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Abstract

SC-XRD structure and Raman spectra of two new mixed-valence Np(V)-Np(VI) compounds with cation
— cation interactions (CCls) using TEDGA (TetraEethylDiGlycol Amide, belonging to the diglycolamide
family), as a ligand are reported: a trimeric species, [Np O2(TEDGA),]2[Np"02(NO;),](NO3), (1),
which is the first neptunium representative of a linear actinide trimer with CCls, and a dimeric species,
[NpYO»(TEDGA),][Np“'02(NO3);].CH3CN (2). These two structures were prepared thanks to controlled
and reproducible syntheses, based on the mixing of the two monomers solutions in an inert solvent: a
Np(V)-TEDGA monomer solution mixed with a dinitrate or trinitrate Np(VI) solution. To better
understand the impact of the CCls on the actinyl cations electronic properties, these structures were
compared to the constituent monomers, [Np'O.(TEDGA),]" (3) that was also synthesized and
NpY'02(NO3)2(H20).. To complete the series, the [Np"'O2(TEDGA),]*" (4) monomer is also reported.
In addition, DFT calculations were performed to aid in interpreting the Raman experimental data, to
characterize the bonding in such polynuclear species and to identify the main parameters influencing
the stability of cation-cation structures, such as the nature of counter ions, the influence of alkyl chains

and the presence of weak intra- or intermolecular interactions.
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Introduction

The actinide (An) chemistry is mostly influenced by the formation of polynuclear species that have
attracted valuable interest over the last decades. These species have been proven to play an important
role in the waste management, fuel reprocessing and even in biological media.'*** There are several
ways to connect actinides: the complexation through polydentate bridging ligands, named coordination

polymer, the hydrolysis/condensation of actinide leading to the formation of variable oxo-hydroxo



bridged complexes, named clusters,” and compounds with cation—cation interactions (CCIs). All these
species, underestimated in actinide speciation, can have a major influence on actinide speciation,
chemistry and reactivity. For example, we recently redefined the speciation diagram of the Pu-acetate
system with the dominated presence of a hexameric complex formed in a wide range of chemical
conditions, whereas none of the previous studies mentioned this polynuclear species.’ In liquid-liquid
extraction, it is also known that CCI compounds also drastically modify the actinide separation behavior
and performances. For instance, the formation of Np(VI)-Np(V), U(VI)-Np(V), Pu(IV)-Np(V) or U(VI)-
Tc(VII) CCIs complexes is known to increase the unwanted extraction of neptunium or technetium

during liquid-liquid extraction by TriButylPhosphate (TBP) or monoamide (DEHiBA).*’

The CCI in actinide science is defined as the interaction between the axial oxygen of an actinyl (trans-
dioxo AnO,"" cation) and another cationic center. The yl bond is particularly strong due to the presence
of both 6 and m interactions between 5f and 6d orbitals of the metal center and the O 2p orbitals.®’ The
coordination in the equatorial plane of the actinyl ion by one or several ligands weaken the yl bond
increasing the Lewis base character of the oxo group.”'®!'" This property is exacerbated for +V oxidation
state explaining why they are most involved in CCI compounds. Beyond its nuclear industrial interest,
CClIs have also a critical role in material science with the enhancement of magnetic interactions giving
rise to the formation of magnets.''"? Furthermore, in more fundamental researches, CCls are also
involved in mechanism as intermediate steps in actinide redox chemistry and disproportionation

reactions.'*!1316:17

The coordination modes versatility differing in the number of cations involved, the shape of the
molecular structure (linear or not) and the oxidation state of the doner or acceptor actinides,'® are
responsible for the multiplicity of the solid structure arrangements.'” CCI compounds exhibit diverse
metal-ion lattice connectivities ranging from discrete molecules to coordination polymers with various
dimensions: chains or ribbons (1D), layers (2D) or 3D-networks. Numerous extended structures
containing CCls with association of one or several An oxidation states were described in the literature.
In this paper, we are interested only in discrete compounds with finite and small nuclearities (number
of actinide atoms involved in the structure, N). Structures with N from 2 to 5 were reported in the
literature. Single-valence dimers were described for An(V) (with An = Np?* 21222324 or J*>!7) and
U(VD)***. The U(V)-U(VI)*®* and Np(V)-Np(VI)’ dimers are the only representatives of mixed-valence
complexes containing only two actinides. All these dimers made only of actinyls can be further grouped
into two distinct categories according to the geometry in diamond- or T-shape. For N=3, single-valence
trimers were synthesized and characterized for U(VI)'**=%*! and An(V) (with An = U*, Np** or Pu*).
Trimers presenting several oxidation states were described for An(IV)-An(V) (with An = Np** or U*®),
An(V)-An(VI) (with An = Np*” or U *) systems. The predominant shape of these trimers is a triangle
with an actinide located at every vertex and connected to the two others.”®****** Two other geometries

