and the Wood-Boring (WB) quasi-relativistic ECPs correspond to
the SC-RECPs (in Gaussian software)” and are able to treat U
atom, while the relative accuracy of these two SC-ECPs remains
unclear. What’s more important, the popular B3LYP functional
has been frequently used in previous theoretical studies,?"** while
its reliability has been found to be inferior in several cases.”™?
With the increasing awareness of the failure of the traditional
hybride functionals (e.g. in treating seperated molecules® and
intramolecular structures,”> and interactions?®) and the recent
development of the functionals (such as the long-range correction
(LC) DFT methods introduced by likura et al.,”” the Coulomb-
attenuating model (CAM-B3LYP) of Yanai et al.*® and the M06
functionals developed by Truhlar et al?), the overall
performance of the DFT calculations in treating organic, metal-
organic systems and the weak interactions (such as hydrogen
bond) has been greatly improved.**** Therefore, these developed
functionals might show great potential in imporving the current
theoretical calculations on uranyl complexes.

we

In the present study, systematic examination has been
performed to assess the performance of different theoretical
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methods (including both the RECPs and the DFT functionals) in
modeling the structures of uranyl complexes. After a survey of
the single x-ray crystal structures on the reported mononuclear
uranyl complexes, 10 structurally typical uranyl complexes
s (bearing different types of ligands such as H,O, 1,3-diketone,
halide, amide etc, Figure 1) were chosen as the samples, and the
linear correlations between the calculated U-X (X=0O, N, S etc)
bond distances and experimental ones are used to evaluate the
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10 Figure 1. The selected uranyl complexes for evaluation of
different theoretical methods.

performance of different methods. The calculation results indicate
that Stuttgart’s SC-ECP with WB quasi-relativistic (SDD-
MWB60) gives better performance relative to all the concerned
1s LC-ECPs (including Stuttgart RLC ECP, the Lanl2dz ECP, and
the CRENBL ECP), while the overall performance of Stuttgart’s
SC-ECP with HF relativistic (SDD-MHF60) is the worst among
different ones. What’s more important, both BB1K and LC-
BLYP are proficient in predicting the U-X bond distances

2 (relative to the other examined DFT methods including B3LYP,
CAM-B3LYP, PBE1W, M06, and MPW3LYP), reflecting from
the significantly lower systematic error (i.e. the intercept of the
linear fit) between the calculation results and the experimental
characterized ones. In addition to the accurate modeling of

25 structural parameters of uranyl complexes, the preliminary ligand
structure-binding strength analysis of different O-ligated ligands
and the detailed analysis on the binding modes of one U-N(azide)
bond has been carried out. We wish the clarified method could
benefit the future systematic studies on the ligand structure-

30 binding ability relationships and the design of more plausible
uranyl extraction ligands.

2. Results and Discussion
2.1 Comparison between different calculation methods

In the present study, 10 structually representative mononuclear

35 uranyl complexes were chosen as the samples, according to the
following concerns: (a) the ligand bearing different elements,
including C, H, O, N, S, P, Si, F, Cl, Br were taken into account.
(b) different types of ligands, such as the dative ligands of H,O,
tetrahedronfuran (THF), amide and the covalent ligands such as
40 halide, 1,3-diketone, amine ligands, were included. (c) both the
monodentate and the multidentate chelated ligands were selected.

2.1.1 The performance of different effective core potentials
(ECPs) with B3LYP method.

In the present study, the general performance of different
4s RECPs on uranium atom were first examined. The examined
RECPs include: the Stuttgart RSC 1997 ECP (with either
MWBG60 or MHF60 relativistics), the Stuttgart RLC ECP, the
Lanl2dz ECP, and the CRENBL ECP. The formmer two RECPs
correspond to SC-RECPs, and are designated as SDD-MWB60
so and SDD-MHF60, respectively. The latter three RECPs
correspond to LC-RECPs. All these RECPs (except SDD-MHF60)
are cited from the EMSL basis set library,34 and SDD-MHF60
RECPs are used directly from the Gaussian software. The
traditional B3LYP method is used for the calculations in this
ss section, and 6-311G(d,p) basis set®® are used for all other atoms
except U. The related calculation results are given in Table 1.

