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ABSTRACT: The UO2
2+ and NpO2

+ extraction complexes with n-octyl(phenyl)-
N,N-diisobutylmethylcarbamoyl phosphine oxide (CMPO) and diphenyl-N,N-
diisobutylcarbamoyl phosphine oxide (Ph2CMPO) have been investigated by
density functional theory (DFT) in conjunction with relativistic small-core
pseudopotentials. For these extraction complexes, especially the complexes of 2:1
(ligand/metal) stoichiometry, UO2

2+ and NpO2
+ predominantly coordinate with

the phosphoric oxygen atoms. The CMPO and Ph2CMPO ligands have higher
selectivity for UO2

2+ over NpO2
+, and for all of the extraction complexes, the

metal−ligand interactions are mainly ionic. In most cases, the complexes with
CMPO and Ph2CMPO ligands have comparable metal−ligand binding energies,
that is, the substitution of a phenyl ring for the n-octyl group at the phosphoryl
group of CMPO has no obvious influence on the extraction of UO2

2+ and NpO2
+.

Moreover, hydration energies might play an important role in the extractability of
CMPO and Ph2CMPO for these actinyl ions.

1. INTRODUCTION

With the development of the economy, nuclear power plants
are becoming principal sources of electric power. However, a
large amount of spent nuclear fuel containing high radioactivity
is being produced as a result. Safe treatment and disposal of the
radioactive waste, especially high-level liquid waste (HLLW),
which is the raffinate from the PUREX (plutonium uranium
extraction) process, have become the key factors affecting the
sustainable development of nuclear energy. Because HLLW
contains large amounts of long-lived minor actinides together
with fission products, selective extraction of the long-lived
actinides from HLLW has received extensive attention
throughout the world.
Neutral bidentate organophosphorous reagents such as

carbamoylmethylphosphine oxides are considered to be
efficient extractants for actinides extraction from HLLW and
have been extensively investigated experimentally.1,2 Because of
the difference in the electronegativities and electron-donating
abilities between the carbonyl and phosphoric oxygen atoms,
the predominant coordinating group with actinide cations is the
phosphoric oxygen. The carbonyl oxygen, owing to its weak
ability to coordinate the actinide cation, can combine with a
proton and act as an internal buffer.3 Among these bidentate
organophosphorous reagents, n-octyl(phenyl)-N,N-diisobutyl-
methylcarbamoyl phosphine oxide (CMPO) (Figure 1), which
is used in the so-called TRUEX (transuranium extraction)
process, was found to exhibit excellent extracting ability for
actinide cations in acidic media.4−6

Many experimental studies on the liquid−liquid extraction of
actinides with CMPO have been carried out for several decades.
For instance, Horwitz and Kalina7 reported the extraction of
Am(III) from HNO3 solutions using a mixture of CMPO and
tributyl phosphate (TBP) as the extractant and diethylbenzene,
decalin, and normal aliphatic hydrocarbons as the diluents.
They found that addition of TBP to CMPO can increase the
extractability of Am(III) and improve phase compatibility.
Mathur et al.8 studied the extraction behavior of Am(III),
Pu(IV), and U(VI) with a mixture of CMPO and TBP in
dodecane. Hatakeyama et al.9 investigated the structure of
uranyl nitrato complex with CMPO in the solid state and in
nonaqueous solvents without free CMPO using infrared (IR)
and 13C and 31P NMR spectroscopies, and concluded that the
uranyl nitrato complex with CMPO in both states has the same
structure with two bidentate nitrate group and one bidentate
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Figure 1. Structures of CMPO and Ph2CMPO.
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CMPO moiety distributed around the equatorial plane of
uranyl ion, that is, UO2(NO3)2(CMPO). Horwitz et al.10 also
studied the extraction of U(VI) with CMPO based on the
conventional aqueous nitric acid/dodecane-based system and
suggested that two monodentate CMPO molecules (PO
bind) as well as two bidentate nitrate anions coordinate to the
linear UO2

2+, forming a neutral, hexagonal bipyramidal
complex, namely, UO2(NO3)2(CMPO)2. Recently, the struc-
tures of these complexes were confirmed by extended X-ray
absorption fine structure (EXAFS) studies.11 Suzukiw and co-
workers12 examined the extraction behavior of Np(V) from
nitric acid solution by CMPO in the presence and absence of
TBP using decalin and n-dodecane as the diluents and
predicted that Np(V) could be extracted by CMPO through
the extraction equation NpO2

