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ABSTRACT: The preorganized tetradentate 2,9-diamido-1,10-phenanthro-
line ligand with hard—soft donors combined in the same molecule has been
found to possess high selectivity toward actinides in an acidic aqueous
solution. In this work, density functional theory (DFT) coupled with the
quasi-relativistic small-core pseudopotential method was used to investigate
the structures, bonding nature, and thermodynamic behavior of uranium(VI),
neptunium(V), and plutonium(IV,VI) with phenanthrolineamides. Theoreti-
cal optimization shows that Et-Tol-DAPhen and Et-Et-DAPhen ligands are
both coordinated with actinides in a tetradentate chelating mode through
two N donors of the phenanthroline moiety and two O donors of the amide
moieties. It is found that [AnO,L(NO;)]*" (An = UY, Np¥, Pu";; n = 0, 1)
and PuL(NOs,), are the main 1:1 complexes. With respect to 1:2 complexes,
the reaction [Pu(H,0),]*"(aq) + 2L(org) + 2NO; (aq) —
[PuL,(NO;),]* (org) + 9H,0(aq) might be another probable extraction
mechanism for Pu". From the viewpoint of energy, the phenanthrolineamides extract actinides in the order of Pu" > U"' > Pu"!
> Np", which agrees well with the experimental results. Additionally, all of the thermodynamic reactions are more energetically
favorable for the Et-Tol-DAPhen ligand than the Et-Et-DAPhen ligand, indicating that substitution of one ethyl group with one
tolyl group can enhance the complexation abilities toward actinide cations (anomalous aryl strengthening).

1. INTRODUCTION

The design of selective ligands toward specific metal ions is
determined by many factors, such as the chelate ring size, the
hard—soft acid—base theory, and preorganization.'”* Among
these factors, preorganization has been of considerable interest.
A so-called preorganized ligand is one that requires the lowest
energy to complex a target guest ion or molecule. Quantities of

NH,

PDAM

preorganized ligands, such as cyclodextrins,5 crown ethers,é
cryptands,” calixarenes,® ' and pillararenes,"'~** have been
reported to possess excellent host—guest properties. Recently,
1,10-phenanthroline-2,9-dicarboxylic acid (PDA),">™'® 2,9-bis-

(hydroxymethyl)-1,10-phenanthroline (PDALC),"*~*' 1,10- R fopten R
phenanthroline-2,9-dicarboxamide (PDAM),**** and 2,9-dipyr-
id-2-yl-1,10-phenanthroline (DPP)**™* tetradentate ligands
(Figure 1) have received much attention because of their
extraordinary properties in complexing metal ions. It is worth
mentioning that Hancock and his co-workers have harvested

Figure 1. Chemical structures of preorganized tetradentate phenan-
throline-derived ligands in previous work.

and 9 positions. Such a phenanthroline backbone behaves like a

meaningful both experimental and theoretical results in this
area | 315232527

As shown in Figure 1, all of these ligands have a preorganized
phenanthroline skeleton with N or O donors decorated in the 2
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rigid cleft, which controls metal-ion-size-based selectivity.
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Additionally, the phenanthroline moiety is locked by integrated
benzo rings, which benefits thermodynamic stabilization by
avoiding o-bond rotation in their bipyridine analogues.***
Interestingly, these tetradentate phenanthroline-derived ligands
were found to have a strong ability to complex a relatively large
metal with an ionic radius close to 1.0 A."”?**” One of the
important applications of these preorganized ligands might be
use in the separation of actinides from an acidic aqueous
solution in that the sizes of most of actinides are around 1.0
A 418,28-35

A type of preorganized tetradentate N-heterocyclic ligand,
2,9-bis(1,2,4-triazin-3-yl)-1,10-phenathroline (BTPhen; Figure
1), was reported by Harwood et al.**>"**% to achieve a rapid
and efficient separation of minor actinides from lanthanides in a
highly acidic solution. Meanwhile, the withdrawing effect of
triazine rings of BTPhen results in lower pK, (3.1) compared to
that of the phenanthroline itself (4.9),”° which can reduce the
extent of protonation and hydrolysis in a HNO; solution. The
PDAM ligand (Figure 1),°*** having both hard O and soft N
donors, is particularly interesting because of its extremely low
pK, value (0.6) and promising complexation ability toward
almost all actinide ions. On the basis of the PDAM structure,
Galletta et al.* synthesized the 2,9-bis[(N,N-dioctylamino)-
carbonyl]-1,10-phenanthroline ligand and found that it
possessed separation ability of minor actinide from lanthanides
with SF,, /g, of ~40 in the presence of a synergistic agent (Br-
Cosan). Additionally, Charbonnel et al.*” also designed a new
kind of phenanthrolineamide by grafting one or two amide
groups onto a 2,9-dipyridy-1,10-phenanthroline skeleton,
aiming at the separation of all of the actinides over lanthanides.
To further improve the distribution ratios and selectivities of
such ligands toward all of the actinides, we have reported a
novel tetradentate phenanthroline-derived ligand, Et-Tol-
DAPhen (Figure 2), which exhibited excellent separation

o
: _/

Figure 2. Chemical structures of the Et-Tol-DAPhen and Et-Et-
DAPhen ligands studied in this work.

