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Abstract 

Complexation of Np(V) with three structurally-related amine-functionalized diacetamide 

ligands, including 2,2’-(benzylazanediyl)bis(N,N’-dimethylacetamide) (BnABDMA), 2,2’-

azanediylbis(N,N’-dimethylacetamide) (ABDMA), and 2,2’-(methylazanediyl)bis(N,N’-

dimethylacetamide) (MABDMA), in aqueous solutions was investigated.  The stability constants 

of two successive complexes, NpO2L
+ and NpO2L2

+ where L stands for the ligands, were 

determined by absorption spectrophotometry. The results suggest that the stability constants of 

corresponding Np(V) complexes follow the trend: MABDMA > ABDMA ≈ BnABDMA. The 

data are discussed in terms of the basicity of the ligands and compared with those for the 

complexation of Np(V) with an ether oxygen-linked diacetamide ligand. EXAFS data indicate 

that, similar to the complexation with Nd3+ and UO2
2+, the ligands coordinate to NpO2

+ in a 

tridentate mode through the amine nitrogen and two oxygen atoms of the amide groups. 

Computational results, in conjunction with spectrophotometric data, verified that the 1:2 

complexes (NpO2(L)2
+) in aqueous solutions are highly symmetric with Np at the inversion center, 
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so that the f-f transition of NP(V) is forbidden and NpO2(L)2
+ does not display significant 

absorption in the near-IR region.  

 

Key Words: Neptunium, Diacetamide, Complexation, Thermodynamics, Symmetry 

 

1. Introduction 

Neptunium is considered to be a problematic element in the spent nuclear fuel (SNF) reprocessing 

as well as in the environmental management of nuclear wastes due to its chemical behavior and 

transport characteristics in the geological environment. Among the radionuclides in SNF and high-

level nuclear wastes (HLW), 237Np is one of the most soluble and is most likely to migrate away 

from the HLW repository. Owing to its long half-life, t1/2 = 2.144 × 106 years, 237Np is predicted 

to become a major radiological hazard, contributing 67% of the total radiation dose from HLW 

after 75000 years.1 The pentavalent state of neptunium, Np(V), is the most stable state and exists 

as NpO2
+ ions in aqueous solution. Because of its low ionic charge and relatively large ionic radius, 

NpO2
+ ion does not form strong complexes with many ligands and is difficult to be extracted by 

many traditional extractants in actinide separation processes. Also, NpO2
+ is highly mobile in the 

geological environment because of its weak tendencies toward hydrolysis, precipitation, or 

sorption by the geomedia. It is of prime importance to find ligands that can strongly bind NpO2
+and 

separate it from HLW so that the nuclear waste can be safely disposed of in geological repositories.  

Numerous studies have been conducted to understand the complexation of neptunium with 

organic ligands including monocarboxylic acids such as benzoic acid2 and picolinic acid,3 

dicarboxylic acids such as dipicolinic acid (H2DPA),4 1,10-phenanthroline-2,9-dicarboxylic acid 

(H2PhenDA),5 iminodiacetic acid (IDA)6,7 and N-methyl-iminodiacetic acid  (MIDA),8,9 and 
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glutaroimide-dioxime.10 These ligands exhibit fairly good complexation capabilities with Np(V) 

and have the potential to be used as efficient complexants for neptunium. In addition, these ligands 

are all composed of only C, H, O, and N atoms, so that they are completely combustible and the 

volume of solid wastes generated in the separation processes could be significantly reduced.  