Table 1. Comparison between the bond distances (BD) calculated by B3LYP/(ECP:6-311G(d,p)) and the experimental results for the

uranyl C-S compounds in Figure 1.**

Compound U-X BDexp BDMI-BI BDMI-BZ BDMI-B3 BDMI-B4 BDMI-BS
U-0' 1733 1775 1.716 1.753 1.779 1.756

U-0> 1753 1779 1.719 1.756 1.782 1.759

‘Cé%olﬂ\“\\fo { U-0° 2338 2339 2.492 2.350 2.364 2.355
2 /T\9_ U-0' 2385 2394 2.551 2.404 2.502 2.410
5 6 U-0° 2488  2.587 2.822 2.615 2.614 2.617

1 U-0° 2382 2474 2.709 2.497 2.423 2.504

U-07 2349 2341 2.474 2351 2.363 2.356
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U-0' 1766  1.771 1.717 1.748 1.775 1.751
oot 7 U-0* 1766  1.771 1.718 1.748 1.775 1.751
3
B;”\Br U-Br’ 2814 2929 3.087 2.949 2.969 2.950
B Br4
' (|3|2 ' U-Br* 2816  2.929 3.088 2.949 2.969 2.950
2 U-Br® 2814 2929 3.090 2.949 2.969 2.950
U-Br* 2816 2930 3.095 2.949 2.969 2.950
U-0' 1650  1.783 1.721 1.759 1.784 1.762
. U-0* 1662  1.791 1.727 1.766 1.793 1.769
3,/6\\3 3
2| N U-N° 2595 2.709 2.926 2.739 2.730 2.734
NE u\
2 50/ H Q U-0* 2299 2229 2.379 2.238 2.259 2.246
_ 0l
U-0° 2215 2235 2.379 2.243 2.263 2.250
3
U-N® 2601  2.691 2.915 2.718 2.721 2.717
U-S” 2964  3.039 3.250 3.084 3.084 3.075
U-0' 1769  1.777 1.719 1.755 1.781 1.758
7N
ﬁgj { U-0* 1768  1.777 1.720 1.755 1.781 1.758
2| WN
\4 | N U-0° 2303 2323 2.459 2.380 2.399 2.388
N U -
/ 3/|\O
"N O|02 U-N* 2493 2615 2.822 2.657 2.665 2.657
OMe U-N° 2521 2456 2.642 2.484 2.494 2.483
VoG U-N® 2470 2632 2.836 2.641 2.651 2.641
4
U-0" 2321 2369 2.541 2.332 2.351 2.340
U-0' 1777 1.779 1.710 1.752 1.778 1.754
2+
Nz B U-0* 1778  1.791 1.718 1.763 1.792 1.766
HoN NH,
o1 3
o 7 U-0° 2337 2371 2.508 2.383 2.392 2.387
HN>:°—5 /H\OA N, U-0* 2337 2371 2.508 2.383 2.392 2.387
2 (0]
HoN 0? mz U-O° 2442 2457 2.675 2.480 2.485 2.488
NH, U-0° 2366  2.400 2.567 2421 2.433 2.430
5
U-O" 2442 2457 2.675 2.480 2.485 2.488
U-0' 1741 1.766 1.715 1.743 1.769 1.755
U-0* 1743 1.776 1.717 1.752 1.779 1.756
Ol s/ U-S* 2867  2.952 3.142 2.976 2.979 2.964
sy \\P\
| /||\§/ U-0* 2317 2382 2605 2393 2411 2405
| 70 U-S® 2867  2.946 3.084 2.966 2.987 2.974
6
U-S® 2881  2.936 3.131 2.960 2.984 2.964
U-S” 25881  2.940 3.146 2.966 2.978 2.958
@ o U-0' 1765 1.774 1.714 1.750 1.775 1.753
6
Cé L \\\\ Wl U-0* 1766  1.774 1.715 1.750 1.775 1.753
\7
RS U-CP 2697 2715 2.791 2.726 2.742 2.723
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U-0* 2466  2.566 2.806 2.593 2.595 2.599
U-0° 2464  2.560 2.814 2.593 2.597 2.599
U-CI* 2687 2712 2.791 2.724 2.744 2.725
U-07 2444 2474 2.701 2.493 2.502 2.501
U-0' 1688 1.776 1.712 1.754 1.756 1.756
CFy U-0* 1725 1.778 1.715 1.756 1.758 1.759
01
—N 5 CFs U-0° 2417 2485 2.666 2.497 2.502 2.502
FsC N\ %) .‘\‘\\.\O N
30 M U-0* 2424 2509 2.679 2.524 2.532 2.532
i
02 CFs U-0° 2412 2.509 2.679 2.524 2532 2532
8 U-0° 2401  2.485 2.666 2.497 2.502 2.502
U-N" 238 2301 2.459 2.316 2.320 2.320
U-0' 1.751  1.749 1.689 1.728 1.753 1.730
o U-0* 1.751  1.749 1.690 1.728 1.753 1.730
4
3 Hzoe,_ ‘\\inzH U-0° 2402 2486 2.630 2.501 2.510 2.508
H,0 Uz
’ 7/H\<92H U-0* 2384 2485 2.628 2.500 2.503 2.507
H,O
02 U-0° 2384 2492 2.633 2.512 2.510 2.517
9
U-0° 2402 2494 2.635 2.514 2.527 2.522
U-N" 2455 2500 2.639 2.523 2.527 2.527
U-0' 1.789  1.797 1.738 1.770 1.798 1.774
SiMe;
\ . ﬁ“ GO U-0* 1.789  1.797 1.739 1.770 1.798 1.775
'/N/,/ \\\O
MesSi Ut U-N* 2316 2343 2.441 2.363 2.376 2.360
& |\,\?/Si|\/|e3
C, 02 U-0* 2432 2516 2.870 2.543 2.559 2.548
10 SiMes UNS 2317 2343 2412 2363 2376 2364
U-0° 2445 2518 2.876 2.545 2.562 2.550
Intercept (k) -0.050  -0.158  -0.056  -0.071  -0.060
R’ 0.9830  0.8590 09751 09787  0.9755
SD 0.050 0.144 0.061 0.056 0.060
RMSD 0.070 0.213 0.083 0.090 0.085