Et-Tol-DAPhen Et-Et-DAPhen

ability toward nearly all of the actinides [actinide(III, IV,VI)]
from an acidic aqueous solution.® The separation factors of
thorium(IV), uranium(VI), and americium(III) toward
europium(II) are 2277, 277, and 67 in 1.0 M HNO;,
respectively. Nevertheless, because of the radiotoxicity-induced
experimental difficulties, up to now, systematic investigations
on the extraction of plutonium and neptunium cations with
phenanthrolineamides are still lacking. It is highly desirable to
disclose the coordination modes and thermodynamic behaviors
of plutonium and neptunium with phenanthrolineamides,
which might help to predict the extraction abilities of
phenanthrolineamides toward plutonium and neptunium
cations.

In this work, density functional theory (DFT) coupled with
the quasi-relativistic small-core pseudopotential method was
performed to explore the complexation behavior of uranium-
(VI), neptunium(V), and plutonium(IV,VI) with phenanthro-

lineamides. At first, we explored the probable actinide species in
water and a nitrate solution. Then, the structures of actinide
complexes with phenanthrolineamides as well as their bonding
character were studied. Next, the effects of the starting species,
nitrate anions, and solvent effect on the probable complexation
reactions of phenanthrolineamides with actinides were also
elucidated. In addition, the complexation properties of two
phenanthrolineamides, Et-Tol-DAPhen and Et-Et-DAPhen
(Figure 2), were theoretically compared to give more insight
for understanding the mechanisms behind the selectivity and
hence to shed light on the design of highly efficient ligands for
actinides.

2. THEORETICAL METHODS

All of the theoretical calculations were carried out using the
DFT method with the Gaussian 09 package.® The functional
we used is B3LYP, which combines the Becke 88 exchange
functional and the three-parameter functional (B3)** with the
Lee, Yang, and Parr (LYP)*' correlation functional. For U, Np,
and Pu atoms, scalar relativistic effects were taken into
consideration, with the quasi-relativistic effective core potentials
(RECPs)** replacing 60 core electrons. Corresponding
ECP60MWB-SEG valence basis sets™* were used to describe
the remaining valence electrons. Spin—orbit effects were
neglected in this work. With regard to the ligands, the standard
Pople-style polarized valence triple-& 6-311G(d,p) basis set was
used for C, H, O, and N atoms. We have extensively tested
different hydrid functionals of DFT and found that the B3LYP/
RECP method was reliable in the theoretical calculations of
actinides ions and their complexes with organic ligands.*>~*
All of the complexes were optimized at the B3LYP/6-
311G(d,p)/RECP level of theory in the gas phase. Harmonic
vibrational frequencies were calculated at the same level of
theory to verify the minimum character of the optimized
structures on the potential energy surfaces. The natural atomic
charges and Wiberg bond indices (WBIs)* were calculated by
natural bond orbital (NBO)>"** analyses with the same
method. The frequencies of all of the chemical species were
calculated at the same level of theory on the basis of the
optimized geometries. The enthalpy (H), Gibbs free energy
(G), and binding energy (E) with zero-point-energy (ZPE) and
thermal corrections were calculated with the same method in
the gas phase (298.15 K, 0.1 MPa). Solvation effects were
considered by the conductor-like screening model (COSMO)
approach™ to yield the solvation energy based on the
optimized structures in the gas phase. In addition, there is
little effect on the solvation energies if we reoptimize the
structures in aqueous solution. In order to confirm the
reliabilities of the structures and energies in aqueous solution,
we reoptimize the structures of [AnO,L]"" (n = 1 and 2; An =
U, Np, and Pu; L = Et-Tol-DAPhen) as examples in water
solution. The optimized structural parameters for the gas phase
and aqueous solution, respectively, as well as the solvent
energies are provided in Table S1 in the Supporting
Information (SI). It can be clearly observed that the bond
lengths for the gas phase and aqueous solution are almost the
same, and the largest difference is only 0.02 A. The solvent
energies based on the optimized structure in the gas phase and
aqueous solution are also similar with the largest difference of
0.94 kcal/mol. Moreover, the relative solvent energies are in the
same trend based on the optimized structures in the gas phase
and aqueous solution. Therefore, on the basis of the results of
structural parameters and solvent energies, the effects of
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solution on the structures and energies are negligible, which are
in excellent agreement with previous conclusions.>*>> Thus,
single-point calculations were verified to minimize computa-
tional costs without sacrificing much accuracy in the solvation
energies. In this work, solvent effects were considered on the
basis of single-point calculations at the same level of theory
using the COSMO model in water and cyclohexanone,
respectively.

