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Uranyl (VI) amidoxime complexes are investigated using relativistic density functional theory. The equilibrium

structures, bond orders, and Mulliken populations of the complexes have been systematically investigated under a

generalized gradient approximation (GGA). Comparison of (acet) uranyl amidoxime complexes ([UO2(AO),]2~™, 1<
n <4) with available experimental data shows an excellent agreement. In addition, the U-O(1), U-O(3), C(1)-N(2),
and C(3)-N(4) bond lengths of [UO2(CH3A0)4]?~ are longer than experimental data by about 0.088, 0.05, 0.1, and
0.056 A. The angles of N(3)-O(3)-U, O(2)-N(1)-C(1), N(3)-C(3)-N(4), N(4)-C(3)-C(4), and C(4)-C(3)-N(3) are
different from each other, which are due to existing interaction between oxygen in uranyl and hydrogen in amino group.

This interaction is found to be intra-molecular hydrogen bond. Studies on the bond orders, Mulliken charges, and

Mulliken populations demonstrate that uranyl oxo group functions as hydrogen-bond acceptors and H atoms in ligands

act as hydrogen-bond donors forming hydrogen bands within the complex.

Keywords: uranyl amidoxime complexes, intra-molecular hydrogen bonds, bond order, Mulliken

populations
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1. Introduction

To recognize the uranyl ion (UO3") is a long-
standing goal for purposes of environmental remedi-
ation, metallurgical extraction, and water purification
from seawater.]' Uranium is one of the most valu-
able metals existing in seawater. The concentration
of uranium in seawater is always 3.3 mg/m?.[) Ex-
tracting uranium from seawater is one of challenging
problems that require knowledge in chemical, kine-
matical, and process-design aspects. Many adsor-
bents have been developed and tested for the extrac-
tion of uranium from seawater. Among them, ami-
doxime (AO) group containing adsorbents are shown
to be more effective for the extraction of uranium from
seawater.[3~% Comparison of experimental U-loading
capacity with calculated functional group density in-
dicates that UO3™ ions could form a complex with AO
groups with a ratio of 1:4. There are many other re-
ported coordination numbers between UO3" and AO
groups.l=9 To the best of our knowledge, the com-
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plexes of uranyl and AO have been rarely investigated
using quantum chemistry. The description of the elec-
tronic structures of uranium and AO is essential for
understanding their chemical and physical properties,
and thus for the development of applications.

Similar to many other areas of quantum chem-
istry, density functional methods have been success-
fully applied to study actinide systems.'>11 Up to
now, density functional theory (DFT) applied in 5f
element chemistry has been widely discussed.!'2—2]
Most of them have been aimed to provide some contri-
bution to actinide chemistry relevant to actinide sep-
aration, complexes, and sequestration in mesoporous
materials. The investigation strongly advances the un-
derstanding and prediction of actinide transport in the
environment specially related to the safety of nuclear
waste repositories. The development of ligands ca-
pable of selectively and effectively binding of uranyl
ion has been motivated by applications including ura-
nium mining and purification, nuclear fuel cycle pro-
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cess chemistry, chelation therapy for metal poisoning,
and uranium recovery from seawater. Typically, the
short U=0 bonds are inert, indicating that, as a rule,
all ligands are situated in an equatorial plane perpen-
dicular to the O=U=0 axis in tetragonal, pentagonal,
and hexagonal bipyramidal geometries.[2' =24

Motivated by the above consideration, we have
studied the complex behaviours of amidoxime func-
tional group toward uranyl ions systematically, in par-
ticular the coordination symmetry and the kind of
donor atoms. In the present study, we have system-
atically examined the bond orders, Mulliken popu-
lations, vibrational properties, and ligand effects of
several uranyl complexes with amidoxime using the
relativistic density functional theory. Moreover, we
compare our findings with other theoretical and ex-
perimental results, and discuss their possible impacts
on understanding of uranyl coordination.

