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ABSTRACT: Complexation of Np(V) with three structurally related
amine-functionalized diacetamide ligands, including 2,2'-azanediylbis-
(N,N'-dimethylacetamide) (ABDMA), 2,2’-(methylazanediyl)bis(N,N’-
dimethylacetamide) (MABDMA), and 2,2'-(benzylazanediyl)bis(N,N’-
dimethylacetamide) (BnABDMA), in aqueous solutions was inves-
tigated. The stability constants of two successive complexes, namely,
NpO,L" and NpO,L,", where L stands for the ligands, were determined
by absorption spectrophotometry. The results suggest that the stability con-
stants 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. Extended X-ray
absorption fine structure data indicate that, similar to the complexation
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with Nd** and UO,*, the ligands coordinate to NpO," in a tridentate mode through the amine nitrogen and two oxygen atoms
of the amide groups. Computational results, in conjunction with spectrophotometric data, verify that the 1:2 complexes
(NpO,(L),") in aqueous solutions are highly symmetric with Np at the inversion center, so that the f—f transition of Np(V) is
forbidden and NpO,(L)," does not display significant absorption in the near-IR region.

1. INTRODUCTION

Neptunium is one of the most problematic elements in the
reprocessing process of spent nuclear fuel (SNF) as well as in the
environmental management of high-level nuclear wastes (HLW)
due to its redox and extraction behavior in reprocessing and its
transport characteristics in the geological environment. Because
of its long half-life, t, , = 2.144 X 10° years, »*"Np is predicted to
contribute 67% of the total radiation dose from HLW after
75 000 years of storage in the respository. Also, the pentavalent
state of neptunium, Np(V), is the most stable state and exists as
NpO," ions in aqueous solution. Possessing a low ionic charge
and relatively large ionic radius, NpO," does not hydrolyze in
weakly acidic or neutral solutions, resulting in high solubility and
mobility in the waste repository. Besides, complexation of NpO,*
with many ligands is weak, and its extraction by many traditional
extracts in actinide separation processes is difficult. It is of prime
importance to explore ligands that can strongly bind NpO,* and
separate it from high-level nuclear wastes, helping to improve the
safe management of waste repositories.

There have been a number of studies on the complexation of
organic ligands with neptunium, including monocarboxylic acids
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such as benzoic acid” and picolinic acid,” dicarboxylic acids such
as dipicolinic acid (H,DPA)," 1,10-phenanthroline-2,9-dicarboxylic
acid (H,PhenDA),” iminodiacetic acid (IDA),®” and N-methyl-
iminodiacetic acid (MIDA),*” and glutaroimide-dioxime.'’
These ligands, while exhibiting fairly good complexation
capabilities with Np(V), are completely combustible, because
they contain only C, H, O, and N atoms. As a result, use of these
ligands could help to significantly reduce the volume of solid
radioactive wastes in the separation processes.

In recent years, alkyl-substituted diglycolamides have been
studied as efficient complexants for separations of actinides and
lanthanides in SNF reprocessing.'’ Diglycolamides contain an
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. Use of
these ligands (also containing only C, H, O, and N atoms) helps
to improve the environmental sustainability of the separation
processes. Additionally, by varying the substitutional groups on
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the amide nitrogen, diglycolamides can be used either as efficient
extractants for solvent extraction, such as N,N,N’,N’-tetraoctyl-
diglycolamide (TODGA)'" and N,N,N’,N’-tetraisobutyl-digly-
colamide (TiBDGA),"” or as small molecules for single-phase
thermodynamic studies such as N,N,N’,N’-tetramethyl-diglyco-
lamide (TMDGA)."

By replacing the ether oxygen linkage in diglycolamides with
an amine linkage, we designed and prepared three diacetamide
ligands, including 2,2'-azanediylbis(N,N’-dimethylacetamide)
(ABDMA), 2,2'-(methylazanediyl)bis(N,N’-dimethylaceta-
mide) (MABDMA), and 2,2'-(benzylazanediyl)bis(N,N’-dime-
thylacetamide) (BnABDMA; Figure 1). The equilibrium

(o} [ (o} o H (o} o [o}
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MABDMA ABDMA BnABDMA

Figure 1. Structures of ABDMA, MABDMA, and BnABDMA.

constants and enthalpy of complexation between these ligands
and metal ions including Nd(II)"* and U(VI)"® were deter-
mined. Using the amine nitrogen linkage in these ligands to
replace the ether oxygen linkage in diglycolamides, we are able to
fine-tune the basicity and metal-binding strength of the ligands
through the substitution with various functional groups on the
amine N atom. This “tunability” is not feasible for the ligands
with the ether linkage such as TMDGA. The data for the
complexation with Nd(IIT)"* and U(VI)"® show that the stability
of the complexes follows 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 NpO,* and com-
pare the data with those for Nd** and UO,*".