3. RESULTS AND DISCUSSION

3.1. Actinide Structures in Water and Nitrate Solution.
In this work, comprehensive characterization of stable
uranium(VI), neptunium(V), and plutonium (IV,VI) complexes
with water and nitrate ions was performed using the B3LYP/6-
311G(d,p)/RECP level of theory. Although some structures
have been optimized using the B3LYP/6-31G(d) basis set in
our previous work,*® systematic analyses and comparisons of
these stable species with experimental data are still lacking,

As we know, the most stable species of uranium are in the
form of U, and the pentacoordinated [UO,(H,0)s]*" is the
dominant species in aqueous solution.’® The optimized
structure of [UO,(H,0),]** (Figure 3) exhibits C5 symmetry

Table 1. Selected Average Bond Lengths (A) for
Uranium(VI), Neptunium(V), and Plutonium(IV,VI)
Structures with Water and Nitrate Ions Calculated by the
B3LYP Method in Comparison with the Experimental Data
(in Parentheses)

An—Oyy An— average
species (H,0) Oy(NO;™)  An=0 error
[UO,(H,0)]** 249 1.75 0.05
(2.41) (1.76)
[NpO,(H,0),]* z.z(ts J 1.29 ) 0.05
2.40 1.81
[PuO,(H,0)s]** 249 1.77 0.05
(241) (1.75)
UO0,(NO,),(H,0), 2.53 v 248 (2.50) 1.77 ) 0.04
(245 (175
[NpO,(NO3),(H,0),]” 270 (=) 261 (=) 181 (-)
p
PuO,(NO;),(H,0), 2.€1 Jo 2.48 (2.50) 1.29 | 0.05
2.43 1.73
[Pu(H,0),]* 245 0.06
(2.39)
[Pu(NO;)¢]*" 2'%48)60 0.04
Pu(NO,),(H,0), 2.?6 o 2.46 (2.46) 0.05
2.38

Foe g

[UO,(H,0)5]** UO,(NO,),(H,0),

9

¢]
INpO,(NO5),(H,0),]

[NpO,(H,0)s]"

o

[Pu(NO3)61*

[PuO,(H,0)5]** Pu0,(NO;),(H,0), Pu(NO;),(H,0);

Figure 3. Optimized uranium(VI), neptunium(V), and plutonium-
(IV,VI) structures with water and nitrate ions in the gas phase. Green,
purple, blue, red, sky blue, and white colors represent U, Np, Pu, O, N,
and H atoms, respectively.

with average bond lengths of 2.49 and 1.75 A for U—O and
U=O0 (Table 1), respectively. Compared to the available
experimental parameters, B3LYP/6-311G(d,p)/RECP gives
rather reasonable structural results with an average error of
0.05 A. Likewise, the neptunium(V) and plutonium(VI)
analogues possess similar geometries and acceptable errors. In
the presence of nitrate ions, UO,**, NpO,*, and PuO,*" are in
favor of coordination with nitrate anions in a bidentate mode
(Figure 3). Both of the UO,** and PuO,** cations are
energetically stable in the neutral state upon complexation with
nitrate anions and water molecules. Two nitrate anions and two
water molecules are involved in the complexation to reach the
maximum coordination number of U'! and Pu'’. On the
experimental side, in the crystal structure of
UO0,(NO;),(H,0),, the nitrate anions are coordinated with
an average U—Oy bond distance of 2.50 A, while the water
molecules are coordinated with a U—Oy, bond distance of 2.48