In recent years, alkyl-substituted diglycolamides have been studied as efficient complexants 

for separations of actinides and lanthanides in SNF reprocessing.10 Diglycolamides contain ether 

oxygen linkage between two amide groups and usually form tridentate complexes with metal ions 

using the three oxygen donor atoms from the ether and the two amide groups. These ligands also 

contain only C, H, O, and N atoms and their use helps to make the separation processes more 

environmentally sustainable. Besides, by varying the substitution groups on the amide nitrogen, 

the diglycolamides can be used either as efficient extractants in solvent extraction such as 

N,N,N’,N’-tetraoctyl- diglycolamide (TODGA)11 and N,N,N’,N’-tetraisobutyl- diglycolamide 

(TiBDGA),12 or as small molecules for single-phase thermodynamic studies such as N,N,N’,N’-

tetramethyl-diglycolamide (TMDGA).13  

Replacing the ether oxygen linkage in diglycolamides with amine linkage, we have 

synthesized a series of diacetamide ligands, including 2,2’-(benzylazanediyl)bis(N,N’-

dimethylacetamide) (BnABDMA), 2,2’-azanediylbis(N,N’-dimethylacetamide) (ABDMA), 

and 2,2’-(methylazanediyl)bis(N,N’-dimethylacetamide) (MABDMA) (Figure 1), and 

determined the thermodynamic parameters of the complexation of these ligands with Nd(III)14 and 

U(VI).15 The amine nitrogen linkage in these ligands allows fine-tuning of the ligand basicity and 

binding strength with metal ions via substitution on the central amine N atom with different 

functional groups, which is not feasible for the ligands with the ether-linkage such as TMDGA. 

The data for the complexation with Nd(III)14and U(VI)15 show that the stability of the complexes 
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follow the trend: MABDMA > ABDMA > BnABDMA, agreeing with the order of the basicity of 

the nitrogen donor atom in these ligands.  It is the focus of the present study to extend the 

thermodynamic studies to NpO2
+ and compare the data with those for Nd3+ and UO2

2+. 

 

 

Figure 1 Structures of MABDMA, ABDMA, and BnABDMA. 

 

One interesting feature of the complexation of NpO2
+ with the ether oxygen linked 

diacetamide ligand, TMDGA, is that the 1:2 complex, NpO2(L)2
+ where L = TMDGA,  is “silent” 

in near-IR absorption spectroscopy,12 which is interpreted as the presence of an inversion center 

where the Np atom locates that makes the f-f transition forbidden by the Laporte's rule.16 The 

“silent” feature in absorption spectroscopy of NpO2
+ has also been theoretically discussed in the 

literature.17–20 In the case of the NpO2(L)2
+ complex with the amine-functionalized diacetamides 

(where L = BnABDMA, ABDMA, or MABDMA), the two ligands could be in cis- or trans- 

configuration with respect to the equatorial plane of NpO2
+, resulting in the absence or presence 

of an inversion center. Therefore, it is fundamentally interesting to determine, in addition to 

thermodynamic data, the optical absorption properties of the complexes and correlate these with 

the symmetry of the complexes. 

In this work, the stability constants of the NpO2
+ complexes with BnABDMA, ABDMA, and 

MABDMA were determined by spectrophotometry. The data are compared with those of Nd3+ and 
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UO2
2+ in the literature. EXAFS and computational studies were conducted to help interpret the 

data and correlate the optical properties with the symmetry of the NpO2
+ complexes.  

 

2. Experimental 

2.1 Chemicals 

All chemicals are reagent grade or higher. 2,2’-(benzylazanediyl)bis(N,N’-dimethylacetamide) 

(BnABDMA), 2,2’-azanediylbis(N,N’-dimethylacetamide) (ABDMA), and 2,2’-

(methylazanediyl)bis(N,N’-dimethylacetamide) (MABDMA) were synthesized according to 

previous procedures.14 Details of the preparation and characterization are provided in the 

literature.14 The starting materials and solvents used in the preparation were purchased from 

commercial suppliers (Sigma-Aldrich, Alfa Aesar, EMD, and TCI) and used without further 

purification.   