+ + NO3
− + 2CMPO →

NpO2(NO3)(CMPO)2. In addition, they also studied the
extraction of Np(V) from nitric acid solutions containing
U(VI) by CMPO and confirmed that the distribution ratio of
Np(V) increased because of the formation of the cation−cation
complex of Np(V)−U(VI) in CMPO solution.13

In addition, another organophosphorous reagent, namely,
diphenyl-N ,N-diisobutylcarbamoyl phosphine oxide
(Ph2CMPO) (Figure 1), was extensively studied in Russia.14−16

It was found that Ph2CMPO is also efficient for actinides
extraction and shows less tendency toward third-phase
formation than CMPO.
Although there have been numerous experimental studies on

the extractabilities of actinides by CMPO and Ph2CMPO, many
unclear scientific issues still remain, for example, the structures
of the extracted complexes, the origin of the selectivity, and the
corresponding thermodynamics and kinetics. Thus, computa-
tional studies are essential for explaining the complex behavior
of these actinide species. However, to the best of our
knowledge, only one theoretical report has been published
that mainly focuses on the extraction complexes of UO2

2+ with
CMPO in ionic liquid by molecular dynamics simulation.17

That work compared the uranyl−CMPO complexes in dry and
humid forms of the [BMI][PF6] ionic liquid and suggested that
humidity is very important for the solvation of the free CMPO
ligand and its complexes. In the present work, a theoretical
study was carried out on the extraction of UO2

2+ and NpO2
+

from HNO3 solutions with CMPO and Ph2CMPO using
relativistic quantum mechanical (QM) calculations. We mainly
concentrate on the equilibrium geometries and bonding nature,
as well as the relative stability of the extraction complexes with
CMPO and Ph2CMPO. In addition, the solvent effects are also
taken into account using the COSMO (conductor-like
screening model) approach.18

2. THEORETICAL METHODS
Electron correlation effects were included by employing density
functional theory (DFT) methods,19−22 which have evolved as a
practical and effective computational tool for medium to large actinide
compounds.23−25 Calculations were performed using the B3LYP
functional, which is a hybrid Hartree−Fock (HF)/DFT method
incorporating Becke’s three-parameter functional (B3)26 with the Lee,
Yang, and Parr (LYP)27 correlation functional.
The basis sets were analogous to those used in our previous

studies.28−30 For the U and Np atoms, relativistic effects were
considered with the quasirelativistic effective core potentials (RECPs)
and the associated valence basis sets developed by the Stuttgart and
Dresden groups.31−33 The adopted small-core RECPs include 60
electrons in the core for U and Np, whereas for the light atoms H, C,
N, O, and P, the polarized all-electron 6-31G(d) basis sets were used

for geometry optimizations. It has been shown that the main features
of actinide complexes can be accurately reproduced at this level of
theory.34−36 All of these computations were carried out with the
Gaussian 03 program.37

Based on the optimized structures, the minimum character of the
optimized structures was checked by frequency analysis at the B3LYP/
6-311G(d,p)/RECP level of theory. The fine grid (75, 302) was the
default in the Gaussian 03 code for evaluating integrals numerically.38

Moreover, the finer grid (99, 590) in the Gaussian 09 code39 was used
for more precise resolution of the small imaginary vibrational
frequencies. All of the species studied in this work exhibited real
vibrational frequencies, indicating that these optimized structures
correspond to minima on the potential energy surfaces. In addition, all
of the predicted structures had negligible spin contamination in the
unrestricted DFT ground states, with ⟨S2⟩ values very close to the ideal
value of S(S + 1).

Geometry optimizations and electronic calculations for all of the
species were carried out in the gas phase at the B3LYP/6-31G(d)/
RECP level of theory. The natural atomic charges and Wiberg bond
indices (WBIs)40 were determined by natural bond orbital (NBO)
analysis41−44 at the same level of theory. The enthalpies (H), entropies
(S), and Gibbs free energies (Gg) were calculated with zero-point-
energy (ZPE) and thermal corrections with the B3LYP/6-311G(d,p)/
RECP method in the gas phase (298.15 K, 0.1 MPa). Based on the
optimized structures, the solvation Gibbs free energies (Gsol) were
obtained by addressing bulk solvation effects with the COSMO
approach18 at the B3LYP/6-311G(d,p)/RECP level of theory. All
solution-phase calculations were carried out in water. The default
atomic radii in the Gaussian 03 code were used in the calculations.
Because of the large molecular systems, only the gas-phase Gibbs free
energies (Gg) for 2:1 (ligand/metal) stoichiometric complexes were
calculated in this work.