can be observed: the first one seems like an opened triangle with one side missing (i.e. a bent line)**~’



and a linear arrangement with three aligned actinide cations®®. Tetramer units were largely described as
a more or less distorted square for An(IV)-An(V) (with An=Np>*~** or U*), An(V) (with An=U""">4041
or Np**), U(VI)'** and U(V)-U(VI).** A few of them were reported with particular symmetries.**~**
Finally, above the nuclearity of 4, only one study reports the formation of a pentamer for the U(IV)-
U(V)* system.

With its versatile chemistry and the possibility to stabilize three different oxidation states (+IV, +V and
+VI) in nitric acid solutions, the neptunium cation is particularly affected by these cation-cation
interactions.”” We report here the second mixed-valence neptunium Np(V)-Np(VI) trimer,
[NpYO2(TEDGA )2]2[Np"'02(NO;),](NOs), (1), which is the first neptunium representative of a linear
actinide arrangement, and a Np(V)-Np(VI) dimer, [Np¥O»(TEDGA),][Np"'02(NO3);].CH;CN (2), both
stabilized by TEDGA (TetraEthylDiglycolAmide) ligand. The linear geometry of the trimer (1) was
described only for two oligomers: one U(VI)* and one U(VI)-U(V)* compounds. TEDGA belongs to
the family of diglycolamides, which are molecules of interest in actinide separation, since their long-

46, 47, 48, 49,50, 51 and their

chain alkyl representatives are potential extractants for advanced separation,
short-chain representatives are being studied as complexing agents in the aqueous phase for the
separation of minor actinides.’® **** %> These two structures were prepared thanks to controlled and
reproducible syntheses based on the mixing of the two monomers solutions in an inert solvent: Np(V)-
TEDGA monomer solution mixed with a dinitrate or trinitrate Np(VI) solution. The solid compounds
were characterized by SC-XRD and Raman spectroscopy. To better understand the impact of cation-
cation interactions on the actinide electronic structure, trimer 1 and dimer 2 compounds were compared
to the monomers constituting their structures, [Np¥O2(TEDGA)>]" (3) and [Np"'02(NO;3)2(H20).].° The
[Np¥'O»(TEDGA),]** (4) monomer is also reported and described. For this last compound, it was
synthesized from a perchlorate media instead of a nitrate media (media used for structures 1, 2 and 3)
for stability reasons: the synthesis in nitrate media led to a partial reduction of the neptunium(VI). In
addition to describing new structures and contributing to the development of fundamental research, this
study also allows acquiring reference spectra (Raman and Vis-nIR spectra) that will enable these
compounds to be easily identified in forthcoming liquid-liquid extraction experiments. To support the
experiments, DFT calculations were performed to aid in interpreting the experimental data (particularly
the Raman spectra), to characterize the bonding in such polynuclear species and to identify the main
parameters influencing the stability of these cation-cation structures, such as the nature of counter ions,

the influence of alkyl chains and the presence of weak intra- or intermolecular interactions.

Experimental part

2 Neptunium precursors are radioactive and chemically toxic reactants, so precautions with suitable

care and protection for handling such substances have been followed. The manipulation of these



elements has been carried out at the ATALANTE facility (CEA-ISEC, France). Because of their highly
radioactive nature, the experiments were carried out in a regular air atmosphere negative pressure

glove box with restrictive protocols.

Chemicals — The neptunium starting material is solid NpYO,OH. Silver (+II) oxide (Ag"O), silver
trifluoromethanesulfonate, (AgCF53503), nitric acid (HNO3) 65%, hydrochloric acid (HCI) 37%,
perchloric acid (HCIO4) 70%, tetrahydrofuran (THF), diisopropyl ether ((CH3).CH20), acetonitrile
(CH3CN), tetracthymammonium chloride (TEACI) and sodium nitrite (NaNO,) were purchased from
Sigma-Aldrich. TEDGA was provided by Pharmasynthese (Lisses, France).

Oxidation of Np(V) to Np(VI) — Solutions of Np(V) in HNO;, formed by dissolution of Np¥O,OH in
3 mol.L"! HNOs, were oxidized by addition of Ag"O (10 eq). The Np(VI) oxidation state was checked
by Visible-nIR spectrophotometry. The Ag" ion were then precipitated by addition of a stoichiometric
amount of HCI (Ag:Cl 1:1) and the solution was separated from the AgCl precipitate by centrifugation.