Boiled Milli-Q water was used in the preparation of all solutions. All experiments were 

conducted at 25 ºC and an ionic strength of 1.0 M NaNO3. The ionic medium of NaNO3, instead 

of NaClO4, was chosen for this work because the solubility of the metal complexes with the 

diacetamide ligands is low in NaClO4 solutions. The stock solution of Np(V) was prepared as 

described elsewhere.21 The concentration of Np(V) was determined by the absorbance at 980.2 nm 

(ε = 395 M-1 cm-1), and the concentration of free acid in the stock solution was determined by 

Gran’s titration.22 Stock solutions of the three ligands were prepared by dissolving appropriate 

amounts of the ligands in 1.0 M NaNO3. The concentration of the ligands was directly calculated 

from the weight and verified by potentiometric titrations. 
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2.2 Spectrophotometry 

Spectrophotometric titrations were carried out to confirm the stability constants of the NpO2
+ 

complexes with ligands using a Cary 6000i UV-Vis-NIR spectrophotometer (Varian Inc.) with a 

10 mm cuvette (1 nm spectral bandwidth). The temperature of the sample was maintained at (25.0 

 0.1) oC by a constant-temperature controller associated with the instrument. Absorption spectra 

were collected from 1065 nm to 950 nm with a 0.2 nm step. For a typical titration experiment, 

appropriate aliquots of ligand solution were added into a cuvette containing 2.1 mL of NpO2
+ 

solution. The solution in the cuvette was mixed thoroughly for 1-2 minutes before the spectrum 

was collected. Prior studies have shown that the complexation reaction was fast and the absorbance 

became stable within 30 seconds of mixing. Usually, 20 or more additions were made, generating 

a set of 21 or more spectra in each titration. Multiple titrations with different concentrations of 

Np(V) were performed. The formation constants were calculated by nonlinear least-squares 

regression analysis using the commercially available HypSpec program.23  

In this paper, the neutral ligands, protonated ligands, and the NpO2
+ complexes are denoted 

as L, HL+, and NpO2(L)j
+, respectively, where j = 1, and 2. 

 

2.3 EXAFS  

Six Np(V) solution samples were prepared for EXAFS study at Stanford Synchrotron Radiation 

Laboratory. Solution I does not contain the ligands and represents the free NpO2
+ ion. Solutions II 

and III contain Np(V) and MABDMA in different concentrations so that NpO2(MABDMA)+ and 

NpO2(MABDMA)2
+ are the dominant complexes in Solution II and III, respectively. Solutions IV 

and V contain Np(V) and ABDMA in different concentrations so that NpO2(ABDMA)+ and 

NpO2(ABDMA)2
+ are the dominant complexes in Solution IV and V, respectively. Solution VI 
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contains Np(V) and BnABDMA and the dominant complex is NpO2(BnABDMA)2
+. The solution 

samples (each 2.0 mL) were contained in plastic vials and sealed in plastic bags. The samples were 

mounted on a sample positioner with Scotch tape, and measured on Beamline 11- 2. Neptunium 

LIII-edge data were collected up to kmax ~ 14 Å-1 in both transmission and fluorescence modes. 

Multiple scans (3-4) were taken for each sample. 

Energy-calibration was conducted by assigning the first inflection point of the K edge of 

yttrium (Y foil as the reference) at 17,038 eV.  Data reduction, including pre-edge background 

subtraction followed by spline fitting and normalization, was performed with the program 

Athena.24 The EXAFS data were extracted above the threshold energy, E0, defined as 17,166 eV. 

The fit of EXAFS data utilized the theoretical phases and amplitudes calculated by the program 

FEFF725 starting with the model crystal structure of a 1:2 U(VI) complex UO2L2(ClO4)2 where L 

denotes 2,2’-(trifluoroazanediyl)bis(N,N’-dimethylacetamide) (CCDC 1584249) and elongating 

the U-N and U-O bonds in this structure for corresponding Np-N and Np-O bonds. For each sample, 

selected single scattering (SS) and multiple scattering (MS) paths from the FEFF calculation were 

used in the fit based on the proposed coordination mode. In all the fits, an amplitude factor (S0
2) 

and a threshold energy shift (E0) were considered to be global parameters. Hanning windows 

with a k range (3.0 - 14.0 Å-1) and Fourier transform with an R range (0.95 – 3.5 Å) were used. 

The fit factor (r) is provided as an indication of the fit quality.  