3. RESULTS AND DISCUSSION
To check the reliability of our theoretical methods, uranyl
pentahydrate [UO2(H2O)5]

2+ and uranyl nitrate dihydrate
UO2(NO3)2(H2O)2 were selected as theoretical models, and
their geometries were also optimized in the gas phase using the
exchange correlation functional BP8645,46 with the same
RECPs and basis sets (Figure 2).

The application of the B3LYP and BP86 methods led to C5
symmetry for the lowest-energy structure of [UO2(H2O)5]

2+,
whereas the global minimum predicted for UO2(NO3)2(H2O)2
was a C2v trans structure. As reported in Table 1, the bond
distances between the central metal atoms and the oxygen
atoms for all of these species calculated by the B3LYP and
BP86 methods were almost identical, as the average differences
were about 0.02 Å. In view of the geometries optimized in the
gas phase, the deviation of bond distances probably comes from
the higher-symmetry structures. Moreover, compared with the
available experimental data obtained using EXAFS measure-
ments,47,48 the B3LYP method predicted rather similar

Figure 2. Optimized structures of [UO2(H2O)5]
2+ and

UO2(NO3)2(H2O)2. Red, white, blue, and light pink spheres represent
O, H, N, and U, respectively.
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structural parameters (average error of 0.04 Å). Therefore, the
B3LYP results are taken into account in the following
discussion.
3.1. UO2

2+ and NpO2
+ Complexes in Aqueous

Solution. The structures and thermodynamics of the actinyl
complexes in aqueous solution have been studied both by
experimental and theoretical methods.47,49 These studies
concluded that pentacoordination is the most favorable
structure for the uranyl and neptunyl ions in aqueous solution.
As listed in Table 2, for both UO2

2+ and NpO2
+ in the gas

phase, the changes in the Gibbs free energy, ΔGg, for the
reaction of hexahydrate to pentahydrate are all positive,
indicating that UO2

2+ and NpO2
+ seem to prefer the

hexahydrate. However, the changes in the Gibbs free energy
in aqueous solution, ΔGsol, show that the penta-aquo
complexes, [UO2(H2O)5]

2+ and [NpO2(H2O)5]
+, appear to

be energetically favorable. Moreover, there are clearly large
entropy contributions to the gas-phase free energy changes for
these reactions.
Given that the UO2

2+ and NpO2
+ complexes studied here are

charged species, we also carefully tested the influence of explicit
water molecules in the second coordination sphere on the
complexing reaction. It has been reported that, for some neutral
and ionic organic species, the conductorlike polarizable
continuum model (CPCM) with the UAKS cavities can
provide the aqueous solvation free energies in best agreement
with experimental data,50 whereas COSMO is a reliable and
stable continuum solvation model that appears to be more
accurate for calculating the free energy in solvation of actinide
species.18,51 Thus, the continuum solvation models CPCM

(with the UAKS cavity) and COSMO were adopted (Table S1
in the Supporting Information). According to our calculations,
the two solvation methods give consistent general trends, for
example, the changes in the Gibbs free energy are all negative.
In addition, the reaction trends for the cases studied here were
not changed by taking into account the second coordination
spheres of actinide ions. Based on our calculations, the CPCM
(with the UAKS cavity) and COSMO solvation methods give
relatively reliable results for calculating reaction energies
involving charged UO2

2+ and NpO2
+ complexes. Actually, a

previous investigation52 also found that the solvation effects are
represented accurately enough by these continuum solvation
models with the first coordination sphere and that explicit
inclusion of waters in the second coordination sphere has a
modest influence on the energetics. In terms of the above
discussion, we chose the COSMO model for further studying
the actinyl aquo complexes and the extraction complexes with
CMPO and Ph2CMPO.
In the presence of nitrate ions (Table 2), UO2

2+ and NpO2
+

prefer to coordinate with the nitrate ions acting as bidentate
ligands in both the gas phase and aqueous solution. As shown
in Table 2, the changes in enthalpy are between −98.9 and
−308.7 kcal/mol and represent the main contributions to the
changes in the Gibbs free energy. According to the changes in
the Gibbs free energy, the uranyl and neptunyl nitrate hydrates
are more stable than [UO2(H2O)5]

2+ and [NpO2(H2O)5]
+,

respectively, suggesting that nitrate ions have stronger
coordination ability than water molecules. As for the uranyl
nitrate hydrates, the neutral UO2(NO3)2(H2O)2 complex is
more favorable energetically than the charged uranyl hydrates,
suggesting that the electrostatic interaction significantly affects
the stability of these U(VI) species. However, for the neptunyl
nitrate hydrates, the charged [NpO2(NO3)2(H2O)2]