?The regression slopes for all correlations between calculation and experimental results are fixed at 1.00, and the linear correlation used
is BD®P=BD*“+k (BD represents the U-X bond distances). °The linear correlation coefficient R? correspond to the adjacent R square,
SD (standard deviation) = [0t /n-n]" (N=62, i=1-62, x; represents the calculated data for each species, i is the fitted value of the 74
calculated data); RMSD (root-mean-square deviation) =Ee-vrN* (N=68, x; represents the calculated data for each data, and y;
s represents the related experimental data). 4All the bond distances are given in angstrom. ‘M1, B1, B2, B3, B4 and B5 denote to B3LYP,
SC-SDD(MWB)/6-311G(d,p), SC-SDD(MHF)/6-311G(d,p), LC-SDD/6-311G(d,p), LC-LanL2dz/6-311G(d,p), and LC-CRENBL/6-

311G(d,p), respectively. " The x-ray crystal structure for 1-10 are cited from ref. 36-45.

Some conclusions can be generated from the calculation
results in Table 1. First, the overall performance of the SDD-
10 MHF60 (B2) in modeling the uranyl structures are relatively
worse than all the other RECPs, reflecting from significant
deviations (e.g. U-O° bond distance in 1 and the U-N* bond
distance in 3) and the bad correlation factors (k, Rz, SD and

RMSD) shown in Table 1. Second, the calculated bond distances
15 with all the other examined RECPs (the SC-RECP of B1, and the
LC-RECPs of B3-B5) are close to the related ones of the x-ray
crystal structure: the R? of linear correlation relationships are all
beyond 0.97, and the SD values are lower than 0.07 A. Third,
despite of the good correlations (with B1 or B3-BS), all these

4 | Journal Name, [year], [vol], 00—00
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calculation methods tend to slightly overestimate the U-X bond
distances systematically, reflecting from all the negative
intercepts (k) of the linear correlation relationships
(BD®P=BD**+k). Fourth, the overall performance of the SDD-
MWB60 (B1) in simulating the U-X bond distances is slightly
better than those with the LC-RECPs (B3-B5), while the overall
accuracy of all the examined LC-RECPs are all comparable
(Table 1).