 

2.4 Computation  

Density functional theory (DFT) calculations were carried out on the complexes and ligands using 

the three-parameter hybrid functional B3LYP.26,27 This level of theory has previously been 

demonstrated to generate reliable structural and energetic results for actinide complexes.15,28,29 
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Grimme’s D3 empirical dispersion correction30  has also been employed as it has been 

demonstrated to be important when calculating the binding energies of ligands of different 

bulkiness.31 Stuttgart-Dresden small-core quasi-relativistic effective core potentials have been 

employed for neptunium.32 Other elements were treated using a 6-31++G(d,p) Gaussian-type basis 

set. Solvent effect has been taken into account by using the polarizable continuum model (PCM).33 

Geometry optimizations of the NpO2(L)2
+ complexes were run with symmetry constraints in PCM 

solvent (the point groups are reported with the optimized structures in the section of results). The 

free energies of the complexes were calculated by adding to the electronic energy of each complex 

the zero point energy and thermal corrections, which comprise electronic, vibrational, rotational, 

and translational contributions to the internal energy.  All calculations were carried out using the 

Gaussian16 program.34  

 

3. Results and Discussion 

3.1 Stability constants of Np(V) complexes with BnABDMA, ABDMA, and MABDMA 

A representative set of absorption spectra for the titration of Np(V) with MABDMA is shown in 

Figure 2. In this titration, a solution of Np(V) in the cuvette was titrated with a solution of the 

ligand. The variations of spectra during the titration can be described in two phases: (1) Phase I 

(cyan color) where the intensity of the absorption band of free NpO2
+ around 980 nm decreased 

and a new band appears at 988 nm and intensified as the concentration of ligand increases， 

indicating the formation of a Np(V) complex (probably a 1:1 complex); and (2) Phase II (rose 

color) where the intensity at 988 nm decreased but no new absorption peaks appeared at longer 

wavelengths. 
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Figure 2 Spectrophotometric titration of NpO2
+ complexation with MABDMA (I = 1.0 M NaNO3, t = 25oC). 

Initial concentrations in cuvette: CNp = 0.386 mM, CH = 0.443 mM, Cnitrate = 1.00 M; titrant: CL = 38.0 mM, 

Cnitrate = 1.00 M. The variations of the spectra during the titration are discussed in two phases: Phase I (cyan 

color) and Phase II (rose color).   

 

These observations, different from those for Np(V) complexes with many ligands (e.g., oxalate, 

fluoride, sulfate, picolinate, glutaroimide-dioxime) where the decrease of the absorbance of the 

first complex is accompanied by the appearance of new absorption band(s) of successive 

complexes at longer wavelengths,3,10,35,36,37 are very similar to those for the ligands that form 

centrosymmetric 1:2 Np(V) complexes (e.g., DPA, TMDGA, MIDA, ODA).4,9,13,38,39  

Accordingly, the spectrophotometric titration data could be interpreted as showing the successive 

formation of the 1:1 and 1:2 Np(V)/L complexes (reactions 1 and 2), with the 1:1 complex 

absorbing at 988 nm and the 1:2 complex does not absorb in the experimental wavelength region. 

This interpretation is consistent with the spectra factor analysis that suggests, besides the free 

NpO2
+ and NpO2(NO3)(aq) complex, there is only one additional absorbing species, i.e., presumably, 

the 1:1 NpO2(L)+ complex in the solutions. 
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NpO2
+ + L = [NpO2L]

+      (1) 

NpO2L
+ + L = [NpO2L2]

+      (2)  

 

 The variations of spectra in the spectrophotometric titrations with all three ligands are 

similar and shown in Figure 3. The first row of Figure 3 represents Phase I of the titrations where 

the formation of NpO2(L)+ is dominant (reaction (1)), while the second row represents Phase II of 

the titrations where the formation of NpO2(L)2
+ is dominant (reaction (2)). The third row shows 

the calculated molar absorptivities of the NpO2(L)+ complexes. 
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Figure 3 Analysis of spectrophotometric titration data for the complexation of NpO2
+ with BnABDMA, 

ABDMA, and MABDMA. The first row: Phase I of the titration showing the decrease of free NpO2
+ and 

the formation of NpO2(L)+; the second row: Phase II of the titration showing the decrease of NpO2(L)+ with 

no new absorption bands for the formation of NpO2(L)2
+;  the third row: molar absorptivities of NpO2

+ and 

NpO2(L)+;  the molar absorptivity of NpO2NO3 is omitted for clarity. 