2. Computational method

Recently, there have been significant develop-
ments in improving the accuracy and applicability of
the DFT methods in the chemistry of uranium com-
plexes. It is proved that the choices of the basis set
and density functional are essential for the accurate
description of spin states of the ligand and uranium
complexes.?’) The geometries, vibrational frequen-
cies, and electronic structures of the potential ura-
nium product complexes have been calculated using
relativistic DFT with the Amsterdam density func-
tional (ADF) code,?527] where the scalar relativistic
is incorporated by the zero-order regular approxima-
tion (ZORA).?®! Generalized gradient approximation
(GGA) and Perdew-Burke-Ernzerhof (PBE) func-
tionals were used. Geometry optimizations have been
calculated with standard Slater-type-orbital (STO)
basis sets and triple-zeta-polulation (TZP) functions
for all the atoms. Since the 5f and 6d semicore orbitals
are important for actinide bonding, they are included

explicitly in the variational space along with the 5f,
6s, 6d, 6p, and 7s valence orbitals, whereas frozen-
core approximation was applied to the U [1s*-5d?]
atomic core. The frozen-core approximation was also
utilized on C, N, and O for the 1s electrons.

Population-based bond orders were calculated
with the ADF-PBE approach. Atomic charges and
bond orders are not quantum-mechanical observables.
However, we have found that the calculated charges
and bond orders are consistent with chemically mean-
ingful models for various actinide compounds and var-
ious strengths of bonds.

3. Results and discussion

3.1. Calculated geometries and vibra-
tional frequencies

Calculated optimized geometries and vibrational
frequencies of deprotonated species in gas phase are
shown in Table 1. Antisymmetric uranyl stretching
frequencies for different UO§+ species are also given
in Table 1. There is a good inverse correlation be-
tween U-QOyyo bond lengths and stretching frequen-
cies. As the bond length increase, the stretching vi-
bration frequency decrease. It is known that the coor-
dination energy of complexes arises from electrostatic
attraction, repulsion, ligand polarization, uranyl po-
larization, charge transfer from the ligand to the
uranyl, and reverse charge transfer.??3% We note
that the antisymmetric stretching frequency decreases
from 981 to 884 cm™! when [UO2(AO)]* changes to
[UO2(CH3A0),)?~. This shift is consistent with do-
nation of additional electron density to the uranium
center by each additional ligand, repelling the axial O
atoms and weakening the U=0 bonds. This interpre-
tation is supported by the results of the computational
modeling (Table 1) which shows the lengthening of the
U=0 bond as more amidoxime or acetamidoxime lig-
ands are added.

Table 1. Calculated bond angles, bond lengths (in units of A), and uranyl stretching frequencies (in units of cm~!) of
different species in the gas phase (ADF TZP-PBE). The Ooxo is oxygen atoms of Uranyl (VI) oxo group. The Oj; and

Nj; are oxygen and nitrogen atoms of (acet) amidoxime. The vasym is the asymmetry vibration of O=U=0.

Complex d(U-Ooxo)  d(U-Oy)  d(U-Ny)  d(U-0(2)) d(U-O(3))  angle(O=U=0)  vasym

UO2(AO)* 1.779 2.097 2.592 - - 169.4° 981
UO2(CH3A0)* 1.781 2.091 2.570 - - 168.7° 971
UO2(AO)2 1.813 2.227 2.675 - - 180.0° 908
UO2(CH3AO0) 1.817 2.219 2.669 - - 180.0° 907
UO2(AO)5 1.827 2.462 2.636 - - 180.0° 889
UO2(CH3A0); 1.829 2.462 2.622 - - 180.0° 882
UO2(AO)2~ 1.860 - - 2.324 2.260 179.9° 890
[UO2(CH3A0)4)2~ 1.880 - - 2.268 2211 180.0° 884
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Fig. 1. (colour online) Structures of uranyl amidoxime complexes with different symmetries. (a) [UO2(AO)]* (C1); (b)
[UO2(CH3A0)]*(C1); () [UO2(AO)2] (Ci); (d) [UO2(CH3AO)2] (Ci); (e) [UO2(AO)s]™ (Can); () [UO2(CH3A0)s]
" (Csn); (8) [UO2(AO)4]*™ (Cy); (h) [UO2(CH3AO)4]* (C5).