Neptunium(VI) precursor synthesis — [(C2Hs)4NJ2[Np"'O>(Cl)4] — A Np(VI) nitric acid solution
(prepared as presented above) was successively evaporated under N> (%3) with addition of HCI 37% to
remove residual nitric acid. The resulting solid of the last evaporation was dissolved in HCI 37% and 2
equivalents of tetracthylammonium chloride (TEACI) was added. The evaporation of the solution
induces the precipitation of [(C2Hs)aN]2[Np"'O2(Cl)s]. The solid was washed with tetrahydrofuran

several times and dried at room temperature under N.

Np(V)-TEDGA monomer (3) synthesis — [(CaHs)aN]2[NpY'0.Cls] was dissolved in CH3;CN
(myp= 10 mg, V =1 mL). To remove the chloride anions, solid AgCF3;SO; was added with a molar ratio
[(C2Hs)aN[Np¥'0.Cl4]:AgCF3SOs of 1:4 and the resulting AgCl precipitate was removed by
centrifugation. The reduction of the Np(VI) to Np(V) was achieved by addition of NaNO, (4 eq,
mnano2= 11.6 mg). The reduction induces the precipitation of a pale green solid, which was isolated
from the solution by centrifugation. A slight excess of TEDGA (molar ratio Np: TEDGA of 1:2.2) diluted
in CH3CN was added directly on the solid. After several hours, the solid got dissolved and the Visible-
nIR absorption spectrum confirmed the complexation of Np(V) by the TEDGA ligands. Diisopropyl
ether diffusion led to the formation of [Np'Ox(TEDGA),].NO3.2H,0 (3).

Np(Vl) -TEDGA monomers (4) synthesis — The Np(VI) precursor, [(CoHs)N]o[Np“'0,Cls], was
dissolved in CH3CN (mNp= 10 mg, V= 500 pL) containing four equivalents of silver triflate inducing
the precipitation of AgCl. After removing of AgCl by centrifugation, the addition of two equivalents of
TEDGA and two equivalents of NaClOs to the solution followed by a slow evaporation allowed the
formation of crystals of [Np"'O2(TEDGA),].2C10;4 (4).

Trimer (1) synthesis — A solution of Np(V)-TEDGA complex was prepared according to the protocol
described for the Np(V)-TEDGA monomer (3) synthesis (mny,= 10 mg). Aside, a solution of Np(VI)



dinitrate complex (mNp= 5 mg, V= 500 pL) was prepared after dissolution in CH3CN of the
NpO2(NOs),(H20),.H,0 solid prepared following existing procedure.’® The two solutions were mixed
together. The resulting solution was concentrated and crystals slowly crystallized using diisopropyl ether
liquid-gas diffusion. Crystals, green needles, suitable for SC-XRD were isolated and identified as the
[NpYO2(TEDGA)2]>.[Np"'02(NO3)].(NOs), (1) trimer.

Dimer (2) synthesis — A solution of Np(V) with a slight excess of TEDGA was prepared according to
the protocol described for the Np(V)-TEDGA monomer (3) synthesis (mn,= 5 mg). Aside, a solution of
Np(V]) trinitrate complex (mNp= 5 mg, V= 500 pL) was prepared after dissolution in CH3CN of the
(TEA)NpO2(NOs); solid prepared following existing procedure.”® The two solutions were mixed
together with a one to one ratio between Np(V) and Np(VI) and the resulting solution was slowly
evaporated. Crystals, green prisms, suitable for SC-XRD were isolated and identified as corresponding

to the [Np'O»(TEDGA),].[Np"'02(NO;3);].CH:CN (2) dimer.

SC-XRD — Crystals were mounted on Micro-Mount patented by MiTeGen, inserted into a goniometer
base. To prevent actinide health hazards, a MicroRT capillary was then drawn over the sample and onto
the base, where it was sealed by adhesive. For crystals 1, 2, and 3, the single crystal XRD intensities
were measured on a Bruker D8 Quest diffractometer equipped with a Photon II detector coupled device
at 100 K, using a 800 series cryostreamcooler (Oxford Cryosystem). The instrument was equipped with
a Mo-target IuS Microfocus source (lambda = 0.71073 A). The single crystal XRD intensities of crystal
4 were measured on Mo-K, radiation on a Nonius four circle diffractometer equipped with a Bruker
Apex2 detector coupled device at 150 K, using a 600 series cryostreamcooler (Oxford Cryosystem). For
all the structures, data were collected using phi and omega scans. Intensities were extracted from the
collected frames using the program SAINTPIlus.’” The unit cell parameters were refined from the
complete data set, and a multi-scan absorption correction was performed.”® The structure determination
and refinement were realized with Shelx-2017 software.® The heavy atoms were located by direct
methods while the remaining atoms were found from successive Fourier map analyses. All of the non-
hydrogen atoms were located and their positions were refined anisotropically. Hydrogen atoms of the
TEDGA molecules were placed in calculated positions refined using idealized geometries (riding model)
and assigned fixed isotropic displacement parameters. The hydrogen atoms of the water molecules were
placed from Fourier map analyses with O-H distances restrained to 0.8 A and refined with isotropic
displacement parameters. The main crystal data and details of the final refinement are reported in Table