 

Best fit of the spectra was obtained by fitting the data with the model including the 

formation of two successive NpO2
+ complexes as shown by reactions (1) and (2) and the calculated 

equilibrium constants are shown in Table 1, in comparison with the constants for the complexation 

of NpO2
+ with TMDGA from the literature.13  
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Table 1 Equilibrium constants for the protonation and complexation of BnABDMA, ABDMA, 

and MABDMA, with NpO2
+ at 25 ºC and I = 1.0 M NaNO3. 

Ligand Reaction Methoda logβ Ref. 

BnABDMA H+ + L = HL+ pot, cal 6.36 ± 0.09 14 

 NpO2
+ + L = NpO2(L)+ sp,  2.90 ± 0.09 

p.w. 
 NpO2

+ + 2L = NpO2(L)2
+ sp, 4.01 ± 0.09 

ABDMA H+ + L = HL+ pot, cal 7.12 ± 0.09 14 

 NpO2
+ + L = NpO2(L)+  sp, 2.80 ± 0.09 

p.w. 
 NpO2

+ + 2L = NpO2(L)2
+ sp, 4.00 ± 0.09 

MABDMA H+ + L = HL+ pot, cal 7.64 ± 0.09 14 

 NpO2
+ + L = NpO2(L)+ sp, 3.59 ± 0.09 

p.w. 
 NpO2

+ + 2L = NpO2(L)2
+ sp, 5.50 ± 0.09 

TMDGA NpO2
+ + L = NpO2(L)+ Sp 1.37 ± 0.01 

13 
 NpO2

+ + 2L = NpO2(L)2
+ Sp 2.47 ± 0.01 

 

 

3.2 Comparison of the binding strength among the three amine-functionalized diacetamides 

For both NpO2(L)+ and NpO2(L)2
+ complexes, the binding strength of the three ligands follows the 

order: MABDMA > ABDMA ≈ BnABDMA. This order is in fair agreement with those observed 

for the complexation with Nd(III)14 and U(VI),15 where MABDMA > ABDMA > BnABDMA. 

These trends are interpreted as reflecting the complexation reactions are predominantly 

electrostatic interactions: the electron-donating methyl group increases and the electron-

withdrawing benzyl group decreases the electron density on the amine nitrogen, resulting in 

stronger metal complexes with MABDMA than those with BnABDMA and ABDMA. 
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3.3 Comparison of the binding strength between the amine-linked ligands and ether oxygen-

linked TMDGA  

As shown in Table 1, all three amine-linked ligands form stronger complexes with NpO2
+ than the 

ether oxygen-linked TMDGA. Such trend is often observed when comparing the binding strength 

between nitrogen-donor and oxygen donor ligands in aqueous solution. For example, metal 

complexes with iminodiacetic acid (IDA) are stronger than those with oxydiacetic acid (ODA).40 

The difference in binding is usually attributed to the higher basicity and less hydration of 

amine/imine nitrogen than ether oxygen in aqueous solutions, supported by the difference in the 

enthalpy and entropy of complexation between the two groups of ligands in the complexation of 

metal ions.  

 

 

3.4 Identification of Np(V) complexes in solution by EXAFS 

The k3-weighted EXFAS spectra and the FT magnitude of the six neptunium solution samples are 

shown in Figure 4. The fitting results are shown in Table 2.  
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Figure 4 EXAFS spectra (left) and FT magnitude (right). 