− complex
is more favorable than the neutral complexes in the gas phase
and aqueous solution, which indicates a more stable neutral
neptunyl nitrate hydrate might exist. In fact, the neutral
(NpO2)2(NO3)2(H2O)5 complex has been isolated already, and
its structure has been identified by X-ray scattering.53

Furthermore, although the tetrahydrates [UO2(NO3)(H2O)4]
+

and NpO2(NO3)(H2O)4 seem to be more stable than the
corresponding trihydrates in the gas phase, the trihydrates are
preferable when solvent effects are taken into account. This
suggests that, in aqueous solution, steric interactions might also
play an important role in the formation of the uranyl and
neptunyl nitrate hydrates.

3.2. Extraction Complexes with 1:1 (Ligand/Metal)
Stoichiometry. 3.2.1. Geometric Structures. All possible
complexes of UO2

2+ and NpO2
+ with a 1:1 CMPO/Ph2CMPO-

to-metal stoichiometry were predicted at the B3LYP/6-
31G(d)/RECP level of theory. As shown in Figure 3 and
Figure S1 (Supporting Information), for all of these species,
CMPO and Ph2CMPO are coordinated as bidentate chelating

Table 1. Selected Average Bond Lengths (Å) for [UO2(H2O)5]
2+ and UO2(NO3)2(H2O)2 Calculated by the B3LYP and BP86

Methodsa in Comparison with Available Experimental Data (in Parentheses)b,c

UO UO(H2O) UO(NO3
−) average error

[UO2(H2O)5]
2+ 1.753/1.775 2.484/2.472 − 0.04/0.04

(1.76) (2.41) −
UO2(NO3)2(H2O)2 1.772/1.796 2.539/2.546 2.474/2.468 0.04/0.06

(1.754 ± 0.004) (2.457 ± 0.004) (2.510)
a···/··· refers to the results obtained by the B3LYP and BP86 methods, respectively. bExperimental data for [UO2(H2O)5]

2+ from ref 47.
cExperimental data for UO2(NO3)2(H2O)2 from ref 48.

Table 2. Individual Energy Component Contributions (kcal/
mol) for the Reactions of UO2

2+ and NpO2
+ in the Gas Phase

(298.15 K, 0.1 MPa) and Changes in the Gibbs Free Energy
(kcal/mol) for the Reactions in Aqueous Solution

reaction ΔH TΔS ΔGg ΔGsol

[UO2(H2O)6]
2+ →

[UO2(H2O)5]
2+ + H2O

16.7 10.0 6.7 −7.4

[NpO2(H2O)6]
+ →

[NpO2(H2O)5]
+ + H2O

18.8 10.0 8.8 −8.4

[UO2(H2O)5]
2+ + NO3

− →
[UO2(NO3)(H2O)3]

+ + 2H2O
−179.3 9.5 −188.8 −11.5

[NpO2(H2O)5]
+ + NO3

− →
NpO2(NO3)(H2O)3 + 2H2O

−98.9 9.5 −108.4 −7.6

[UO2(H2O)5]
2+ + NO3

− →
[UO2(NO3)(H2O)4]

+ + H2O
−196.1 −2.0 −194.2 −9.2

[NpO2(H2O)5]
+ + NO3

− →
NpO2(NO3)(H2O)4 + H2O

−115.0 −0.9 −114.2 −0.1

[UO2(H2O)5]
2+ + 2NO3

− →
UO2(NO3)2(H2O)2 + 3H2O

−308.7 6.9 −315.7 −26.2

[NpO2(H2O)5]
+ + 2NO3

− →
[NpO2(NO3)2(H2O)2]

− + 3H2O
−131.8 8.0 −139.8 −16.4
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ligands through carbonyl and phosphoric oxygen donor atoms.
Moreover, the substituents of these ligands (CMPO and
Ph2CMPO) have small effect on the geometrical structures of
the formed species, except for [UO2L(NO3)(H2O)2]

+ with
differences in the AnO bond lengths of less than 0.17 Å
(Table 3).
It should be noted that, although the ionic radii of U6+ (0.73

Å) and Np5+ (0.75 Å) are very close to each other, the AnO
bond lengths in [UO2L]

2+ and [UO2L(H2O)3]
2+ are about 0.16

Å shorter than those in [NpO2L]
+ and [NpO2L(H2O)3]