For one, two, and three coordinated amidoxime
complexs, the band lengths of U-Oy; and U-Ny; in-
crease with the increase in the ligands, indicating that

the electron density per ligand donated to the metal

center is greater in complexes containing fewer lig-
ands. This conclusion concurs with the general ob-
servation that ligand binding energies in noncovalent

metal-ligand complexes decrease as the number of lig-
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ands increases.[’] However, for the four AO~ and
CH3AO™ complexes, the distance between Oy; donor
and uranyl is short compared with the three com-
plexes. The modest band length decrease may reflect
a slight steric crowding of the equatorial ligands. O
and N atoms coordinate together with uranyl in tri
(acet) amidoxime complexe. In fact, the bond lengths
for the Ny of the n = 1, 2, 3 (acet) amidoxime com-
plexes are found to be longer than the Oy donor of
the corresponding complexes. These results support
the expectation that oxygen is a stronger nucleophile
than nitrogen, which in turn indicates that uranyl is
classified as a hard Lewis acid, and hence it has an en-
hanced affinity for oxygen donor atoms.[32-34] The cal-
culated bond lengths of O(2) of the four coordinated
(acet) amidoxime complexes are about 0.06 A longer
than that of O(3) of the same complexes (see Fig. 1(f)
and Table 1). The U-Oy; bond distance does not suf-
fer any significant variation, compared with complexes
with AO~ and CH3AO™ ligands, which indicates that
electron-donating effect of the methyl group is slight.

The equilibrium structures of the different species
are shown in Fig. 1. In the optimized GGA structures
of the di-, tri-, and tetra (acet) amidoxime complexes,
the uranyl unit is linear, and the (acet) amidoximes
are symmetrically distributed in the equatorial plane.
All oxygen and nitrogen atoms of ligands lie in the
equatorial plane. The O=U=0 angles of one coordi-
nated species is slightly bent. While O=U=0 angles
of two, three, and four coordinated species is essen-

tially linear.

3.2. Comparison between calculated and
experimental data

In Tables 2 and 3, we make a comparison between
our calculated data and experimental data.5 For the
one, two, and three coordinated species, they are cal-
culated for the first time. There is a good agree-
ment between calculated U-O(2), N(1)-O(2), N(3)—
0(3), C(1)-N(1), C(3)-N(3), C(1)-C(2), and C(3)-
C(4) bond lengths (see Fig.

tal bond lengths for the four coordinated uranyl ami-

1(h)) and experimen-

doximes, which proves the validity of our approach.
However, with regard to our gas-phase calculations,
the U-O(1), U-0(3), C(1)-N(2), and C(3)-N(4) bond

lengths of [UO5(CH3AQ) 4]~
mental data by about 0.088, 0.05, 0.1, and 0.056 A, re-
spectively. The calculated angles of N(3)-O(3)-U and
N(3)-C(3)-N(4) are larger than experimental data by
34.6° and 10.0°, respectively. By contrast, O(2)-
N(1)-C(1), N(4)-C(3)-C(4), and C(4)-C(3)-N(3) is
slightly less. This phenomenon may be understood as

are longer than experi-

follows. Firstly, in gas phase, the interaction between
O(1) and H(3) atoms increases the lengths of U-O(1),
C(1)-N(2), and C(3)-N(4). A gas-phase environment
offers a great degree of control, which might enable
the measurement of calculated parameters. However,
in Ref. [36], nitrate ions of uranyl nitrate play an im-
portant role in the crystallization process: nitrate ions
provide the specific intermolecular contacts. Because
nitrate is an anion of the crystal system of uranyl
(VI) amidoxime complexs, it can interact with hy-
drogen, making the intramolecular hydrogen weak, or
even disappear. Secondly, this also corresponds to the
tendency of GGA functionals to overestimate bond
lengths that has been observed for various actinide
species.[26]