 

Table 2 shows the experimentally observed structure parameters for the Np species in six 

solution samples. For the free NpO2
+ ion (Solution I), five oxygen atoms (from water molecules) 

were identified in the equatorial plane, consistent with observation in the literature.41,42 For the 

solutions where the NpO2(L)+ complexes are dominant (solutions II and IV), one nitrogen atom 



15 

 

and four oxygen atoms in the equatorial plane were observed, suggesting there is one ligand and 

two water molecules coordinating to Np and the ligand is tridentate using the amine nitrogen and 

two oxygen atoms from the amide groups. For the solutions where the NpO2(L)2
+ complexes are 

dominant (solutions III, V, and VI), two nitrogen atoms and four oxygen atoms in the equatorial 

plane were observed, suggesting there are two ligand molecules coordinating to Np and, same as 

in the NpO2(L)+ complexes, the ligand is tridentate using the amine nitrogen and two oxygen atoms 

from the amide groups. 

The EXAFS data provide evidence that, despite its “silent” feature in the absorption spectra, 

the 1:2 complexes, NpO2(L)2
+, are in fact present in solutions where the ligand/metal ratio is high.       

 

Table 2 EXAFS fitting results of Np(V) species in solutions 

Solutiona Shell Nb R (Å) σ2 Notice 

I (Free Np(V)) Np-Oax 2.0 1.82 ± 0.01 0.0025 S0
2 = 1.0, E0 = 9.5 eV 

r = 0.0017 100 % NpO2
+ Np-Oeq 4.9 ± 1.1 2.46 ± 0.02 0.0043 

II (Np(V)/MABDMA) Np-Oax 2.0 1.82 ± 0.01 0.0019 S0
2 = 1.0, E0 = 8.4 eV 

r = 0.0067 15 % NpO2
+ 

75 % NpO2(L)+ 

10 % NpO2(L)2
+ 

Np-Oeq 4.1 ± 1.0 2.45 ± 0.04 0.0042 

Np-Neq 1.0 ± 0.2 3.02 ± 0.13 0.0036 

III (Np(V)/MABDMA) Np-Oax 2.0 1.82 ± 0.01 0.0018 S0
2 = 1.0, E0 = 8.9 eV 

r = 0.0030 
10 % NpO2(L)+ 

90 % NpO2(L)2
+ 

Np-Oeq 3.9 ± 1.0 2.49 ± 0.04 0.0051 

Np-Neq 2.0 ± 0.4 3.05 ± 0.10 0.0041 

IV (Np(V)/ABDMA) Np-Oax 2.0 1.81 ± 0.01 0.0017 S0
2 = 0.86, E0 = 8.8 eV 

r = 0.0021 10 % NpO2
+ 

75 % NpO2(L)+ 

15 % NpO2(L)2
+ 

Np-Oeq 4.3 ± 1.1 2.45 ± 0.02 0.0086 

Np-Neq 1.1 ± 0.2 3.11 ± 0.10 0.0027 

V (Np(V)/ABDMA) Np-Oax 2.0 1.82 ± 0.02 0.0019 S0
2 = 0.93, E0 = 8.9 eV 

r = 0.0055 
10 % NpO2(L)+ 

90 % NpO2(L)2
+ 

Np-Oeq 4.1 ± 0.8 2.48 ± 0.05 0.0049 

Np-Neq 1.9 ± 0.4 3.10 ± 0.09 0.0035 

VI (Np(V)/BnABDMA) 

5 % NpO2(L)+ 

95% NpO2(L)2
+ 

Np-Oax 2.0 1.82 ± 0.02 0.0017 S0
2 = 1.0, E0 = 8.9 eV 

r = 0.043 Np-Oeq 3.9 ± 0.8 2.47± 0.06 0.0052 

Np-Neq 1.9 ± 0.4 3.07 ± 0.11 0.0045 
a The Np(V) speciation (relevant to total [Np]) was calculated by using the complexation constants which 

were determined in this work. 
b N = 2.0 held constant for Np-Oax path in the fit of every solution. 