+,
respectively. Moreover, the AnO bond lengths of the U(VI)
nitrate complexes are almost smaller than those of the Np(V)

complexes. These results indicate that the interactions between
the metal atoms and the ligands for the U(VI) species are much
stronger than those for the Np(V) species, that is, the
extractability of CMPO and Ph2CMPO for NpO2

+ is much
lower than that for UO2

2+, which has been already confirmed by
experiments.54

3.2.2. NBO Analysis. To provide insight into the bonding
nature of these extraction complexes, NBO analysis was
performed at the B3LYP/6-31G(d)/RECP level of theory. As
shown in Table 4, the WBIs of the AnO bonds for all of
these complexes are in the range of 0.1−0.5, indicating that the
interactions between the metal atom and ligand are

Figure 3. Optimized structures of the uranyl and neptunyl complexes with CMPO (1:1 type). Green, white, red, blue, orange, light pink, and light
purple spheres represent C, H, O, N, P, U, and Np, respectively.

Table 3. UO Bond Lengths (Å) for the Complexes of UO2
2+, NpO2

+, and L (L = CMPO, Ph2CMPO) Calculated by the
B3LYP Methoda

species AnOC AnOP AnO(NO3
−)b AnO(H2O)

b

[UO2L]
2+ 2.221/2.221 2.177/2.175 − −

[UO2L(H2O)3]
2+ 2.339/2.339 2.314/2.315 − 2.529/2.528

UO2L(NO3)2 2.578/2.528 2.452/2.459 2.488/2.489 −
[UO2L(NO3)(H2O)2]

+ 2.662/2.494 2.347/2.444 2.453/2.572 2.626/2.491
[NpO2L]

+ 2.382/2.377 2.359/2.342 − −
[NpO2L(H2O)3]

+ 2.479/2.460 2.520/2.504 − 2.606/2.588
NpO2L(NO3) 2.578/2.518 2.490/2.505 2.481/2.477 −
NpO2L(NO3)(H2O)2 2.616/2.623 2.551/2.565 2.599/2.607 2.717/2.706

a···/··· refers to the results for CMPO and Ph2CMPO complexes, respectively. bAnO average bond lengths.

Table 4. Wiberg Bond Indices (WBIs) of AnO Bonds and Natural Charges on the An and O Atoms for the Complexes of
UO2

2+, NpO2
+, and L (L = CMPO, Ph2CMPO) Obtained by the B3LYP Methoda

species AnOC AnOP Q(An) Q(OC) Q(OP)

[UO2L]
2+ 0.393/0.391 0.475/0.476 3.104/3.105 −0.840/−0.838 −1.166/−1.168

[UO2L(H2O)3]
2+ 0.325/0.346 0.361/0.362 2.984/2.991 −0.785/−0.780 −1.154/−1.146

UO2L(NO3)2 0.176/0.194 0.242/0.234 2.855/2.851 −0.707/−0.705 −1.107/−1.105
[UO2L(NO3)(H2O)2]

+ 0.166/0.228 0.326/0.264 2.897/2.891 −0.749/−0.735 −1.117/−1.129
[NpO2L]

+ 0.172/0.176 0.197/0.181 2.602/2.627 −0.809/−0.810 −1.183/−1.184
[NpO2L(H2O)3]

+ 0.157/0.179 0.147/0.154 2.506/2.471 −0.763/−0.742 −1.171/−1.159
NpO2L(NO3) 0.112/0.125 0.138/0.135 2.551/2.534 −0.749/−0.733 −1.152/−1.143
NpO2L(NO3)(H2O)2 0.117/0.123 0.141/0.140 2.436/2.427 −0.702/−0.695 −1.118/−1.123

a···/··· refers to the results for CMPO and Ph2CMPO complexes, respectively.
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predominantly ionic and that the electrostatic interaction
dominates these bondings. Aside from [UO2L(NO3)(H2O)2]

+,
the WBIs of the AnO bonds for the extraction complexes of
CMPO are nearly equal to those of Ph2CMPO. This is in
accordance with the AnO bond lengths for the CMPO and
Ph2CMPO complexes.
For the U(VI) complexes, all of the WBIs of the UOC

bonds are smaller than those of the UOP bonds, which
suggests that the UOP bonds have a greater degree of
covalent character. The same phenomenon was also observed
for the Np(V) complexes except for [NpO2L(H2O)3]

+. This
might be due to the existence of hydrogen-bonding interactions
between the oxygen atom of the phosphoryl group and one of
the water hydrogen atoms in [NpO2L(H2O)3]