One interesting feature of the complexation of NpO,* with the
ether oxygen linked diacetamide ligand TMDGA is that the
1:2 complex NpO,(L),*, where L = TMDGA, is “silent” in near-IR
absorption spectroscopy,” which suggests the complex is centro-
symmetric and the Np atom is at the inversion center so that the
f—f transition is forbidden by the Laporte’s rule.'® The “silent”
feature in absorption spectroscopy of N}z)OZ“L has also been
theoretically discussed in the literature."’~*° In the case of the
NpO,(L)," complex with the amine-functionalized diacetamides
(where L = BnABDMA, ABDMA, or MABDMA), the two
ligands could be in a cis or trans configuration with respect to the
equatorial plane of NpO,*, 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 NpO," complexes
with BhnABDMA, ABDMA, and MABDMA were determined by
spectrophotometry. The data are compared with those of Nd**
and UO,* in the literature. Extended X-ray absorption fine
structure (EXAFS) and computational studies were conducted
to help interpret the data and correlate the optical properties with
the structure and symmetry of the NpO," complexes.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Chemicals used in this work are all reagent grade
or higher. 2,2"-azanediylbis(N,N’-dimethylacetamide) (ABDMA),
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2,2'-(methylazanediyl)bis(N,N’-dimethylacetamide) (MABDMA),
and 2,2'-(benzylazanediyl)bis(N,N’-dimethylacetamide) (BnABDMA)
were synthesized according to previous procedures.'* In preparing the
ligands, commercially available materials (2-chloro-N,N’-dimethylace-
tamide, benzylamine, K,CO;, KI, and methylamine) and solvents
(CH,CI and EtOH) were purchased from Sigma-Aldrich, TCI, EMD,
and Alfa Aesar, and used without additional purification.

Boiled Milli-Q water was used in the preparation of all solutions. All
experiments were conducted at 25 °C and an ionic strength of 1.0 M
NaNO;. The ionic medium of NaNO;, instead of NaClO,, was chosen
for this work, because the solubility of the metal complexes with the
diacetamide ligands is low in NaClO, solutions. The stock solution of
Np(V) was prepared by following procedures as described elsewhere.”!
The concentration of Np(V) was determined by the absorbance at
980.2 nm (¢ = 395 M™' cm™), and the concentration of free acid in
the stock solution was determined by Gran’s titration.”> Caution!
Neptunium is a radioactive material with a-radiation that presents
significant hazards to human health and environment. Extreme precautions
should be taken when handling this material. Stock solutions of the three
ligands were prepared by direct dissolution of proper quantities of the
ligands in 1.0 M NaNOj. The ligand concentration in the stock solution
was obtained from the weight and verified by potentiometric titrations.

2.2. Spectrophotometry. Spectrophotometric titrations on a Cary
6000i UV—vis—NIR (NIR = near-infrared) spectrophotometer (Varian
Inc.) were performed to obtain the stability constants of the complexes
between NpO, " and the three ligands. A 10 mm cuvette was used, and
the slit width of the instrument was set to achieve 1 nm spectral
bandwidth. The sample temperature was controlled at (25.0 + 0.1) °C
by a constant-temperature controller associated with the instrument.
Absorption spectra were collected from 1065 to 950 nm stepwise with a
0.2 nm interval. In each titration, the initial solution (2.10 mL)
containing NpO," was titrated by adding appropriate aliquots of ligand
solution and mixing thoroughly for ~2 min prior to the collection of
spectra. The mixing time is sufficient, because preliminary experiments
demonstrated that it required only 30 s to achieve complexation
equilibrium. Usually, 20 or more additions of the titrant were made, and
a set of 21 or more spectra were generated in each titration. Two titra-
tions with different [Np(V)] were conducted (Table S1 of Supporting
Information). The equilibrium constants were calculated by fitting the
spectra with a commercial program HypSpec.**