1. Structures were deposited on CCDC structural database with numbers from 2412071 to 2412074.



Table 1: Summary of Crystallographic Data Collection and Structure Refinement for the different structures 1, 2, 3 and 4.

CCDC

Formula

Crystal size
Shape and color
Crystal system
Space group

FW (g.mol™)
Density (Mg.m™)
p (mm™)
Temperature

a, A

b, A

c, A

alpha,®

beta, °©

gamma,®

v, A3

V4

final R indices [1>
206(D)]

R indices (all data)
goof

20 range (°)

L.S. parameters, p

No. of restraints, »

1
2412071

[NpYOx(TEDGA);]; [Np"'05(NO:)].2NO;
Cas Hos N2 Np3 O3z
80x 20 x 30 um

Green needle
Triclinic
P-1
2064.36
1.920
4.423
100K
12.0471(5)
12.5036(6)
13.7833(6)
77.825(1)
84.816(2)
61.6290(1)
1786.6(1)
1

0.0338/0.0410

0.0802/0.0841
1.059
3.02-30.52
438
6

2
2412072

[NpYO(TEDGA),] [Np"'02(NO3);].CH;CN
Ca6 Hs;i Ng Np2 Oy
120 x 100 x 80 pm

Green prism
Triclinic
P-1
1253.74
2.059
5.194
100K
12.8810(6)
13.9484(6)
14.7163(6)
95.171(1)
114.486(1)
116.695(1)
2021.8(1)
2

0.0225/0.0242

0.0640/0.0670
1.035
2.90-30.53
505
0

3
2412073

[Np*O5(TEDGA),].NO;.2H,0
Ca4 Hy3 N5 Np O3
240 x500 x120 pm

Light-green prismatic plate

Monoclinic
P2i/n
846.63
1.686
3.161
100K
13.8913(5)
15.4272(6)
16.7452(7)

110.732(1)
3356.2(2)
4

0.0248/0.0284

0.0726/0.0798
0.969
3.11-27.53
415
0

4
2412074

[Np'O(TEDGA),].2C104
Ca4 C2 Ny Np Oy

100x30x20 pm
Dark-red rods
Monoclinic
C2
908.18
1.668
3.090
150K
16.7734(9)
12.7190(6)
8.6725(4)

102.275(2)
1807.9(2)
2

0.0328/0.0355

0.0737/0.0765
1.040
2.41-32.15
215
3




Raman spectroscopy - A Jobin—Yvon LabRam Raman 242 spectrometer was used in conjunction with
a nuclearized superhead (Optique Peter, Lyon, France) mounted on a support with an objective turret
(10x, 20x and 50x). The spectrometer was equipped with a YAG laser (100 mW, 532 nm) with a variable
filter to provide low-excitation-beam power levels. The superhead was mounted in a glove box, while
the Raman spectrometer and laser were installed outside with a fiber-optic signal transmission line. The
microscope objective used for single crystal analyses was 20x. Spectra were registered with several laser

powers to ensure the compound did not degrade during analysis.

Computational details - DFT calculations were performed using Gaussian 16 package® using B3LYP
and a dispersion-corrected form B3LYP-D3.°"** For neptunium, core electrons were represented by a
small core Stuttgart-Cologne Relativistic Effective Core Potentials (RECPs) along with the associated
TZ-valence basis set.*>** For other atoms, the 6-31G+(d,p) basis-set was used. Unless stated otherwise,
calculations were performed in the gas phase. If present, solvation effects were accounted for through
an [EF-PCM continuum model for water as implemented in Gaussian 16. The ground state character of
the wavefunction was checked using the stable keyword in Gaussian. Optimized geometries were
confirmed to be true minima by frequency calculations (no imaginary values were found). Atomic

coordinates are given in SI (SI-xyz file).

Visible spectroscopy - The actinide solutions were analyzed by Vis-nIR absorption spectroscopy
between 400 and 1300 nm using a Cary 5000 UV spectrophotometer (Agilent) equipped with glass
fibers to allow analyses in gloves box. Solid spectra were collected using a Shimadzu UV2600
spectrophotometer equipped with an integration sphere. The data were registered in reflectance mode
with powder stuck between two crystal tapes. The spectra of the compounds 1, 2, 4 and of solution prior

to crystallization of 3 are given figures S2, S3 and S4 in SI (SI-XRD-UV-DFT file).