A Additionally, Gaunt et al>® isolated the crystals of
Pu0,(NO,),(H,0), from an aqueous solution of Pu"’ in
nitric acid after slow evaporation. The average bond lengths of
Pu—0,;, Pu—Oy, and Pu=0 are 2.43, 2.50, and 1.73 A,
respectively. As shown in Table 1, both of the theoretical results
of UO,(NO;),(H,0), and Pu0,(NO;),(H,0), are in good
agreement with the experimental data (average errors of 0.04
and 0.0S A, respectively). However, no analogous neptunium-
(V) nitrate structure was reported for comparison with the
optimized one. According to our previous calculations,*® we can
see that the anionic [NpO,(NO;),(H,0),]” species, similar to
UO0,(NO;),(H,0), and PuO,(NO;),(H,0),, is more ener-
getically favorable than the neutral NpO,(NO,;)(H,0), in the
gas phase. With respect to Pu", the bond length of Pu—O, in
[Pu(H,0),]*" is a little bit (0.06 A) longer than that obtained
from the extended X-ray absorption fine structure (EXAFS)
technique.”® In addition, the tetranitrate and hexanitrate
complexes of plutonium(IV) are known to be the dominant
species in acidic aqueous nitrate solutions. All of the nitrate
anions in the optimized [Pu(NO;)4]*” and Pu(NO,),(H,0),
structures are coordinated with Pu'v in a bidentate mode.
According to the EXAFS results of Allen et al,®® the bond
lengths of Pu—Oy are 2.46 and 2.48 A for Pu(NO;),(H,0),
and [Pu(NO;)4]*” species in the nitric acid solution,
respectively. It can be seen from Table 1 that the calculated
values (246 and 2.48 A) are quite consistent with the
experimental ones. Thus, the computational method of
B3LYP/6-311G(d,p)/RECP that we selected for modeling
uranium(VI), neptunium(V), and plutonium(IV,VI) species is
reliable and is therefore used for the calculations of all of the
actinide complexes discussed in the following sections.
Interestingly, it should be noted that the bond lengths of all
of the equatorial An—O,, bonds are overestimated compared to
the experimental values,***> which might be due to the
dispersion corrections.

3.2. Uranium(VI1), Neptunium(V), and Plutonium(IV,VI)
Complexes with DAPhen Ligands. 3.2.1. Geometric
Structures. Initially, the structures of 1:1 types of uranium(VI),
neptunium(V), and plutonium(IV,VI) complexes with the Et-
Tol-DAPhen and Et-Et-DAPhen ligands were optimized
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Figure 4. Optimized structures of the actinide complexes with L = Et-Tol-DAPhen (1:1 type). Green, purple, blue, orange, red, sky blue, and white

colors represent U, Np, Pu, C, O, N, and H atoms, respectively.

Table 2. Selected Bond Lengths (A) for the Structures of the Actinide Complexes with Et-Tol-DAPhen/Et-Et-DAPhen (1:1

Type) and WBIs of the An—N and An—OBonds

species An=0 An—N
[UO,L* 1.76/1.76 2.53/2.54
[UO,L(NO;)]* 1.77/1.77 2.72/2.73
[NpO,L]* 1.80/1.78 2.61/2.61
NpO,L(NO;) 1.81/1.80 2.79/2.82
[PuO,L]* 1.77/1.77 2.60/2.56
[PuO,L(NO;)]* 1.79/1.79 2.72/2.72
[PuL]* 2.49/2.55
PuL(NO;), 2.69/2.73

An—0 An—Oyiraee Wann Wan-o0
2.33/2.32 0.38/0.38 0.57/0.57
2.44/2.44 247/2.46 0.33/0.33 0.47/0.47
2.49/2.48 0.27/0.27 0.32/0.33
2.61/2.58 2.55/2.54 0.23/0.22 0.28/0.30
2.50/2.41 0.26/0.30 0.28/0.37
2.47/2.44 2.46/2.45 0.29/0.29 0.37/0.40
2.26/2.23 0.24/0.22 0.38/0.38
2.49/2.46 247/2.51 0.34/0.32 0.41/0.42

[PuL,|** [PuL,(NO3)P**

[PuL,(NO,),**

Figure 5. Optimized structures of the plutonium(IV) complexes with Et-Tol-DAPhen (1:2 type). Blue, orange, red, sky blue, and white colors

represent Pu, C, O, N, and H atoms, respectively.

(Figures 4 and S1 in the SI). The corresponding selected bond
lengths are summarized in Table 2. For all of the complexes, the
Et-Tol-DAPhen and Et-Et-DAPhen ligands are both coordi-
nated in a tetradentate chelating mode through two N donors
of the phenanthroline moiety and two O donors of the amide
moieties. There is not much difference in the structures of the
Et-Tol-DAPhen and Et-Et-DAPhen complexes with actinides.
In the absence of nitrate anions, the bond lengths of An—O
and An—N in [NpO,L]* and [PuO,L]*" species are longer than
those of [UO,L]**, which might be due to the disparities of
their ionic radii. The ionic radius of U is a bit smaller than