An interesting observation has been noted from the calculation
results in Table 1. The experimentally measured U-X bond
distances are generally close to or slightly overestimated by the
theoretical calculations (except for SDD-MHF60), whereas the
U-N’ bond distance in 8 is significantly underestimated for all
these methods (by 0.05 ~ 0.1 A). To elucidate the reason for such
observations, we compared the structural parameters of the azide
group in 8 with those in the related x-ray crystal structure
reported by Prasad et al.** In Figure 2, the key bond distances and
the bond angles have been slightly overestimated by calculations,
indicating the slightly overestimated double bond character of the

8
(x-ray crystal structure) (optimized structure with M1-B1)

N2-N1-U =131.7 N2-N1-U = 141.7
N2-N1=1.171 N2-N1 =1.201
N3-N2=1.138 N3-N2 = 1.149

Figure 2. The comparison between the x-ray crystal structure
(with [N(CHs),]") and the optimized structure of 8 calculated
with M1-B1 method. The bond distance and angles are given in
angstrom and degree, respectively.

s U-N bond (the proportion of the resonance structure of 8c,
Scheme 1) (More details about this structure is given in Section
2.3, vide supra). The origin of such observation might be related
to that the calculated geometry are more idealized/symmetric, and
thus facilitating better orbital conjunctions between the uranium

30 center and the azide ligand. For the same reason, the 1,3-diketone
ligands in 8 accept a better planar structure relative to the
experimental characterized ones (Figure 2).

Cl
X L
o—

Fs
CF3

i

CFy
A@ o] j
— b
N/II C}//N/N//\c[ e,

"‘/N/

N
8b 8c
(covalent U-N bond) (covalent U-N bond)

(ionic U-N bond)

Scheme 1. The main resonance structures of the azide group in
35 complex 8.

2.1.2 The performance of different DFT methods with SDD-
MWB60 RECPs (B1)

The calculation results and the discussions in Section 2.1.1
40 indicate that the overall performance of the SDD-MWBG60 (B1) is
relatively better than all the other examined ones, and therefore
this RECP is used for the comparison between different DFT
methods. Several typical DFT methods, including the traditional
hybrid B3LYP functional (M1),” the Global-hybrid meta-GGA
ss (Generalized gradient approximations) BB1K functional,* the
GGA PBEIW?® and MO06 functionals®®, the hybrid GGA
functional MPW3LYP?’ and the range-separated functionals LC-
BLYP or CAM-B3LYP were taken into account.

Considering that the overall performance of calculation

so method in treating the complexes 1-10 are generally in

consistency, we use the calculations on complex 1 as an sample

to reduce the computational cost in this section. The related
calculation results are given in Table 2.

Table 2. Comparison between the bond distances (BD) calculated by DFT/B1 and the experimental results for the complex 1.*°

Compound U-X BDexp BDMI-BI BDMZ-BI BDMS-BI BDM4-B1 BDMS-BI BDMG-BI BDM7-B1
o 1733 1775 1735 1.801 1774 1.773 1757 1.738

or 1753 1779 1738 1805 1776 1776 1761 1.741

4<//<70201 B o' 2338 2339 2319 2347 2352 2335 2329 2318
o /H\O / o 2385 2394 2411 2382 2402 2397 2438 2410
Kl O 2.488 2.587  2.531 2629  2.607 2571 2537  2.496

1 OF 2382 2474 2404 2499 2477 2465 2407 2410

o7 2349 2341 2319 2345 2352 2337 2327 2318

Intercept (k) 0.045  -0.004  -0.054  -0.044  -0032  -0.018  0.000
R 09814  0.9933 09666  0.9803  0.9854  0.9925  0.9952

SD 0.053  0.027 0058  0.045 0039 0028  0.022
RMSD 0.050  0.025 0077 0061 0048 0032  0.021

ss * The regression slopes for all correlations of calculation and experimental results are fixed at 1.00, and the linear correlation used is
BD®P=BD®"*+k (BD represents the U-X bond distances in A). M2, M3, M4, M5, M6 and M7 denote to BB1K, PBEIW, M06,

MPW3LYP, CAM-B3LYP, and LC-BLYP, respectively.