Results and discussion
Structure description

Monomers structural description - The Np(V) monomer (3), [NpYO2(TEDGA),].NO;.2H,0, was
described in the monoclinic system with P2,/n space group. The oxidation state of the neptunium was
checked with BVS (bond valence sum®**%") values of 5.02 or 5.03 depending on parameters used for
Np-O bonds®**!* (see table S1 in SI for more details - SI-XRD-UV-DFT file). The coordination sphere
of the neptunyl unit is composed by two tridentate TEDGA ligands coordinated in the equatorial plane
through the two carbonyl functions and the central ether group (see figure 1). With an angle of 178.6(1)°
and distances of 1.838(2) and 1.804(2) A, the yl linear moiety is in agreement with the literature
regarding Np(V) structures, i.e. a Np=O bond in the 1.795-1.864 A range (<Np=0>aerage=1.83 A)

determined averaging the data of all the neptunium(V) structures referenced in the Cambridge



database.” The equatorial plane distances are in the range 2.496(2)-2.516(2) A and 2.706-2.712(2) for
the carbonyl and ether groups respectively. These distances are quite longer compared to other
actinyl(VI) diglycolamide structures (U(VI)-TEDGA’""? and Pu(VI)-TMDGA™). A similar structure
with Np(V) was already described by Tian et al. with the TMDGA (TetraMethylDiGlycolAmide)
ligand’* and presents similar distances compared to the actinyl(VI) solids. The average An-Ocarbonyl and
An-Ocpner bonds for these literature structures are 2.42 A and 2.60 A respectively. The oxidation state of
the Np(V)-TMDGA structure is reported to be +V by the authors™, but (i) the yl bond length of 1,73 A,
(i1) the distances of the coordination sphere similar to those of the other actinyl(VI) structures and (iii)
the bond valence calculation in the range 6.18 or 6.34 depending on parameters used for Np—O
bonds'***% seem to suggest that the real oxidation state of the previously described Np(V)-TMDGA
structure is +VI. The lengthening of the coordination distances for our Np(V) structure compared to the
literature An(VI) structures is thus consistent with the charge modification between the two oxidation
states. Our neptunium compound (3) is thus the first An(V)-diglycolamide structure reported in the
literature. With an average of 1.24(1) A and 1.33(1) A respectively, the C=O and C-N distances are in
agreement with TEDGA structures reported in the literature with actinyl”"’* or lanthanide(III)*"®. The
charge compensation is ensured by one interspace nitrate ion, and two water molecules taking part to

the hydrogen bond network are also present around the Np(V) monomer.

éf;‘}*

Figure 1: Structures of (a.) [NpYO2(TEDGA),].NO;.2H,0 (3) and (b.) [Np"'O2(TEDGA),].2C104 (4)

The Np(VI)-TEDGA monomer (4), [Np"'O2(TEDGA),].2ClOs, was described in the monoclinic system
with C2 space group. The yl distances of 1.748 A, very close to the one of the Np(VI)-TEDGA-triflate
structure’’, indicates the +VI oxidation state for the neptunium in the structure. The BVS calculations
(see table 2) between 6.11 and 6.25 are in agreement with the oxidation state expected from the yl
distances. This structure is nearly identical to the Np(V) monomer (3) with two tridentate TEDGA
ligands in the equatorial plane. The comparison with the other actinyl structures shows very similar An-
Ocarbonyl bond distances with 2.420(1) A and 2.415(1) A for compound (4) and average of literature

structures respectively.””">>7 Nevertheless, the An-Oemer distances with 2.618(1) A for (4), in



agreement with the Np(VI)-TEDGA-triflate structure, 2.61(8) A,”” are significantly longer than the
2.596(1) A reported for the An(VI) structures.”" """

Table 2: Bond valence sum (BVS) values of the neptunium atoms for structures 1, 2, 3, 4 and Np-

TMDGA structure (see SI for more details - SI-XRD-UV-DFT file).