+, which can be
indicated by the OpOH2O distance of 2.72 Å. In addition, the
WBIs of the AnOC and AnOP bonds decrease when
UO2

2+ and NpO2
+ coordinate to water molecules and nitrate

ions; for example, for [UO2L]
2+, the WBIs of the AnOC

bond is about 0.39, whereas for UO2L(NO3)2, it is about 0.18.
As reported in Table 4, on the basis of natural population

analysis for the U(VI) and Np(V) complexes, the natural
charges on the U atoms are larger than those on the Np atoms,
which also suggests that CMPO and Ph2CMPO have higher
extractability for U(VI) than for Np(V). Furthermore, the

natural charges on the O atoms of the phosphoryl group are
more negative than those of the carbonyl group, confirming
that the phosphoric oxygen atoms of CMPO and Ph2CMPO
have stronger coordinating ability to the metal cations than the
carbonyl oxygen atoms and that these extractants predom-
inantly bind with the phosphoric oxygen atoms.

3.2.3. Metal−Ligand Binding Energy. Table 5 lists the
changes in enthalpy, entropy, and binding energies for the
metal−ligand complexation reactions. As presented in Table 5,
the gas-phase reaction enthalpies were found to range from
−109.4 to −569.6 kcal/mol, which are much more negative
than the TΔS. This results in the relatively large negative gas-
phase binding energies (ΔGg), which are between −96.5 and
−535.2 kcal/mol. In contrast, because of the solvent effects in
aqueous solution, the hydration binding energies (ΔGsol) are
much lower than the corresponding gas-phase binding energies,
ranging from −34.5 to −123.8 kcal/mol. This suggests that the
solvation energy plays a significant role in the extraction
process of the actinides with CMPO and Ph2CMPO.
As expected, the gas-phase and hydration binding energies of

the U(VI) complexes are more negative than those of the
Np(V) complexes, which also confirms the experimental result
that the extraction U(VI) complexes are more stable than the
Np(V) complexes.54 In most cases, the binding energies of

Table 5. Changes in Enthalpy, Entropy, and Binding Energies (kcal/mol) for the Complexes of UO2
2+, NpO2

+, and L (L =
CMPO, Ph2CMPO) Obtained by the B3LYP Methoda

reaction ΔH TΔS ΔGg ΔGsol

UO2
2+ + L → [UO2L]

2+ −228.4/−230.0 −11.9/−12.0 −216.5/−218.0 −72.3/−73.1
UO2

2+ + L + 3H2O → [UO2L(H2O)3]
2+ −323.8/−325.8 −42.3/−43.0 −281.4/−282.8 −101.6/−103.2

UO2
2+ + L + 2NO3

− → UO2L(NO3)2 −569.3/−569.6 −35.0/−34.4 −534.3/−535.2 −123.6/−123.8
UO2

2+ + L + NO3
− + 2H2O → [UO2L(NO3)(H2O)2]

+ −482.0/−486.4 −45.0/−45.0 −437.0/−441.3 −106.9/−110.1
NpO2

+ + L → [NpO2L]
+ −109.4/−111.2 −12.8/−11.8 −96.5/−99.4 −34.5/−40.1

NpO2
+ + L + 3H2O → [NpO2L(H2O)3]

+ −162.4/−172.0 −41.4/−40.6 −121.0/−131.4 −51.4/−52.2
NpO2

+ + L + NO3
− → NpO2L(NO3) −226.4/−228.0 −21.5/−22.3 −204.9/−205.7 −60.4/−57.4

NpO2
+ + L + NO3

− + 2H2O → NpO2L(NO3)(H2O)2 −256.3/−256.7 −42.2/−42.6 −214.1/−214.2 −56.5/−52.2
a···/··· refers to the results for CMPO and Ph2CMPO complexes, respectively.

Figure 4. Optimized structures of the uranyl and neptunyl complexes with CMPO (2:1 type). Green, white, red, blue, orange, light pink, and light
purple spheres represent C, H, O, N, P, U, and Np, respectively.
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these actinyl complexes with Ph2CMPO are close to those of
the corresponding complexes with CMPO, which suggests that
CMPO and Ph2CMPO have comparable extractabilities for
UO2

2+ and NpO2
+.