those of Np" and Pu"". The involvement of nitrate anions in the
coordination results in an increase of the bond lengths for all of
the complexes. The bond lengths of [UO,L(NO,)]* are very
similar to those of [PuO,L(NO;)]* and shorter than those of
NpO,L(NO,). Such results may indicate that the affinity
between the Et-Tol-DAPhen ligand and U is higher than that
of Pu"". Obviously, the bond lengths of Pu—O and Pu—N in
PuL(NO,), are longer than those of [PuL]* because of the
involvement of four nitrate anions in the complexation.
Interestingly, after coordination with actinide ions and nitrate
anions, the orientation of the Et-Tol-DAPhen structure will
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change (Figure 4b). In the crystal or optimized structure of the
Et-Tol-DAPhen ligand,*® the molecule has near C, symmetry
with two tolyl groups on one side and two O atoms of the
amide moieties on the opposite side. On the contrary, in the
plutonium complexes, all of the O atoms of the amide moieties
are coordinated in the plane of the phenanthroline moiety. The
two tolyl groups of plutonium(IV) complexes are located in the
phenanthroline plane on opposite sides, whereas these two tolyl
groups are on the same side in the plutonium(VI) complexes.
In the case of [UO,L(NO;)]" (L = Et-Tol-DAPhen), the
experimental average bond lengths of U=0 and U-O are 1.74
and 2.41 A*® respectively, which are in good agreement with
the calculated values (1.77 and 2.44 A). Although we have not
obtained the crystal structure of PuL(NO,),, the optimized
structure of PuL(NO;), is analogous to the crystal structure of
ThL(NO,),.*®

Furthermore, we optimized the geometrical structures of 1:2
type [PuL,]*, [PuL,(NO,)]*, and [PuL,(NO,),]** complexes
with DAPhen ligands (Figures S and S2 in the SI). The Et-Tol-
DAPhen and Et-Et-DAPhen complexes with Pu" exhibit
similar geometries. In [PuL,]*, the two ligand molecules are
in a perpendicular direction to each other. The Pu" ion is in
the center and bound with two N atoms of the phenanthroline
moiety and two O atoms of the amide moieties of each ligand.
When nitrate anions were involved in the complexation, the
coordination number would change from 8 to 10 or 12. The
geometrical structures would be much distorted to appropri-
ately adopt the metal cation and nitrate anions at the same
time. As shown in Table S2 in the SI, the average bond lengths
of Pu—N and Pu—O become longer after coordination with
nitrate anions. The average bond lengths of Pu—N and Pu—O
in [PuL,]* are about 0.06 A longer those of 1:1 complexes
[PuL]*, which might be due to the steric effect.

3.2.2. Molecular Orbital (MO) and NBO Analysis. To
investigate the interactions between U"', Np", Pu"", and Pu"’
and the DAPhen ligands, the MOs relevant to the actinides and
ligands are displayed in Figures 6 and S3—S6 in the SI In
general, the relatively diffuse 5f orbitals could participate in the
chemical bonding for actinide—ligand compounds. The MOs
possess ¢ characters and are mainly contributed by the p atomic
orbital of the O/N atom and the f atomic orbital of actinides. In
addition, Et-Et-DAPhen and Et-Tol-DAPhen complexes exhibit
similar energy levels of MOs. For the 1:1 type complexes, the
energy levels of the MOs of neptunium(V) complexes are
much higher than those of the uranium(VI) and plutonium(VI)
complexes (Figure 6), which indicates relatively weaker
affinities between neptunium(V) and ligands than those of
uranium(VI) and plutonium(VI) complexes. According to the
energy levels of the [AnO,]"" (n = 1, 2) species, the affinities
between the actinides and ligands decrease in the order of
[UO,L(NO3)]* > [PuO,L(NO;)]* > NpO,L(NO;). As for
plutonium(IV) complexes, the energy levels of the MOs
between plutonium(IV) and ligands are higher compared to
those of [AnO,]"™ (n = 1, 2) complexes. In addition, the MO
energies of the 1:2 type [PuL,(NO;),]*" complex are in the
range of —11.31 to —12.91 eV, which are lower than those of
the corresponding MOs in its 1:1 type PuL(NO;), complex.
This result indicates that the affinities between plutonium(IV)
and ligands in 1:2 complexes are stronger than those in 1:1
complexes.

To obtain the bonding character between DAPhen and
actinides, NBO analyses of all of the complexes were performed
at the B3LYP/6—311G(d,p)/RECP level of theory. As shown in
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Figure 6. Energy level of a-spin MOs between AnO,"* (n = 1, 2) with
L = (a) Et-Tol-DAPhen and (b) Et-Et-DAPhen (1:1 type) and the
MO diagrams.