Reference of the parameter 68 69 15

Npl 4.96 4.96 4.92

Trimer (1)
Np2 5.71 5.75 5.82
Npl 4.95 4.96 491

Dimer (2)
Np2 6.03 6.02 6.07
Np(V)-TEDGA (3) 5.03 5.03 5.02
Np-TMDGA™ 6.21 6.18 6.34
Np(VI)-TEDGA (4) 6.14 6.11 6.25

Trimer structural description - The trimer (1), [NpYO2(TEDGA )2]2.[Np"'02(NO3).].(NOs),, crystallizes
in the triclinic space group P-1. The molecular structure of the trimer presented in Figure 2 consists of
a mixed-valence compound based on one central Np(VI) (Np>"") linked to two lateral Np(V) (Np:")
atoms via CClIs, i.e. via the oxo groups of the pentavalent neptunium. The two Np(V) are
crystallographically equivalent due to an inversion center located on the Np(VI) and the three actinides
are thus perfectly aligned with an angle of 180° while the Np=0---Np, angle is 175.61(1)°. The yl
distances of the free 0xo Np;"=0Ore, 1.806(1) A, are in the range of the monomer (3) and the literature
ones. ’° The oxo groups involved in the CCIs present a longer yl bond Np;Y=Occ1 of 1.864(1) A because
of the electronic delocalization toward the central Np(VI) atom. This distance is in agreement with the
Np(V) involved in CClIs distances reported in the literature, 1.81-1.91 A'7®, The hexavalent neptunium
presents a Np,"'=0 yl bond of 1.780(1) A which is close to the 1.720-1.785 A range reported in the
literature,” and longer than the yl bond (1.720(1) A%) of the dinitrate Np(VI) monomeric structure,
NpY'02(NO3)2(H,0),, that differs only by the presence of water molecules instead of the Np(V) oxo
groups, showing the impact of the yl interaction on the CCI-acceptor. The angles of the yl moieties are
178.2° and 180° (inversion center) for Np;¥ and Np,"' respectively, in agreement with the awaited

linearity. The distance between the two actinide centers is 4.183(2) A.

In order to confirm the oxidation state of the neptunium in the trimer, the bond valence model was
applied® (table 2) based on different parameters reported for Np—O bonds.””** The values for
neptunium atoms are consistent with a localized valence of +5 and +6 for the pentavalent state Np;" and
hexavalent state Np,"' respectively. This BVS analysis supports the formation of a mixed Np(V)-Np(VI)
trimer. The Np(V) is the oxidation state which is sharing its oxo ions as the yl bond of a hexavalent
neptunium is stronger (Lewis basicity) than the Np(V) one. The Np(VI) yl bond is thus relatively inert

and rarely engaged in intermolecular interactions.'®



Figure 2 — Structure of the Np(V)-Np(VI) trimer (1), [NpYO2(TEDGA ) ]..[Np"'02(NO3),].(NOs)2: (a)
View of the trimer, (b) coordination sphere of the Np;" atom, (c) coordination sphere of the Np,""
atom, (d) polyhedral view showing the alignment of the trimer, (e) lateral view allowing the
observation of the TEDGA ligands orientation and (f) packing of the trimer units highlighting the

short distances between the trimers. The hydrogen bonds are in cyan color.

In addition of the two oxo groups from their neighboring Np;", two bidentate nitrate anions complete
the coordination sphere of the central Np,"' (Figure 2¢). The oxygen atoms of the two nitrates are located
at distances from the metallic cation of 2.580(1) and 2.577(1) A which is consistent even if longer than
the Np""-O distances of the Np(VI) nitrate structure,’® with an average bond of 2.50(1) A. The oxygen



atoms of the Np;¥ oxo group is at a distance of 2.322(1) A from Np,"!, which is typical for an equatorial
oxygen atom engaged in a cation-cation interaction'>"” but shorter than the Np"'-Oy.r average distances
of 2.43(1) of the Np(VI) nitrate structure.’® This shorter Np,"-Occ distance associated to the longer
Np(VI) yl bond of the trimer, 1.780(1) A compared to the nitrate structure, 1.752(1) A as well as the
longer distances of the nitrate oxygen atoms reveal the strong interaction of the Np(V) oxo group in the

Np(VI) equatorial plane.

The Np," equatorial plane is composed of two tridentate TEDGA ligands that are connected through the
two carbonyl functions and the central ether group as for the monomeric structure (3) (see Figure 2b).
The Np1Y-Ocabonyl distances are in the range 2.474(1)-2.543(1) A with an average of 2.51(1) A, i.e.
similar to the monomer ones (3) with 2.51(1) A. This is also the case for the ether oxygen with an
average Np1¥-Oewer distance of 2.68 A for the Np(V)-Np(VI) trimer (1) and 2.71 A for the monomer (3).
Nevertheless, even if the distances average corresponds to the literature, the two TEDGA molecules do
not interact identically with the Np;"¥ as quite different Np;¥-Octher and Npi1Y-Ocavonyl distances are
observed for the two non-crystallographycally equivalent TEDGA. One TEDGA presents a Np;"-
Ocarbony! distance of 2.481(1) A and a Np;Y-Oeer bound of 2.738(1) A whereas the other one has Np;"-
Ocarbony! distance of 2.533(1) A and a Np;Y-Oemer distance of 2.615(1) A. The shortening of the amide
oxygen atom induces the significant longer distance of the ether group. These differences between the

two TEDGA atoms are likely due to long-range interactions.