 

 



16 

 

3.5 Symmetry and optical absorption: computational data 

Minimum energy structures of each NpO2L2
+ complex (L = ABNMA, MABDMA, and 

BnABDMA) were obtained for three types of isomers as shown in three columns of Figure 5. Two 

types of centrosymmetric isomers are represented, respectively, in the first column (A, D, and G) 

and in the second column (B, E, and H). These two types of isomers were previously shown to be 

present in similar U(VI) systems.15 The third type of isomers are non-centrosymmetric and shown 

in the third column of Figure 5 (C, F, and I).  
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NpO2(ABDMA)2
+ 

   

 
 

 

 A (C2h) B (C2h) C (Cs) 

NpO2(MABDMA)2
+ 

  

 

 

  
 

 D (C2h) E (C2h) F (Cs) 

NpO2(BnABDMA)2
+ 

   

 
 

 

 G (C2h) H (C2h) I (Cs) 

 

Figure 5. Calculated minimum energy structures and the molecular point groups of the NpO2(L)2
+ 

complexes. For each complex, the upper row represents the structures viewed from the top of the equatorial 

plane of NpO2
+, and the lower row represents the structures viewed along the equatorial plane of NpO2

+.  
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 The structures in the first and the second columns of Figure 5 are centrosymmetric (C2h 

point group) with the Np atom at the inversion center, but they differ in the arrangements of the 

“ >-C-N-C-N< ” backbone with respect to the equatorial plane of NpO2
+. The diacetamide ligands 

are nearly planar (the O-C··C-O dihedral angle ~ 0°), in a in  the A, D, G structures, while non-

planar  in B, E, H (O-C··C-O dihedral angle ~ 30°). In Table S2 the values for relevant bond 

lengths are reported. The calculated axial Np-O bond is accurately reproduced in all cases.  The 

Np-N lengths are systematically underestimated with respect to EXAFS data, while the and Np-

Oeq are overestimated. This trend was also observed for the similar complexes with UO2
2+, 

although calculations were carried out with a different functional (B3LYP).      

Calculations indicate that the structures in the first column (A, D, and G) always possess lower 

energies than those in the second column (B, E, and H) in aqueous media (Table S2). Therefore, 

the following discussion on the comparison of energy between the centrosymmetric and non-

centrosymmetric complexes is focused on the structures in the first column (centrosymmetric A, 

D, and G) and the third column (non-centrosymmetric C, F, and I).     

 The energies of the non-centrosymmetric structures relative to those of the 

centrosymmetric structures were calculated and shown in Table 3. For the 1:2 complexes of NpO2
+ 

with ABNMA, MABDMA, and BnABDMA, the non-centrosymmetric structures (C, F, and I) 

possess energies higher than the centrosymmetric structures (A, D, and G) by 5.2, 8.4, and 22.2 

kJmol-1, respectively. This means that the NpO2(L)2
+ complexes in aqueous solution are most likely 

to be centrosymmetric.  
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Table 3 Relative free energy G of the structures of NpO2(L)2
+  complexes in aqueous solution. 

 

It is known that the near IR absorption bands of NpO2
+ originate from the f-f transitions 

that are electric-dipole forbidden by Laporte’s rule. A number of studies on NpO2
+ complexes have 

demonstrated that, if the Np(V) complex is centrosymmetric and the neptunium atom is at the 

inversion center, the f-f transitions of Np(V) are completely forbidden and the near-IR absorption 

bands will be “silent”.38,43,44 Only if the arrangement of ligands around NpO2
+ destroys the 

inversion center, absorption bands of Np(V) are observed. Integrating the experimental data from 

spectrophotometric titrations, the structural data from EXAFS, and the theoretical DFT calculated 

results in this work, the optical absorption properties and schematic structures of the Np(V) species 

(free aquo NpO2
+ ion, NpO2(L)+, and NpO2(L)2

+ where L = MABDMA) can be described in Figure 

6. 