Tables 2 and S2 in the SI, the WBIs of the An—N and An—O
bonds are all in the range of 0.20—0.60, which reveals that the
interactions between N/O donors and actinides are weakly
covalency. The WBIs of all the bonds in Et-Et-DAPhen
complexes are similar to those in Et-Tol-DAPhen. The WBIs of
An—O bonds are larger than those of An—N, suggesting more
covalency exists in the An—O bonds. After coordinated with
nitrate anions, the WBIs of An-N and An—O bonds in
uranium(VI) and neptunium(V) complexes become smaller
whereas those in plutonium(IV) and plutonium(VI) complexes
become larger. In all the 1:1 type complexes containing nitrate
anions, the WBIs of An-O bonds increase in the following
order: NpO,L(NO;) < [PuO,L(NO,)]* < PuL(NO), <
[UO,L(NO;)]*. Additionally, it should be noted that the WBIs
of 1:2 type plutonium(IV) complexes are relatively larger than
their corresponding 1:1 analogues, which suggests that the
affinities between N/O donors and Pu" in 1:2 complexes
stronger than those in 1:1 complexes.

The NBO orbital populations of the valence shells of s, p, d,
and f are also calculated at the same level of theory. As shown
in Tables 3 and S3 in the SI, compared to the [AnO,]"" (n = 1,
2) species, the corresponding nitrate species have a little higher
populations in the s, p, d, and f shells. The occupation numbers
of 7s, 7p, and 6d in [PuL]*" (L = Et-Tol-DAPhen) are only
0.08, 0.07, and 0.37, respectively, which are much smaller than
those in PuL(NO,),. The Et-Et-DAPhen and Et-Tol-DAPhen
complexes possess almost the same NBO populations as well as
charge distributions (Tables 3 and S2 in the SI). It can be seen
that the significant transfer of electrons from ligands to actinide
ions results in considerable net charge decreases of the actinide
ions and the N/O atoms, suggesting that a strong electron
donor—acceptor interaction occurs during the complexation
process. In the presence of nitrate anions, the positive charges
of the actinide ions in [AnO,]™, [PuL]*, and [PuL,]*
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Table 3. Calculated NBO Populations (s, p, d, and f) and Natural Charges on the Metal, N, and O Atoms for the Actinide

Complexes with Et-Tol-DAPhen/Et-Et-DAPhen (1:1 Type)

species 7s 7p 6d
[Uo,L]* 0.16/0.16 0.25/0.25 1.40/1.40
[UO,L(NO,)] 0.20/0.20 0.40/0.40 1.43/1.43
[NpO,L]* 0.14/0.14 0.23/0.24 1.11/1.13
NpO,L(NO;) 0.18/0.18 0.35/0.36 1.16/1.18
[PuO,L]** 0.15/0.15 0.23/0.23 1.07/1.13
[PuO,L(NO,)]* 0.20/0.20 0.38/0.38 121/1.22
[PuL]* 0.08/0.07 0.07/0.07 0.37/0.36
PuL(NO,), 0.27/0.27 0.56/0.56 1.10/1.10

Sf Qu Qo Qu
2.57/2.58 —0.48/-0.47 —0.63/—0.63 1.83/1.83
2.63/2.63 —0.42/-042 —0.56/—0.57 1.44/1.44
4.11/4.15 —0.46/—-0.45 —0.62/-0.63 1.53/1.50
4.12/4.15 —0.41/-0.40 —0.55/-0.56 1.23/1.19
527/5.22 —0.45/-0.46 —0.58/-0.61 1.46/1.48
5.24/5.23 —0.42/-0.42 —0.55/-0.57 1.12/1.12
5.21/5.16 —0.62/-0.61 —0.81/-0.81 2.26/2.27
5.02/5.02 —-0.39/-0.38 —0.54/-0.54 0.73/0.74

Table 4. Calculated Changes in the Binding Energies, Enthalpies, and Gibbs Free Energies (kcal/mol) for the Actinide
Complexes with Et-Tol-DAPhen/Et-Et- DAPhen (1:1 Type)