Prior to the spectrophotometric titrations, scoping tests were
conducted to confirm that the optical absorption of either NaNO; or
the ligands in the wavelength region is negligible and to help select the
optimal concentrations of neptunium and acidity for the titrations.
On the basis of the results from scoping tests, the initial [Np] in the
cuvette was selected to be 0.3—0.4 mM, resulting in optical absorbance
of 0.12—0.16 at 980 nm and high-quality spectra on the Cary-6000i
spectrometer. Using higher [Np] in the titrations was not desirable
because of two reasons: (1) it would require higher concentrations of
the ligand to achieve a high ratio of ligand/metal, which could lead to
cloudiness of the sample solution as observed in preparing the EXAFS
samples in this work; and (2) it would present more hazards and increase
radioactive waste.

The neutral diamide ligands, protonated diamide ligands, and the
NpO,*/diamide complexes are denoted in this paper as L, HL", and
NpO,(L)/, respectively, where j = 1 and 2.

2.3. EXAFS. Seven Np(V) solution samples were prepared, and the
EXAFS spectra were collected at Stanford Synchrotron Radiation
Laboratory. Solution I did not contain any ligands and represents the
free NpO," ion. Sample solutions II—-VII consisted of Np(V) and the
ligands at different concentrations and acidities such that either
NpO,(L)* or NpO,(L)," was the dominant complex in a sample. The
speciation of Np(V) species in sample solutions II—VII was calculated
using the complexation equilibrium constants from this work and shown
in Figure S1 of Supporting Information.

Each solution sample (2 mL) was placed in a polyethylene vial that
was doubly sealed in two plastic bags. The samples were attached to a
sample positioner with adhesive tape, and EXAFS data collected on
Beamline 11-2 at neptunium Ly-edge up to k., ~ 14 A~ in
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transmission and fluorescence modes. For each sample, three to four
scans were usually taken.

Yttrium foil was used as the reference in the measurements.
Therefore, energy calibration was accomplished by assigning the first
inflection point of the K edge of yttrium at 17 038 V. Program Athena”*
was used to perform data reduction, including the subtraction of pre-
edge background, spline fitting, and normalization. The threshold energy
E, was defined as 17 166 eV, above which the EXAFS spectra were
extracted. The program FEFF7”° was used to calculate the theoretical
phases and amplitudes, starting with the crystal structure of UO,L,(ClO,),
(CCDC 1584249), where L stands for 2,2'-(trifluoroazanediyl)bis(IN,N'-
dimethylacetamide) and elongating the U-N and U—O bonds in this
structure for corresponding Np—N and Np—O bonds. Then the calculated
theoretical phases and amplitudes were used for fitting the EXAFS data.
In all the fits, EXAFS spectra with a k range (3.0—14.0 A™") and Fourier
transform magnitudes with an R range (0.95—3.5 A) were used, while
considering the amplitude factor (Sy*) and the threshold energy shift
(AE,) as global parameters.

2.4. Computation. Density functional theory (DFT) calculations
were performed on the complexes and ligands at the level of three-
parameter hybrid functional B3LYP.*** This level of theory has
previously been shown to generate reliable data of structure and energy
of actinide complexes.">***” Grimme’s D3 empirical dispersion correc-
tion®® was also employed, as it has been demonstrated to be important
when calculating the binding energies of ligands of different bulkiness.>!
Stuttgart—Dresden small-core c%uasi-relativistic effective core potentials
were employed for neptunium.”* A 6-31++G(d,p) Gaussian-type basis
set was used to treat other elements. Solvent effect was accounted for by
utilizing the polarizable continuum model (PCM).*? Geometry
optimizations of the NpO,(L)," 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 as well as the thermal corrections that
include the contribution of electronic, harmonic vibrational, rotational,
and translational energies to the internal energy. All calculations were
performed with Gaussian16.>*