Complex Structure Gwater,  kJmol-1

NpO2(ABDMA)2
+ A (C2h) 

 

0.0 

 C (Cs) 

 

8.4 

NpO2(MABDMA)2
+ D (C2h) 

 

0.0 

 F (Cs) 

 

5.2 

NpO2(BnABDMA)2
+ G (C2h) 

 

0.0 

 I (Cs) 

 

22.2 
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                    980.6 nm / 395 M-1cm-1                               987.8 nm / 343.8 M-1cm-1                                                       No absorption 

 

Figure 6. Stepwise formation of NpO2
+/MABDMA complexes and their optical absorption properties 

(band position / molar absorptivity) from this work. 

 

The free aquo NpO2
+ ion and the 1:1 complex NpO2(L)+ show optical absorption bands at 

980.6 nm and 987.8 nm, respectively, implying that neither of the two species is centrosymmetric. 

The free aquo NpO2
+ ion is not centrosymmetric because there are five H2O molecules in the 

equatorial plane as determined by X-ray absorption in this study (Table 2) and other studies.41,42 

The 1:1 complex, NpO2(L)+, is not centrosymmetric either, because its equatorial plane consists 

of one tridentate ligand and two water molecules as shown by EXAFS (section 3.4). As to the 1:2 

complex, NpO2(L)2
+, the continuous decrease and gradual disappearance of the absorbance in 

Phase II of the spectrophotometric titration strongly imply that NpO2(L)2
+ does not absorb in the 

near IR region, and this implication is validated by the DFT calculation that indicates NpO2(L)2
+ 

is centrosymmetric.  

 

4. Conclusion 

NpO2
+ forms moderately strong 1:1 and 1:2 complexes with three N-functionalized diacetamide 

ligands in aqueous solutions, NpO2(L)+ and NpO2(L)2
+. The complexation of NpO2

+ with the imine 

nitrogen-linked diacetamides is stronger than that with analogous ether oxygen-linked diacetamide 
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ligand. By integrating the structural information from EXAFS and the theoretical calculation of 

the energetics, the complexation model that includes the formation of an optically absorbing 

NpO2(L)+ complex and an optically non-absorbing NpO2(L)2
+ complex is validated. 
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NpO2
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+ and NpO2(L)2
+ complexes with amine-functionalized 

diacetamides and the NpO2(L)2
+ complexes are “silent” in near-IR optical absorption.  

 

 

Supporting Information 

Table S1 Experimental conditions for spectrophotometric titrations to determine the stability 

constants of NpO2
+ complexes with BnABDMA, ABDMA, and MABDMA. The initial volume in 

the cuvette was 2.10 ml, and a total of 1.08-1.15 mL of titrant was added in each titration.  
 

Ligand Titration # 
Initial Conditions, mM Titrant, mM 

CNp CH CNitrate CL CH CNitrate 

BnABDMA 
1 0.362 0.419 1000 157 0 1000 

2 0.290 0.338 1000 157 0 1000 
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ABDMA 
1 0.390 0.448 1000 53.44 4.79 1000 

2 0.328 0.381 1000 53.44 4.79 1000 

MABDMA 
1 0.386 0.443 1000 38.0 0 1000 

2 0.310 0.357 1000 38.0 0 1000 

 

 

 

 

Table S2 Selected bond distances (Å) in the DFT minimum energy structures of the NpO2L2
+ complexes 

calculated in PCM water (Figure 5) For comparison also data for [NpO2(H2O)5]+ are reported. In the last 

column the energy difference G (kJ mol-1) relative to the most stable isomer is reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Np-Oax Np-Oeq Np-N Gwater

Np(H2O)5
+  1.793 2.551 - - 

 A 1.823 2.578 2.742 0.0 

Np(ABDMA)2
+ B 1.820 2.578 2.741 8.2 

 C 1.824 2.577 2.762 8.4 

 D 1.821 2.570 2.799 0.0 

Np(MABDMA)2
+ E 1.818 2.552 2.841 10.5 

 F 1.824 2.570 2.806 5.2 

 G 1.818 2.567 2.803 0.0 

Np(BnABDMA)2
+ H 1.817 2.580 2.861 31.5 

 I 1.823 2.576 2.796 22.2 