Indeed, the TEDGA molecules present a surprising orientation within the trimer (see figure 2¢e). Contrary
to the monomers (3 and 4), the TEDGA molecules do not adopt a symmetrical geometry around the
cation. The angle between the two planes formed by the O atoms of each TEDGA is 46(1)° in the CCI
structure against 23(1)° for the monomer structures. However, the weak evolution of the O-C-C-O
torsion angles within the ligand indicates that the TEDGA is quite rigid and the changes come from a
global orientation of the molecules in relation to the equatorial plane. According to figure 2e, the
TEDGA with shorter An-O distances but longer ether ones bent unexpectedly toward the yl of the central
neptunium. One can await the opposite because of steric constraints. Nevertheless, weak intermolecular
interactions (H bonds beyond the Van der Walls limit*’) between the alkyl chains and the central yl are
likely the origin of this tendency. This TEDGA orientation allows an extremely close packing of the
trimers with the yl of the Np;" of the first trimer unit located between the alkyl chains of the TEDGA of
a second trimer; this arrangement gives a distance between the two Np;" equatorial planes from adjacent
trimers in the 2.503-2.549 A range. These extremely short distances are possible thanks to an offset
between the two trimers so the yl bonds are not aligned. This packing enables the establishment of other
intermolecular H bonds (figure 2f) between the ethyl chains and the nitrate ions on the one hand and the

oxo group of the neighboring trimers on the other hand.



Dimer structural description — The dimer (2) is close to the mixed-valence trimer arrangement of 1 with
the Np,"" linked to the Np;¥ atoms via CClIs, i.e. via the oxo groups of the pentavalent neptunium with
a distance of 2.281(1) A (figure 3a). The bond valence calculations validate the oxidation states of the
two neptunium atoms. The trans di-oxo groups of Np;" are nearly aligned (angle of 179.8°) and the
distances are 1.805 and 1.881(1) A, with the longer one for the oxygen atom involved in the CCI. This
last bond longer in the dimer (2) than in the trimer (1), as well as the shorter CCI distance, Np'=0y;.---
Np"!, 0f 2.281 (1) A, likely indicates a stronger interaction in the dimer structure (2) than in the trimer
(1) one. The coordination sphere of the Np;" is composed of two TEDGA molecules with distances
from the Np(V) shorter by 0.018 A compared to the trimer (1) ones (see figure 3b). It is connected to
the stronger charge transfer of the CCI in the dimer. The peculiarity of the Np(VI) atoms does not lie in
the Np,"'=0 bonds of 1.769(1) and 1.765(1) A but in its angle of 169.9° that is significantly removed
from linearity. This feature is related to the presence of three bidentate nitrates in the coordination sphere
in addition to the O atom from the CCI (see figure 3c). To accept this coordination number of 7, one of
the nitrate ion is perpendicular to the equatorial plane inducing the bending of the yl moiety. One oxygen
of this particular nitrate is quite far from the central metallic cation with a distance of 2.746(1) A. The
other Onirae-Np2"" distances are between 2.519- 2.584(1) A which is in agreement with the structures
referenced in the CCDC” with Np(VI)-O distances ranging between 2.363 and 2.651 A (CN=6). The
length of the furthest nitrate is thus out of the normal range. The CN of 7 has already been reported for
actinyl coordination sphere containing nitrate ions with seven uranyl structures described in the
literature®#%#>#* The asymmetry of the perpendicular nitrate is not singular either and was already
observed for 5 out of the 7 uranyl structures. The An-Oiong Of this specific perpendicular nitrate is 6 to
14% longer than the An-Oshor for these structures and in the same order of magnitude as the one of the
present dimer (2) with 6%. The angle of the O=U=0 moiety varies from 166.2 to 174.7°. With 169.9,
the neptunyl angle of Np,"" is within this range.

Figure 3 — Structure of the Np¥-Np"! dimer (2), [Np'O2(TEDGA),].[Np"'02(NO;);].ACN: (a) View of

the dimer, (b) coordination sphere of the Np; ¥ atom, (c) coordination sphere of the Np,"" atom.



The dimer presents the same TEDGA orientation as the trimer with the TEDGA bending towards the
Np(V]) clearly indicating that the interactions are not driven by steric constraint. The same large angle

of 48° between the two planes formed by each TEDGA oxygen atoms is observed.