3. RESULTS AND DISCUSSION

3.1. Stability Constants of Np(V) Complexes with
ABDMA, BnABDMA, and MABDMA. A representative set of
absorption spectra for the titration of Np(V) with MABDMA is
shown in Figure 2. The variations of spectra along the titration
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Figure 2. Spectrophotometric titration of NpO," complexation with
MABDMA (I = 1.0 M NaNO;, t = 25 °C). Initial concentrations in
cuvette: Cy, = 0.386 mM, Cyy = 0.443 mM, C,jee = 1.00 M; titrant: Cp =
38.0 mM, Cjrae = 1.00 M. The variations of the spectra during the
titration are discussed in two phases: Phase I (cyan color) and Phase II
(orange color).

can be described in two phases: (1) Phase I (cyan color), where
the intensity of the absorption band of free NpO,* around 980 nm
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decreases, and a new band appears at 988 nm and intensifies as
the concentration of ligand increases, indicating the formation of
a Np(V) complex (probably a 1:1 complex); and (2) Phase II
(orange color), where the intensity at 988 nm decreases, but no
new absorption peaks appear at longer wavelengths.

These observations are different from those for Np(V) com-
plexes 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 w;1velengths,3’m’35_37
but they are very similar to those for the ligands that form
centrosymmetric 1:2 Ng(V) complexes (e.g., DPA, TMDGA,
MIDA, ODA).**"***%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 com-
plex not absorbing in the experimental wavelength region. This
interpretation is consistent with the spectra factor analysis that
suggests, besides the free NpO," and NpO,(NO;) ,q) complex,
there is only one additional absorbing species, that is,
presumably, the 1:1 NpO,(L)* complex in the solutions.

NpO," + L = [NpO,L]" (1)

)

The variations of spectra in the spectrophotometric titrations
with all three ligands are similar and shown in Figure 3. The first

NpO,L* + L = [NpO,L,]"
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Figure 3. Analysis of spectrophotometric titration data for the
complexation of NpO,* with BhABDMA, ABDMA, and MABDMA.
The first row: Phase I of the titration showing the decrease of free NpO,*
and the formation of NpO,(L)"; the second row: Phase II of the titration
showing the decrease of NpO,(L)* with no new absorption bands for
the formation of NpO,(L),"; the third row: molar absorptivities of
NpO," and NpO,(L)*; the molar absorptivity of NpO,NOj is omitted
for clarity.

row of Figure 3 represents Phase I of the titrations, where the
formation of NpO,(L)" is dominant (reaction 1), while the second
row represents Phase II of the titrations, where the formation of
NpO,(L)," is dominant (reaction 2). The third row shows the
calculated molar absorptivities of the NpO,(L)* complexes.
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Various models were tested to fit the spectrophotometric data,
including the model with the formation of two successive Np(V)
complexes (NpO,(L)" and NpO,(L),"), the model with pro-
tonated Np(V) complexes such as NpO,(HL)**, and the model
with hydrolyzed Np(V) species such as NpO,(OH). Best fit of
the spectra was obtained by fitting the data with the model
including the formation of two successive NpO,* complexes as
shown by reactions 1 and 2, and the calculated equilibrium
constants are shown in Table 1, in comparison with the constants

Table 1. Equilibrium Constants for the Protonation and
Complexation of ABDMA, BnABDMA, and MABDMA, with
NpO,* at 25 °C and I = 1.0 M NaNO,

ligand reaction method” log B ref’
BnABDMA H'+L=HL* pot, cal 6.36 + 0.09 14
NpO," + L = NpO,(L)* sp 290+ 009 pw
NpO," + 2L =NpO,(L),"  sp 4.01 + 0.09
ABDMA H*+L=HL" pot, cal 7.12 £ 0.09 14
NpO,* + L = NpO,(L)* sp 280 £0.09 pw
NpO," + 2L = NpO,(L)," sp 4.00 + 0.09
MABDMA H"+L=HL" pot, cal 7.64 + 0.09 14
NpO,* + L = NpO,(L)* sp 359 +£009 pw
NpO,* + 2L = NpO,(L),"  sp 5.50 + 0.09
TMDGA  NpO," +L=NpO,(L)*  sp 137001 13
NpO," + 2L = NpO,(L)," sp 247 £0.01

“Methods: pot—potentiometry, cal—calorimetry, sp—spectrophotom-
etry. "pw = present work.

for the complexation of NpO," with TMDGA from the
literature.'” When fitting the data with the model including the
hydrolysis of Np(V), two values of the hydrolysis constant
(log(*B;) = —9.06”" or —11.13* from the literature, where *$,
is the hydrolysis constant for the reaction NpO,* + H,0 =
NpO,(OH) + H*) were tested. The NpO,(OH) species in the
final cuvette solution ranges from 0.5% to 1.5% by using the value
of —9.06, but it is nearly 0% by using the value of —11.13. The
calculated equilibrium constants for the complexation reactions 1
and (2) remain unchanged whether the hydrolysis is included or
excluded. The speciation information concerning the hydrolysis
was provided together with the titration conditions in Table S1 of
Supporting Information.