This journal is © The Royal Society of Chemistry [year]
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From the calculation results in Table 2, it can be seen that the
overall performances of BB1K (M2) and LC-BLYP (M7) are
relatively better than all the other examined DFT methods,
reflecting from the significantly better correlation coefficients (k,

s R?, and SD) and the lower deviations value (RMSD). Meanwhile,
the performance of CAM-B3LYP (M6) is slightly worse than the
aforementioned two methods, and relatively better than the other
ones. The PBEIW (M3) represents the worst one among all these

methods.

On the basis of the calculation results in Table 2, we further
used BB1K, LC-BLYP and CAM-B3LYP methods to optimize
all the structures in Figure 1 to make sure these methods are
generally reliable in simulating different types of uranyl

1s have been given in the supporting information. From the
correlation and the deviation coefficients with B3LYP, BBIK,
CAM-B3LYP and LC-BLYP methods (Table 3), we found that
despite the R* and SD values are comparable for all these
methods, the RMSD value and especially the intercept values
20 generated with BB1K, CAM-B3LYP, and LC-BLYP methods are
significantly better than the related ones with B3LYP method.
This conclusion is also supported by the comparisons between the
linear correlation plots of the BBIK (as an example) and the

B3LYP methods (Figure 3). In addition, the overall performance

choices
complexes.

complexes. For clarity reasons, the detailed calculation results

25 of BB1K and LC-BLYP is comparable and relatively better than
CAM-B3LYP, indicating that these two methods could be better
in predicting/modeling

the structures of uranyl

Table 3. Comparison between the linear correlations between experiments and different theoretical methods for the complexes 1-10.

B3LYP BBIK CAM-B3LYP LC-BLYP
U-Xin 1-10 Intercept (k) -0.050 -0.010 -0.032 -0.012
X=O, N, Cl...) R? 0.9830 0.9848 0.9861 0.9871
SD 0.050 0.047 0.047 0.045
RMSD 0.070 0.048 0.057 0.047

BD*” = BD“(BB1K) - 0.070
R’=0.9848, SD=0.047, N=68

s Table 4. Comparison between the linear correlations between
experiments and different theoretical methods (M1, M2, and M7-
B1) for U-O and U-X bonds in 1-10.

BD*® = BD*(B3LYP) - 0.050
R’=0.9830, SD=0.050, N=68

BD** (Angstrom)

T T T T T T T
22 24 26 238 3.0

BD®* (Angstrom)

Figure 3. The linear correlation between the experimentally
reported U-X bond distances of 1-10 and the calculated ones with
M2-B1(BBI1K, in black) and M1-B1 (B3LYP, in red) methods.

2.2 The theoretical simulations on the categorized U-O and U-

X (X=N, Cl, Br, S etc) bonds

The calculation results in Section 2.1 indicate that both

BB1K/(SDD-MWB60:6-311G(d,p))
BLYP/(SDD-MWB60:6-311G(d,p))

(M2-B1)
(M7-B1)

(M7-B1) were examined in detail.

methods
proficient in predicting the U-X bond distances. In this section,
the concerned U-X bonds in Figure 1 was categorized, and the
performance of B3LYP (M1-B1), BB1K (M2-B1) and LC-BLYP

M1-B1 M2-B1 M7-B1

U-0 Intercept (K) 0044 -0.008 -0.005

(48 data) R’ 0.9833  0.9847  0.9862

, SD 0.044 0042  0.039
N RMSD 0.062  0.042  0.0393
(X=N,UB;§ L. Intercept (k) -0.065 -0.018 -0.028

(20 data) R? 09333  0.9325  0.9409

SD 0.0614  0.059  0.055

RMSD 0.088  0.060  0.061

From the results in Table 4, it can be seen that the overall
performance of the calculation method in modeling the U-O bond

LC-
are

and

so distances are generally better than those of the other bonds. The
intercept of the correlations related to the U-X bonds are always
larger than that related to the U-O bonds, and the other linear
correlation coefficients (R? and SD) are also relatively worse for
the U-X bonds. In addition to these observations, the overall
ss performance of BB1K and LC-BLYP remains relatively better

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 6
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than that of B3LYP for both U-O and U-X bond distance
categories. This conclusion is consistent with the aforementioned
conclusions on the priority of BBIK and LC-BLYP. Both of
them are proposed to be more promising in modeling the uranyl
complexes relative to the popular B3LYP method.