In order to explore the possible interaction be-
tween uranyl ions and amine groups of amidoxime,
Choi and Nhol*”) compared amidoxime and acry-
lamide grafted to the polyethylene file by radia-
The acrylamide-grafted PE film does not ad-

sorb uranyl ion, which indicates that =N-O groups

tion.

of the grafted copolymer are coordinated with uranyl.
Hence, in tetra coordination, it is oxygen not nitrogen
that coordinates with uranyl. In Table 3, a compari-
son is made between our calculated N-O stretching
The calculated

vibrational frequencies for (acet) amidoxime-uranyl

frequencies and experimental ones.

complexes agree with experimental data. For a given
bare N-O stretch in the range of 920-940 cm™!, the
N-O of uranyl amidoxime complex will be red shifted
to 899-920 cm™!.

nium and weakens N—O bond. Compared with exper-

Electron density transfers to ura-

imental data, the calculated O=U=O0O stretches are
shifted toward lower frequencies.[3®39 This shift is
consistent with the transfer of additional electron den-
sity to the uranium center in gas phase, repelling the

axial O atoms, and thus weakening the U=0 bonds.
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Table 2. Selected bond lengths and bond angle of the [UO2(CH3A0),]2~ (n = 4).

Bond length/A

Bond angle/(°
Bond gle/(°)

This work Ref. [35] This work Ref. [35]
U-0(1) 1.863 1.775 0O(1)-U-0(1") 180.0 180
U-0(2) 2.308 2.301 0(1)-U-0(2) 88.3 91.19
U-0(3) 2.263 2.313 0(1)-U-0(2") 91.7 88.81
N(1)-O(2) 1.380 1.366 0(1)-U-0(3) 89.3 88.91
N(3)-O(3) 1.378 1.383 0(1)-U-0(3’) 90.7 91.10
C(1)-N(1) 1.297 1.300 0(2)-U-0(2) 180.0 180
C(1)-N(2) 1.414 1.314 0(2)-U-0(3) 89.7 89.64
C(3)-N(3) 1.299 1.299 0(2)-U-0(3") 90.3 90.36
C(3)-N(4) 1.391 1.335 0(3)-U-0(3) 180.0 180
C(1)-C(2) 1.433 1.448 N(1)-0(2)-U 129.6 121.8
C(3)-C(4) 1.468 1.472 N(3)-0(3)-U 152.8 118.2
0(2)-N(1)-C(1) 110.5 121.1
0(3)-N(3)-C(3) 117.3 1205
N(1)-C(1)-N(2) 123.4 121.5
N(2)-C(1)-C(2) 119.0 120.4
C(2)-C(1)-N(1) 119.0 118.2
N(3)-C(3)-N(4) 130.1 120.1
N(4)-C(3)-C(4) 115.7 120.5
C(4)-C(3)-N(3) 114.2 119.4
Table 3. Stretching vibration of sample before and after adsorbing U (VI).
O-N C=N Vasym
Before After Before After Before After
This work 927 920 1709 1581-1609 884
Ref. [35] 1656 1577 915
Ref. [38] 922 913 1650
Ref. [39] 927 899 904
Ref. [37] 940 1650
Ref. [40] 920 1650