3.2. Comparison of the Binding Strength among the
Three Amine-Functionalized Diacetamides. For both
NpO,(L)* and NpO,(L)," 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)'* and U(VI),"”> where
MABDMA > ABDMA > BnABDMA. These trends are inter-
preted as reflecting the complexation reactions are predom-
inantly 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.

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 NpO," than the ether oxygen-
linked TMDGA. Such a trend is often observed when comparing
the binding strength between nitrogen-donor and analogous
oxygen-donor ligands in aqueous solution. For example, metal
complexes with iminodiacetic acid (IDA) are stronger than those
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with oxidiacetic acid (ODA).*" 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. No EXAFS data for Sample VII (Figure S1 of
Supporting Information) were obtained, because this sample
was found cloudy. The EXFAS spectra (k’-weighted) and
Fourier transform magnitude of Samples I-VI are shown in
Figure 4. The fitting results are summarized in Table 2.

< 3
g E
<
5 3
p V4 ‘ N :’1\.' V)
YAV \/A'\\,i/m Vi Mo
/x A ‘,,/\ /ﬂ"\} lﬂ\ /\ VD
JM iy ./. \\/f 'Wf{ /\} \/\P/\/\M

R (A)

Figure 4. (left) k>-weighted EXAFS spectra; (right) Fourier transfer
magnitudes.

The structural parameters of the Np species in solution
samples (I—VI) obtained by EXAFS are shown in Table 2. For
the free NpO," ion (Solution I), five oxygen atoms (from water
molecules) were identified in the ec;_uatorial plane, consistent
with observation in the literature.*"** For the solutions where
the NpO,(L)* complexes are dominant (solutions II and IV),
one nitrogen atom 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 NpO,(L)," 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 NpO,(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 NpO,(L),"
are in fact present in solutions where the ligand/metal ratio is high.

3.5. Symmetry and Optical Absorption: Computational
Data. Minimum energy structures of each NpO,L,* complex
(L = ABNMA, MABDMA, and BnABDMA) were obtained for
three types of isomers as shown in three columns of Figure S.

DOI: 10.1021/acs.inorgchem.8b00654
Inorg. Chem. 2018, 57, 6965—6972
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Table 2. EXAFS Data of Np(V) Species in Solution Samples (I-VI)

solution shell N® R(A) o notice®
I (free Np(V)) Np—0,, 2.0 1.82 + 0.01 0.0025 Sy2 =10, AE°=9.5eV
100% NpO,* Np-O,, 49+ 1.1 246 + 0.02 0.0043 r=0.0017
II (Np(V)/MABDMA) Np-0,, 2.0 1.82 + 0.01 0.0019 Sp> = 1.0, AE’ = 8.4 eV
15% NpO,* Np—O,, 41410 2.45 + 0.04 0.0042 r = 0.0067
75% NpO,(L)*
10% NpO,(L)," Np—N,, 1.0 £ 02 3.02 +£0.13 0.0036
111 (Np(V)/MABDMA) Np—O,, 2.0 1.82 + 0.01 0.0018 Sp*=1.0, AE’ =89 eV
10% NpO,(L)* Np-O,, 39+10 2.49 + 0.04 0.0051 r = 0.0030
90% NpO,(L),* Np—N, 2.0+ 04 3.05 +0.10 0.0041
IV (Np(V)/ABDMA) Np—O,, 2.0 1.81 + 0.01 0.0017 So> = 0.86, AE° = 8.8 eV
10% NpO,* Np—O,, . 2.45 +0.02 0.0086 r=0.0021
75% NpO,(L)* Np—N,, 1.1+02 3.11 £ 0.10 0.0027
15% NpO,(L),"
V (Np(V)/ABDMA) Np—O,, 2.0 1.82 + 0.02 0.0019 Sp* = 0.93, AE" = 8.9 eV
10% NpO,(L)* Np—O,q 41+08 248 + 0.05 0.0049 r = 0.005S
90% NpO,(L)," Np—N,, 1.9 + 04 3.10 + 0.09 0.0035
VI (Np(V)/BnABDMA) Np—0,, 2.0 1.82 + 0.02 0.0017 So2 = 1.0, AE° =89 eV
5% NpO,(L)* Np-O,, 3.9+08 247 + 0.06 0.0052 r=0.043
95% NpO,(L)," Np—N,, 19+ 04 3.07 £0.11 0.0045