2.3 The ligand structure-binding ability relationships of O-
ligated ligand

With the aid of BB1K and LC-BLYP methods, some
preliminary analysis on the binding ability of different types of
O-ligated ligands have been provided in this section.

The selected uranyl complexes in Figure 1 consists of different
types of O-ligand (on the equatorial plane), including water,
tetrahydrofuran (THF), urea, 1,3-diketone (with —Me or —CF;
substituents), trimethylphosphine oxide and the multidentate O-
ligands (in 3 and 4). From the calculation results shown in Table
3, it can be seen that the equatorial U-O bond distances in 1-10
generally follow the sequence of: U-O (H,0, ~2.55 A) > U-O
(THF, ~2.50 A) > U-O (1,3-diketone, ~2.40 A) > U-O (urea/
trimethylphosphine oxide, ~2.35 A) > U-O (multidentate, ~2.25
A). The results imply that the covalent U-O bond distances are
relatively shorter than the dative ones, and this proposal is also
supported by the relatively shorter U-O bond distances in
UO,(OH); than the related ones in UO,(OH,)s (2.34 A'% vs 2.46
A). Meanwhile, among different U-O dative bonds, the U-O(sp?)
bond distances are relatively longer than U-O(sp?) bonds,
presumably due to the @ back-donation from the f orbital of U
center and ©n* orbitals of the related unsaturated chemical bonds
(such as C=0O and P=0). According to the aforementioned
discussions, the slightly shorter U-O bond distances distinct from
H,O in 1 relative to the nearby ones seem to suggest that the
fommer ones are formmally more similar to the U-O(sp®) while
the latter ones are more likely the U-O(sp®) bonds. In other words,
the two C-O bonds in the 1,3-diketone ligands are not symmetric,
and the Lewis structure of 1a in Figure 4 can better describe its
electronic structure than all the other ones. Similar observation
and conclusion is also applicable to the Lewis structure of 8. In
addition, the slightly longer U-O bond distances of the 1,3-
diketone ligand in 8 relative to the related ones in 1 indicate that
the electron-withdrawing group (-CF;) slightly weakens the

binding strength of the 1,3-diketone ligand.
N,

O o
\\\O % \‘“\\\O N WO
. U‘"' O !
|| o || o
H,0 H,0

1b 1c
Figure 4. The main resonance structures (on the 1,3-dikeone
ligands) of complex 1.

O/,

H,O |

2.4 The elucidation of the electronic structure of the U-
N(azide) bond in 8

As mentioned in Section 2.1.1, three resonance structures (8a-c
in Scheme 1) are mainly responsible for the structure of 8, and
the theoretical calculations tend to slightly overestimated the
double bond character of the U-N(azide) bond. Nonetheless, the

w
b

=y
S

detailed bond character of 8, i.e. whether the ionic/covalent bond
or single/double bond character is predominat remains unknown.
From the optimized structures with M2-B1 method (Table 3), it
can be seen that the U-N” bond distance in 8 is significantly
shorter than the U-O° bond distance in the structually similar
complex 1. Meanwhile, the U-N” bond distance in 8 is also
shorter than the ionic U-N*" bond distances in 10. Based on these
observations, we suggest that the U-N” bond in 8 is unlikely a
single bond. On the other hand, the Mulliken charge on the azide
group of 8 (with M2-B1 method) is -0.542, while the Mulliken
charge on the neutral H,O ligand of the similar structure of 1 is
+0.110. The calculation result indicates that [UO,(CF;CO),CH],]
group formally donates electron to the amide group, contributing
to the covalent bond character of the U-N bond. The NBO
analysis on 8 also support this conclusion, because the Wiberg
bond order of the U-N bond is about double that of the
dative/covalent U-O single bonds in the 1,3-diketone ligand (0.82
vs 0.36, please see supporting information for more details).
Finally, one of the frontier orbitals of 8 clearly shows the n-bond
character between the U center and the azide group (Figure 5).
Therefore, all of the aforementioned observations support that the
U-N(azide) bond is a covalent double bond. In other words, the
resonance structure of 8c is predominant among different ones.