reaction AE, AH, AG, AGy
[UO,(H,0);]** + L - [UO,L]* + 5H,0 —37.68/—20.01 —35.18/-17.50 —66.75/—49.26 —13.46/—11.25
UO0,(NO;),(H,0), + L = [UO,L]** + 2H,0 + 2NO;~ 272.51/290.17 272.67/290.34 77.07/265.14 22.23/2444
[UO,(H,0);]** + L + NO;~ — [UO,L(NO;)]* + 5H,0 —218.84/-206.34 —215.85/—203.34 —237.33/-224.91 —45.15/-42.17
UO0,(NO3),(H,0), + L = [UO,L(NO,)]* + 2H,0 + NO;~ 91.34/103.84 91.99/104.50 77.07/89.50 —15.51/-12.53
[NpO,(H,0)s]* + L - [NpO,L]* + 5H,0 10.36/30.58 11.52/31.67 —15.76/4.49 —13.53/-791
[NpO,(NO;),(H,0),]” + L —» [NpO,L]" + 2H,0 + 2NO;~ 142.51/162.73 142.64/162.79 119.00/139.25 —3.26/2.35
[NpO,(H,0)s]* + L + NO;~ — NpO,L(NO;) + SH,0 —87.41/—68.96 —85.74/—67.27 —102.98/—84.96 —25.38/-19.12
[NpO,(NO;),(H,0),]” + L — NpO,L(NO;) + 2H,0 + NO;~ 44.74/63.19 45.38/63.85 31.87/49.89 —15.12/-8.85
[Pu0,(H,0);]*" + L = [PuO,L]*" + SH,0 12.55/45.77 14.11/47.26 4.63/37.55 —40.01/-24.16
PuO,(NO;),(H,0), + L — [PuO,L]*" + 2H,0 + 2NO;~ 247.83/281.05 248.23/281.39 222.94/255.86 -9.72/6.13
[PuO,(H,0)s]** + L + NO;~ — [PuO, L(NO;)]* + 5H,0 —143.58/—129.74 —142.32/-128.14 —141.49/-126.51 —55.88/—43.45
PuO,(NO;),(H,0), + L — [PuO,L(NO;)]* + 2H,0 + NO;~  91.70/105.53 91.80/105.98 76.90/91.88 —25.59/-13.16
[Pu(H,0),]* + L - [PuL]* + 9H,0 —80.24/27.91 —61.92/-228.42 —140.87/—61.19 42.96/186.24
[Pu(NO;)¢]>” + L — [PuL]* + 6NO;~ 884.18/982.33 883.12/716.62 828.80/908.48 147.09/290.37
Pu(NO;),(H,0); + L — [PuL]* + 4NO; + 3H,0 866.62/964.76 868.05/701.55 808.21/887.89 120.73/264.00
[Pu(H,0),]* + L + 4NO,” — PuL(NO,), + 9H,0 —938.21/-920.81 —929.94/-912.17 —959.00/—944.27 —104.22/-99.31
[Pu(NO;)¢]>” + L — PuL(NO;), + 2NO;~ 16.21/33.61 15.10/32.86 10.68/25.41 —0.09/4.82
Pu(NO,),(H,0); + L — PuL(NO;), + 3H,0 —1.36/16.04 0.03/17.79 —9.91/4.82 —26.46/-21.55

complexes are much higher than those of their corresponding
nitrate complexes.

3.2.3. Energy Analysis. To explore the complexation
mechanisms of phenanthrolineamides with actinides, quantities
of thermodynamic reactions were simulated at the B3LYP/6-
311G(d,p)/RECP level of theory. As shown in Table 4, the
choice of starting reactants has a large effect on the reaction
energies. The complexation reactions using [AnO,(H,0);]"
species as starting reactants are more energetically favorable
than those using their corresponding [AnO,(NO;),(H,0),]"
(n =0, 1) species. For example, all of the values of AE, AH, and
AG of the reaction of [UO,(H,0)]** + L — [UO,L]** +
SH,0 are negative, whereas those of the reaction of
UO,(NO,),(H,0), + L — [UO,L]*" + 2H,0 + 2NO;™ are
positive. Additionally, the energies for forming [AnO,L-
(NO;)]™ (n = 0, 1) complexes are more negative than those
for forming [AnO,L]"™ (n = 1, 2). For UY', Np", and Pu"’, the
reaction of [AnO,(H,0);]™ (n = 1, 2) + L + NO;~ —
[AnO,L(NO;)]"™ (n =0, 1) + SH,0 might be dominant in the
complexation of phenanthrolineamides with actinides in a nitric
acid solution. Thus, we concluded that [AnO,(H,0):]"" (n =1,
2) might be the species in aqueous solution and [AnO,L-
(NO;)]™ (n =0, 1) could be the extracted species. For Pu", it
is also found that using [Pu(H,0),]*" instead of [Pu(NO,),]*~
or Pu(NO;),(H,0); species as the starting reactants is more
beneficial for the complexation reactions to form 1:1 (Table 4)
and 1:2 (Table S4 in the SI) type complexes. Obviously, the
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thermodynamic reactions for forming PuL(NO;), (1:1 type)
and [Pul,(NO,),]** complexes (1:2 type) possess large
energetic advantages. Thus, the reactions of [Pu(H,0),]*" +
L + 4NO;~ — PuL(NO;), + 9H,0 and [Pu(H,0),]* + 2L +
2NO;™ — [PuL,(NO;),]** + 9H,0 might be the probable 1:1
and 1:2 complexation mechanisms, respectively. In addition, all
of the thermodynamic reactions of Et-Tol-DAPhen are more
energetically favorable than those of the Et-Et-DAPhen ligand,
indicating that substitution of one ethyl group with one tolyl
group is better for complexation of the actinide ions. Similar
phenomena had already been experimentally observed in
bidentate organophosphorus, carbamoylmethylphosphine
oxide (CMPO), dipicolinamide, bipyridinediamide, and terpyr-
idinediamide ligands, which is known as the so-called
“anomalous aryl strengthening”.*"®> If we substitute tolyl
groups for ethyl groups, the basicities of the O/N donors in the
phenanthrolineamides will decrease. However, delocalization of
the electron density from tolyl to the C=0O group and then to
the actinide ions can anomalously enhance stabilization of the
actinide—ligand complexes.