“The speciation of Np(V) (percentages of total [Np]) was calculated by using the complexation constants that were determined in this work.
®The number of Np—O,, path was held constant in the fit of all samples. “r is the fit factor as an indicator of the fit quality.

NpO(ABDMA),"

NpOy(MABDMA),"

NpO,(BnABDMA),"

G (Ca) H (Can) 1(Cy)

Figure S. Calculated minimum energy structures and the molecular point groups of the NpO,(L)," complexes. For each complex, the upper row
represents the structures viewed from the top of the equatorial plane of NpO,*, and the lower row represents the structures viewed along the equatorial
plane of NpO,*. Two types of centrosymmetric isomers (A, D, G in the first column and B, E, H in the second column) and one type of
noncentrosymmetric isomers (C, F, I in the third column) are represented. A, B, and C are for NpO,(ABDMA)," complex; D, E, and F are for
NpO,(MABDMA)," complex; G, H, and I are for NpO,(BnABDMA)," complex.

Two types of centrosymmetric isomers are represented, type of isomers are noncentrosymmetric and shown in the third

respectively, in the first column (A, D, and G) and in the second column of Figure S (C, F, and I).

column (B, E, and H). These two types of isomers were pre- The structures in the first and the second columns of Figure 5

viously shown to be present in similar U(VI) systems."® The third are centrosymmetric (C,;, point group) with the Np atom at the
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Table 3. Relative Free Energy” AG of the Structures of
NpO,(L)," Complexes in Aqueous Solution

Complex Structure AGuyater, kJ-mol”
NpO(ABDMA)," A (Cay) M 0.0
(9
A .
NpOA(MABDMA),* D (Can) 0.0
¢
F(Cy) 52
.
& <
NpO,(BiABDMA)," G (Can) % 00
.
I(Cy) 222

4

& 3.

“Calculated at the B3LYP-D3 level.

inversion center. They both have the substitutional groups of the
two ligands on the central amine N (e.g, the benzyl group in
BnABDMA, the methyl group in MABDMA, and the hydrogen
in ABDMA) in the trans position, but they differ in the arrange-
ments of the “ >N—C(O)—C—N—-C—C(O)—N< ” backbone
with respect to the equatorial plane of NpO,". The diacetamide
ligands are nearly planar (the O—C---C—O dihedral angles ~0°)
in the structures of the first column (Structures A, D, G), while
the diacetamide ligands are nonplanar (O—C:--C—O dihedral
angles ~30°) in the structures of the second column (Structures
B, E, H). Selected bond lengths of the structures calculated at
both B3LYP and B3LYP-D3 levels are reported in Table S2 and
compared with the experimentally observed bond lengths from
EXAFS. As shown in Table S2, the calculated Np—O,, bond
length is in excellent agreement with the EXAFS data for all
complexes. However, note that, for all three ML, complexes, the
calculated Np—O,, bonds are ~0.06—0.13 A longer than those
from EXAFS. On the contrary, the calculated Np—N bonds are
systematically shorter (by ~0.07—0.36 A, with an average of
0.24 A) than those from EXAFS. Such difference between the
calculated and EXAFS measured bond lengths has been observed
for similar amine-linked diamide complexes with UO,*" in a
previous study." Different functionals (B3LYP and B3LYP-D3)
seem to generate similar bond lengths with similar trends of
overestimating the equatorial M—O bonds while underestimat-
ing the equatorial M—N bond lengths (Table S2). Without a
satisfactory explanation for this observation, we note that, while

the differences in Ry, oq between the calculated and the experi-
mental values (Ar) are similar for all three NpO,(L)," complexes,
the difference in Ry,_y between the calculated and the experi-
mental values (Ar) for the NpO,(ABDMA)," complexes is
significantly larger than those for the NpO,(MABDMA),"
and NpO,(BnABDMA),* complexes (Table S2). Therefore,
we hypothesize that the presence of additional water H-bonds to
the amine group of ABDMA could have a significant effect on the
Np—N bond length.