2
4
« /‘a/‘\/,
A '
.1
f../
A4 ./' ’
(one of the HOMOs

mainly consist of the
U-N(azide) n-bond)

0.8eV LUMO

9

\—H— 4 d4ev
—H— 4= sa4ev

Figure 5. The frontier orbitals of 8.

HOMOs

3. Conclusions

The uranyl complexes have been recently extensively studied due
to their great potential in nuclear fuel and materials. The past
decades have witnessed the great progress of theoretical
calculations in treating the uranyl complexes. Nonetheless, the
reliability of the various used theoretical methods have been
frequently under debate. In the present study, we chose 10 typical
uranyl complexes (with different types of ligands) as the samples
to identify a general reliable method in simulating the different
types of uranyl complexes. The following conclusions have been
generated:

(1) Comparing the performance of different small-core (SC) and
large-core (LC) relativistic effective core potentials (RECPs), we
noted that the relative accuracy of the Stuttgart’s SC-ECP (SDD-
MWBG60) is the best, while all the examined LC-ECP (including
the Stuttgart RLC ECP, the Lanl2dz ECP, and the CRENBL ECP)
are slightly worse. Interestingly, the overall performance of
Stuttgart’s MHF60 relativistic (SDD-MHF60) is the worst, and
the deviations of most of the U-X bond distances are fairly large.
Therefore, SDD-MWBG60 is the recommended ECP for treating U
atom, while the LC-ECPs could be used alternatively when the
concerned complexes are relatively bulky to reduce the

This journal is © The Royal Society of Chemistry [year]
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computational cost. SDD-MHF60 RECP should be avoided in
treating the structural parameters of uranyl complexes.

(2) With the SC-ECP of SDD-MWBG60 for U and 6-311G(d,p) for
all the other atoms, the comparison between different DFT
methods (including B3LYP, BB1K, PBEIW, M06, MPW3LYP,
CAM-B3LYP and LC-BLYP) implies that the overall
performance of BB1K and LC-BLYP are relatively better than all
the other ones (including the popular B3LYP methods), reflecting
from the significantly smaller absolute deviations between the
calculated U-X bond distances and the experimentally measured
ones.

(3) With BBIK/(SDD-MWB60:6-311G(d,p)) (M2-B1) or LC-
BLYP/(SDD-MWB60:6-311G(d,p)) (M7-B1) method, the linear
correlation between the calculation results and the experimental
ones is fairly good, with the systematic error (intercept) close to
0.01 A, R? close to 0.985 for the examined 68 U-X (X=0, N, Br,
S, CI etc) bond distances. On this basis, the structure-binding
ability relationships of different O-ligated ligands and the binding
modes of the concerned U-N(azide) bond has been performed.
It’s expected that the bond distance of more uranyl complexes
can be predicted with these methods.

We hope the present study will benefit future theoretical
studies on the uranyl complexes. The examination on the
reliability of the proposed methods in treating the
energetics/spectroscopies as well as the systematic study on the
ligand structure-binding ability relationships are currently
underway.

Calculation methods

All calculations in this study were carried out on Gaussian 09
platform.*® The gas-phase geometry optimization and frequency
calculations are all performed at the same level. The examination
on the RECPs are carried out with the B3LYP method, and the 6-
311G(d,p) basis set is used for all other atoms except U. The
performance of different DFT methods were carried out with the
clarified Stuttgart RSC 1997 ECP with MWB relativistic (SDD-
MWB) for U and 6-311G(d,p) basis set for the other atoms.
Finally, BB1K/(SDD-MWB60:6-311G(d,p) is used for the
structural analysis of 8 and 11. All species in the present study
are calculated at 298.15 K under 1 atm atmosphere.

The 3D-structures in Figures 2 and 5 are prepared with Cylview
software.”’
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