3.3. Extraction Complexes with 2:1 (Ligand/Metal)
Stoichiometry. 3.3.1. Geometric Structures. At the B3LYP/
6-31G(d)/RECP level of theory, for the charged complexes of
2:1 (ligand/metal) stoichiometry [UO2L2]

2+ and [NpO2L2]
+,

CMPO and Ph2CMPO are bidentate ligands (Figure 4 and
Figure S2 in the Supporting Information). In contrast, for the
neutral UO2L2(NO3)2 complexes, the CMPO and Ph2CMPO
ligands coordinate in monodentate fashion to uranyl through
the phosphoric oxygen atom. At the same time, the two nitrate
anions are coordinated to the U(VI) center as bidentate ligands
forming a hexagonal bipyramidal structure, which is consistent
with the EXAFS data for uranyl complexes in dodecane
solutions.11 However, each of the NpO2L2(NO3) complexes
has one bidentate and one monodentate CMPO (or
Ph2CMPO) ligands (PO bind), as well as one bidentate
nitrate anion coordinated to the NpO2

+ moiety.
As shown in Table 6, for all of the 2:1-type complexes with

different ligands, the bond lengths between the central metal

atoms and the oxygen atoms of the ligands are very close to
each other. For [UO2L2]

2+ and [NpO2L2]
+, the AnO bond

lengths are, on average, 0.1 Å longer than those for the
corresponding 1:1 stoichiometric complexes [UO2L]

2+ and
[NpO2L]

+, mainly because of the spatial steric effects of the
CMPO and Ph2CMPO ligands. As for the natural
UO2L2(NO3)2 and NpO2L2(NO3) complexes, the calculated
AnOP bond lengths were found to be shorter than those of
the corresponding 1:1-type complexes, suggesting that the
bonds between the central metal atoms and the phosphoric
oxygen atoms in these natural complexes are relatively strong.
On the other hand, the calculated AnO bond lengths for
UO2L2(NO3)2 are in good agreement with the experimental
results.11

3.3.2. NBO Analysis. The WBIs of the AnOC and AnOP
bonds for the 2:1-type complexes are between 0.1 and 0.4

(Table 7), which are smaller than those for the corresponding
1:1-type complexes. This suggests that the ionic character of
the metal−ligand bonds for the 2:1-type complexes is slightly
weaker than that for the 1:1-type complexes, which is
predominantly due to the steric interactions between the two
CMPO (or Ph2CMPO) ligands.
Similar to the 1:1-type complexes, the WBIs of the AnOC

and AnOP bonds for these 2:1-type complexes of CMPO are
close to the values for the corresponding complexes of
Ph2CMPO. The WBIs of the AnOP bonds are larger than
those of the AnOC bonds, and the natural charges on the
phosphoric oxygen atoms are more negative than those on the
carbonyl oxygen atoms. Moreover, the natural charges on the U
atoms are larger than those on the Np atoms. All of these
results confirm that CMPO and Ph2CMPO have higher
extractability for U(VI) than for Np(V)54 and that, for all of
these complexes, especially UO2L2(NO3)2, the phosphoric
oxygen atoms have stronger coordinating ability to the metal
cations than the carbonyl oxygen atoms.

3.3.3. Stability. To estimate the stability of these 2:1
(ligand/metal) stoichiometric complexes, the metal−ligand
complexation reactions were investigated in the gas phase by
the B3LYP method. The changes in enthalpy, entropy, and
Gibbs free energy including ZPE and thermal corrections are
listed in Table 8. Because the QM method has difficulty in
calculating solvent effects for large systems, we present only the
results for the gas phase here.
As shown in Table 8, the reaction enthalpies are distinctly

exothermic, and the entropy has a small effect on the binding
energies. In general, the binding energies for these 2:1-type
complexes range from −130.9 to −540.4 kcal/mol, and all of
these complexes with CMPO and Ph2CMPO ligands have
comparable binding strengths. Similar to the 1:1-type
complexes, the binding energies of the neutral UO2L2(NO3)2
and NpO2L2(NO3) complexes are more negative than those of
the charged [UO2L2]

2+ and [NpO2L2]
+ complexes. Thus, as

reported in the literature,11,12 UO2
2+ and NpO2

+ prefer to form
2:1-type neutral complexes in nitrate-rich acid solution, and the
reaction of forming neutral complex studied here is probably
one of the dominant complexing reactions. In addition, the
binding energies of the UO2

2+ complexes are more negative
than those of the NpO2

+ complexes, which is in agreement with
the experimental observation54 that the formation of UO2

2+

complexes with CMPO and Ph2CMPO ligands is thermody-
namically more favored than that of NpO2