Calculations at the B3LYP-D3 level 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:
the B, E, and H structures are less stable than A, D, and G by
~8, 10, and 31 kJ/mol, respectively. Therefore, the following
discussion on the comparison of energy between the centro-
symmetric and noncentrosymmetric complexes is focused on the
structures in the first column (centrosymmetric A, D, and G) and
the third column (noncentrosymmetric C, F, and I).

The calculated energies of the noncentrosymmetric structures
(C, F, and 1) relative to those of the centrosymmetric structures
(A, D, and G) are shown in Table 3. For the 1:2 complexes of
NpO," with ABNMA, MABDMA, and BnABDMA, the noncen-
trosymmetric structures (C, F, and I) possess energies higher
than the centrosymmetric structures (A, D, and G) by 5.2, 8.4,
and 22.2 kJ-mol ™, respectively. This means that the NpO,(L),"
complexes in aqueous solution are most likely to be centrosym-
metric.

The near-IR absorption bands of NpO,* are known to
originate from the f—f transitions that are electric-dipole
forbidden according to Laporte’s rule. A number of studies on
NpO,* complexes have demonstrated that the f—f transitions of
Np(V) in a centrosymmetric structure where the Np atom sits at
the inversion center are completely forbidden, and no absorption
bands in the near-IR region are observed.”®*>** Only if the
inversion center is destroyed by the arrangement of ligands
surrounding NpO,”, absorption bands of Np(V) in the near-IR
region can be observed. Integrating the experimental data from
spectrophotometric titrations, the structural data from EXAFS,
and the theoretical DFT calculated results in this work, the
schematic structures and associated absorption characteristics of
the Np(V) species, including the free NpO,* and Np(V)/
MABDMA complexes, can be described in Figure 6.

The free aquo NpO,"* ion and the 1:1 NpO,(L)* complex
show optical absorption bands at 980.6 and 987.8 nm,
respectively, indicating that neither NpO,* nor NpO,(L)* is
centrosymmetric. For the free NpO,(aq)* ion, X-ray absorption
in this study (Table 2) and other studies*"”** has demonstrated

+ —N
H,0 >—0
‘.‘(l)l ,-OH; %
H0- ==~ ':,‘P’ —)L — Ne-eeee
Al on, < ;
/0 —0
H,0
\

980.6 nm /395 M'cm™

987.8 nm/ 343.8 M'cm™

“OH,

-+ - -+
/ \
—_ N_
—0 O ==
,,OHz N o /!
L \/: )
— — N 'NI? ------ N—
S
=g © o=
—N N—
_ \ /

No absorption

Figure 6. Stepwise complexation of NpO," with MABDMA and associated optical absorption characteristics (band wavelength/molar absorptivity)

from this work.
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that its equatorial plane contains five water molecules and that
there is no inversion center in NpO,(H,0);*. As to the 1:1
complex, NpO,(L)*, the equatorial plane of NpO,* contains two
H,0 molecules and one tridentate ligand (Table 2) so that
NpO,(L)* cannot be centrosymmetric. As a result, both the free
NpO,(aq)* ion and the 1:1 NpO,(L)* complex possess char-
acteristic absorption bands in the near-IR region. In contrast, the
1:2 complex NpO,(L)," contains two tridentate ligands in the
equatorial plane, forming a centrosymmetric structure surround-
ing the Np center, so that no f—f transitions are allowed and no
near-IR absorption is observed.

4. CONCLUSION

In aqueous solutions, the three N-functionalized diacetamide
ligands form two complexes with Np(V) with moderate strength,
namely, NpO,(L)" and NpO,(L),*. The strength of the com-
plexes varies depending on the substituent on the nitrogen atom,
following the trend methyl > —H = benzyl. The complexation of
NpO," with the amine nitrogen-linked diacetamides is stronger
than that with analogous ether oxygen-linked diacetamide 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 NpO,(L)*
complex and an optically nonabsorbing NpO,(L),* complex is
validated.
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