3.3. Bond orders, Mulliken charges, and
populations

Bond order measures the stability of a bond. It
is also an indication of bond strength. The G-J bond
orders of one, two, three, and four coordinated species
are given in Table 4. It is found that U-O(1) bond or-
ders are about 2.0 in all species, which agrees well with
double bond of U-QOgyy,. Due to the involvement of the
uranyl orbital bonding to the equatorial ligands, all of
U—Oyxo values are significantly reduced from 2.4947 to
2.0785. It is a good approximation that the sum of the
total bond order per metal surface atom is conserved.
The increase in the coordination number decreases the
bond order per bond, and also the bond strength of
the atom bonds. The bond orders of U-N(2) are about

0.4, while those of U-O(2) are about 1. This indicates
that the bond of U-Oy; is stronger than that of U-
Nj;, and also supports the expectation that oxygen is
a stronger nucleophile than nitrogen. Uranyl is clas-
sified as a hard Lewis acid, and it has an enhanced
affinity for oxygen donor atoms.

Typically, two hydrogens of amido group (NHs)
have the same bond orders. The bond orders of N(4)—-
H(3) and N(4’)-H(3’) are smaller than N(4)-H(4) and
N(4")

nation from the H(3) and H(3’) atoms to other atoms

-H(3’), indicating some amount of electron do-
nearby. The geometry shown in Fig.1 demonstrates
that the distance between the uranyl oxo and one of
amide H atoms is close enough (1.812 A) to form H-
bond. Therefore, H(3) and H(3’) transfer their elec-
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trons to oxygen of uranyl, resulting in the decrease of
bond orders. The bond order is also an evidence of in-
tramolecular hydrogen bonds between the ligands to
uranyl. Uranyl oxo group acts as hydrogen bond ac-

ceptors. H atoms of NHy in (acet) amidoxime acts
as hydrogen bond. Intramolecular hydrogen could en-
hance stability and selectivity of the four coordinated

species.

Table 4. Bond orders of the one, two, three and four coordinated species.

[UOQ(AO)n]Q_” U-O(1) U-N(2) U-0O(2) U-O(3) N(4)-H(3) N(4)-H(4) N(4)-H(3") N@#)-H#)

2.495 0.469 1.323 — — - _ _
n=1

2.486 0.481 1.344 - — - - _

2.352 0.330 0.978 — — — _ _
n=2

2.342 0.330 0.997 - - — — _

2.297 0.371 0.581 - — — _ _
n=3

2.288 0.374 0.589 - — — _ _

A 2.148 — 0.721 0.888 0.792 0.902 0.791 0.904

n—

2.078 - 0.753 0.937 0.763 0.904 0.764 0.905

To understand the relative roles of the U 6p, 5f,
and 6d orbitals and their chemical bonds, a series of
theoretical analyses have been performed.[*? Tables
5 and 6 lists the Mulliken charges and populations
calculated for the uranyl and (acet) amidoxime com-
plexes. The Mulliken analysis reveals that U carries
highly positive charges in these U (VI) complexes,
which helps to form stable molecules by both covalent
and ionic interactions. The charge transfer analysis
corroborates that the electron donation occurs from
the ligands to the metal center. For the case of one,
two, and three coordinated complexes, the addition
of a new ligand slightly increases the charge transfer.
Charge shift from the ligand to the empty f orbitals is
therefore obviously favored. In other words, the inter-
action between UO3" and ligands has some covalent

character and it is possible that the coordination en-

ergy will be influenced by the charge transfer and the
electrostatic and polarization terms.[*!) Typically, in
the tetra-coordianted complex, the Mulliken charges
of H(3) and H(3’) are about 0.23, which indicates that
H(3) interacts with O of UO2". This is also supported
by the analysis of the band order (Table 4). However,
the Mulliken charges of H(4) and H(4’) are about 0,
which indicates that H(4) does not interact with O of
Uo3*.

If hydrogen bond are able to contact uranyl
oxo group within the ligand, intramolecular hydro-
gen bond can enhance to both the stability and se-

(53] In order to display the

lectivity of complexation.
intramolecular H-bond visually, the diagram of the
[UO2(CH3A0)4)?
there are hydrogen bonds between oxygen of uranyl

and hydrogen of NHs.