+ complexes.
Furthermore, the stability of the 2:1-type complexes was also

investigated in the gas phase by a series of possible complexing
reactions with the most stable actinyl hydrates and actinyl
nitrate hydrates as well as the 1:1-type complexes (Table 9). In
most cases, the changes in enthalpy were found to be negative,
and the entropy contributions to the free energy were relatively
large. According to the changes in the Gibbs free energy, the

Table 6. AnO Average Bond Lengths (Å) for the UO2
2+

and NpO2
+ Complexes with L (L = CMPO, Ph2CMPO) (2:1

Type) Calculated by the B3LYP Methoda in Comparison
with Available Experimental Data (in Parentheses)b

AnOC AnOP AnO(NO3
−)

[UO2L2]
2+ 2.354/2.356 2.321/2.326 −

[NpO2L2]
+ 2.492/2.475 2.468/2.448 −

UO2L2(NO3)2 − 2.413/2.406
(2.38 ± 0.02)

2.540/2.543
(2.53 ± 0.02)

NpO2L2(NO3) 2.633/2.547 2.464/2.492 2.551/2.544
a···/··· refers to the results for CMPO and Ph2CMPO complexes,
respectively. bExperimental data for UO2L2(NO3)2 from ref 11.

Table 7. Average Wiberg Bond Indices (WBIs) of AnO and Natural Charges on the U and O Atoms for the UO2
2+ and NpO2

+

Complexes with L (L = CMPO, Ph2CMPO) (2:1 Type) Calculated by the B3LYP Methoda

species AnOC AnOP Q(An) Q(OC) Q(OP)

[UO2L2]
2+ 0.292/0.279 0.337/0.317 3.008/3.010 −0.772/−0.781 −1.137/−1.136

[NpO2L2]
+ 0.156/0.149 0.166/0.162 2.513/2.565 −0.739/−0.745 −1.149/−1.143

UO2L2(NO3)2 − 0.281/0.269 2.855/2.853 − −1.118/−1.111
NpO2L2(NO3) 0.116/0.135 0.171/0.156 2.450/2.481 −0.733/−0.724 −1.125/−1.128

a···/··· refers to the results for CMPO and Ph2CMPO complexes, respectively.
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reactions for the uranyl and neptunyl hydrates forming the
charged 2:1-type complexes were predicted to be endothermic,
indicating that these reactions are favorable in the gas phase.
However, the reaction [NpO2(NO3)2(H2O)2]

− + 2L →
NpO2L2(NO3) + NO3

− + 2H2O was predicted to be
exothermic by about 35.9 and 37.5 kcal/mol for L = CMPO
and Ph2CMPO, respectively, suggesting that it is unfavorable in
the extraction process. As expected, for the U(VI) complexes,
the changes in the Gibbs free energy of the complexing
reactions were found to be more negative than those for the
corresponding Np(V) complexes. Aside from the reaction
[UO2(H2O)5]

2+ + 2L → [UO2L2]
2+ + 5H2O, for the U(VI)

and Np(V) complexes with CMPO ligands, the changes in the
Gibbs free energy of these complexing reactions were found to
be more negative than those with Ph2CMPO ligands, and the
difference for the changes in the Gibbs free energy was 0.7−6.5
kcal/mol. These relatively small differences indicate that the
substitution of a phenyl ring for the n-octyl group of CMPO
has little influence on the extractability of UO2

2+ and NpO2
+.

4. SUMMARY AND CONCLUSIONS

In the present quantum chemical study, the equilibrium
geometries, bonding natures, and stabilities of the UO2

2+ and
NpO2

+ extraction complexes with CMPO and Ph2CMPO were
investigated using relativistic DFT calculations. For the 1:1-type
extraction complexes, the CMPO and Ph2CMPO ligands are
coordinated as bidentate chelating ligands through the carbonyl
oxygen and phosphoric oxygen atoms. Nevertheless, for the
2:1-type complexes, CMPO and Ph2CMPO mainly coordinate
to uranyl and neptunyl through the phosphoric oxygen atom.
NBO analysis indicates that the bonding between the metal and
the ligand is mainly ionic. For all of these extraction complexes,
the phosphoric oxygen atoms of CMPO and Ph2CMPO have
stronger coordinating ability to the metal cations than the
carbonyl oxygen atoms. According to the changes in the Gibbs
free energy for the complexing reactions, CMPO and
Ph2CMPO have higher extractability for UO2

2+ than that for
NpO2

+, which agrees well with the experimental results. The
presence of solvent probably plays a significant role in the
extraction behavior of the actinyl ions with CMPO and
Ph2CMPO. For each of these complexes, the CMPO and

Ph2CMPO ligands have comparable metal−ligand binding
strengths.
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