To better determine the solvent extraction mechanisms of
actinides by phenanthrolineamide ligands, we took the solvent
effect into consideration.®> For example, during the solvent
extraction of U"! from aqueous solution (aq) to cyclohexanone
(org) (AGe), one of the extraction mechanisms can be
described as UO,(NO;),(H,0),(aq) + L(org) — [UO,L-
(NO;3)]*(org) + 2H,0(aq) + NO; (aq) (L = Et-Tol-
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DAPhen). As listed in Tables 4 and S4 in the SI, the changes of
the Gibbs free energies (AG,,,) in cyclohexanone calculated
using the COSMO approach would vary much compared to
AG,. For example, AG, is 77.07 kcal/mol whereas AG,y is
—15.51 kcal/mol in the complexation reaction of
U0,(NO;),(H,0),(aq) + L(org) — [UO,L(NO;)]*(org) +
2H,0(aq) + NO; (aq) (L = Et-Tol-DAPhen), which suggests
that the solvent effect can increase the possibility of this
reaction. However, the solvent effect can also result in less
possibility for certain reactions, such as [Pu(H,0),]*(aq) +
L(org) — [PuL]*(org) + 9H,0(aq). Anyway, the relative
stabilities do not change upon going from the gas phase to
extraction process. Forming nitrate complexes using hydrated
actinide cations as the starting reactants is quite favorable. From
the viewpoint of energy, the phenanthrolineamides extract
actinides in the order of Pu" > UY' > Pu"" > Np". On the
experimental side, Lapka et al.®* reported that the order of
extractability was determined to be An"™ > An"' > An" by a
diamide of dipicolinic acid extractant in 3.0 M HNO;. In
addition, N,N,N’,N’-tetraalkyl-6,6”-(2,2":6',2"-terpyridine)-
diamides were found to hold the strongest extraction abilities
toward Pu" among An"™, An", An", and An"" ions.®? In our
previous work,*® it was also observed that the distribution ratios
of An'" with Et-Tol-DAPhen extractant in cyclohexanone were
higher than those of An"". In this regard, our calculated results
not only agree with previous experimental data but also
highlight the importance of starting species, nitrate anions,
ligands, and the solvent effect in the extraction process.

4. CONCLUSIONS

In summary, the structures, bonding nature, and thermody-
namic behavior of uranium(VI), neptunium(V), and
plutonium(IV, VI) complexes with phenanthrolineamides
were studied with the quasi-relativistic DFT method in this
work. In the optimized structures, actinides are coordinated
with phenanthrolineamides through two N donors of the
phenanthroline moiety and two O donors of the amide
moieties. According to the calculated energies, the complex-
ation reactions with [AnO,(H,0)]"™ (n = 1, 2) and
[Pu(H,0),]*" as the starting species are more favorable than
those with their corresponding nitrate analogues. Additionally,
when the nitrate anions are involved in the complexation
process, it is liable to form more stable species. The
[AnO,L(NO;)]"" (n = 0, 1), PuL(NO;),, and
[PuL,(NO;),]*" species might be the most probable complexes
in solvent extraction. Furthermore, the complexation abilities
between phenanthrolineamides and actinides are in the order of
Pu" > UY' > Pu"! > Np", which are quite consistent with the
experimental results. Although the structures and bonding
character of actinides complexes with Et-Tol-DAPhen and Et-
Et-DAPhen ligands are almost the same, all of the
thermodynamic reactions are energetically favorable for the
Et-Tol-DAPhen ligand, which has been experimentally
demonstrated by the so-called “anomalous aryl strengthening”.
Thus, our predicted results not only agree well with previous
experimental data but also highlight the importance of starting
species, nitrate anions, ligands, and the solvent effect to
determine the complexation abilities of phenanthrolineamides
with actinides.
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