~ is drawn (see Fig. 2). Obviously,

Table 5. Orbital occupation of [UO2(CH3A0),]%~ (1 < n <4).
n U 0(2) N(1) 0(3) H(3) H(4)
5f2 72 (6S+7S) 5 68 6d1.45 251.92 2p4.51 251.48 2p3.80
1 2.73 2 5.69 1.46 1.92 4.60 1.49 3.81
5f (6s+7s)? 6p 6d 2s 2p 2s 2p
52 72 (GS+7S) 5 70 6d1.48 2g1.91 2p4.59 92g1-46 2p3.79
2 5f2 73 (6S+7S) 5 70 6d1.49 251.92 2p4.60 251.46 2p3.80
5 f2 57 (6S+7S) 5 74 6d1A52 25190 2p4A63 2S1'46 2p3A77
5f2 58 (6S+7S) 5.73 6d1‘52 281'90 2p4.64 281'48 2p3.78
A 5f2 62 (65-‘1—75)2 6po 76 6d1 49 251.90 2p4.63 251.91 2p4467 150.6221:)0415 150.9221:)0411

5f2'60(68+78) p5A74 6d1A51

25190 2p4‘63

281‘92 4.68 1SOA612pO417 1SOA942pO412

2p

093102-6



Chin. Phys. B Vol. 21, No. 9 (2012) 093102

Table 6. Net charge of [UO2(CH3A0),]2~ (1 <n < 4).

n U 0(2) N(1) H(3) H(4)
2.10 -0.49 —0.32
Yos0s ost ~0.34
206  —0.56 ~0.30
> 203 058 -0.30
207 058 ~0.29
206 —060  —031
205 058 ~0.64 023  -0.034
4 2.07 -0.59 -0.65 0.22 —0.058

T Q 2z O c

Fig. 2.
doxime complexes. Dotted line denotes the band between

(colour online) Structures of uranyl acetami-

hydrogen of ligand NHy group and oxygen of uranyl oxo
group.

4. Conclusions

In this paper, the DFT theory has been applied to
model uranyl-amidoxime complexes in gas phase. The
mechanistic properties of [UO2(CH3AQ),]?~ were also
explored intramolecular hydrogen bonds between ura-
nium and ligands.

Calculated geometries and vibrational frequencies
reveal that the oxygens of uranyl ion are chemically
inert. There are generally 4-6 additional donor atoms
around uranium. Uranyl (VI) ion is a hard Lewis
acid and prefers to interact with hard oxygen donors.
Therefore, compared with nitrogen, oxygen of ami-
doxime prefers coordinating with U atoms.

Our calculated results are reasonably consistent
with experimental data for [UO2(CH3A0)4)?~. Com-
pared with the experimental data, the U-O(1), U-
0(3), C(1)-N(2), and C(3)-N(4) bond lengths are
longer by about 0.088, 0.05, 0.1, and 0.056 A. The
angles of N(3)-O(3)-U and N(3)-C(3)-N(4) is 34.6°
and 10.0° larger than experimental data. In con-
trast, O(2)-N(1)-C(1), N(4)-C(3)-C(4), and C(4)-
C(3)-N(3) is slightly less. These deviations can be
attributed to existing interaction between oxygen of

uranyl and hydrogen of amino. It is supposed that
the interaction is intramolecular hydrogen bond.

Investigations into the bond orders, Mulliken
charges, and populations further testify that uranyl
oxo group acts as hydrogen bond acceptors, and H
atom of NHj acts as the hydrogen-bond donor forming
hydrogen bands within [UO2(CH3A0)4]?~. Thus, the
tetra (acet) amidoxime complexes are much more ac-
ceptable. Unusual phenomenon of tetra-coordination
uranyl amidoxime complex clearly requires further ex-
perimental and theoretical studies.
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