DFT calculations

The geometries of [Np'O»(TEDGA)]™ (3), [NpYO2(TEDGA),][Np"'0»(NOs);] (2) and
[NpYO2(TEDGA )2]o[Np"'02(NO;3).]*" (1) were optimized starting from their crystal structures. The

structures are shown in Figure 4 and the main structural parameters are listed in Table 3.

Table 3. Selected geometric parameters and Np atomic charges from DFT calculations for monomer
(1), dimer (2), trimer [NpO2(TEDGA ), ]2[NpO2(NO3):]** (3), and Np“'02(NO3)2(H»0),. Calculated
distances are compared to XRD experimental values. B3LYP-D3/6-31+G(d,p) calculations in the gas
phase. Np atomic charges are derived from an AIM analysis.

Monomer (3) Dimer (2) Trimer (1) NpO2(NO3)2(H20)2

Calc. XRD Calc. XRD Calc. XRD Calc. XRD%¢
Distances in A*
NpV-Or - - 2.371 2.281 2.315 2.323 2.528 2.438
L=Np, H:0
NpVL-Oniti - - 2.552 2.538 2.575 2.580 2477 2.507
NpV-Onicz - - 2.482 2.528 2.575 2.580 2477 2.507
NpYL-Onics - - 2.470-3.542 2.583-2.746 - -
NpV'=0y - 1.762 1.767 1.767 1.782 1.746 1.747
NpV=01y1 1.803 1.804 1.876 1.881 1.890 1.864 - -
NpV=02y1 1.803 1.838 1.785 1.805 1.788 1.808 - -
NpV-Ocarbonylt 2.576 2.514 2.503 2.479 2.484 2.481 - -
NpV-Oethert 2.830 2.707 2.877 2.715 2.760 2.615 - -
NpV-Ocarbonyl2 2.588 2.504 2.569 2.505 2.491 2.533 - -
NpY-Octher2 2.830 2.713 2.696 2.639 2.829 2.739 - -
Angles”
0,=Np"'=0y 180° 179° 177° 170° 180° 180°
O,=Np'=0yi - - 180° 180° 179° 178° 180° 180°
NpY!--- O1,=NpV - - 176° 173° 162° 175° - -
Oether1*** NpV:Olyl 76° 81° 73° 75° 80° 79° - -
Oecther2” -* NpV=01y1 104° 85° 85° 82° 100° 79° - -
AIM charges
q(NpY) 2.576 - 2.645 - 2.650 - - -
g(Np¥h - - 2.821 2.824 - 2.853 -

* In dimer and trimer structures, O1y1 denotes the oxygen atom from NpO:* involved in the cation-cation
interaction, while O,y is the second NpO:" oxygen atom, which remains unbound.

Monomer structure (3). As depicted in Figure 4, the calculated and XRD structures differ in the relative
arrangement of the TEDGA molecules around Np(V). In the crystal structure, the nitrogen and ether
oxygen atoms (Ocner) of the two TEDGA molecules are out of the equatorial plane and point in the same
direction (see the representation of the TEDGA molecule figure S1 in the SI). However, in the optimized
structures these atoms point in opposite directions, as indicated by the values of the angle between ether

oxygen atoms and one Np'=0y bond (Oeter - Np =011 angle in table 1), the angles are below 90° in



the crystal structures, whereas in the calculated structure they are both above and below 90°. The relative
orientation of the two TEDGA ligands can be influenced by external interactions, such as crystal packing
force or solvent effect in solution. This is demonstrated by the geometry optimizations of
[NpYO2(TEDGA),]" in the presence of a continuum solvent model (see Table S2 in SI section - SI-XRD-
UV-DFT file); oxygen and nitrogen atoms of the two TEDGA become nearly coplanar and all belong

to the neptunyl equatorial plane.

[NpO2(TEDGA):|* [NpO2(TEDGA):| [NpO2(NO3)s] [NpO2(TEDGA)2]:[NpO2(NO3)2]**
monomer (1) dimer (2) trimer (3)
DFT
£ ®

XRD
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] o Aa | L4 D ' o’.&‘
' ; |
-— o—0 =0
[
d * <
L BB g
©

Figure 4. Relative orientation of TEDGA ligands around Np“'O," in the monomer (1), dimer (2) and
trimer (3). Top : DFT calculations, Bottom : XRD. Hydrogen atoms and nitrate ions are omitted for

clarity.

Trimer structure (1). As found in the monomer structure, the relative orientation of TEDGA differ
between the XRD and calculated structure (Figure 4). Some deviations are also found in the relative
arrangement of the three neptunyl units (“T-Shape” structure). In the crystal structures for the trimeric
species, the three neptunyl units are nearly linearly arranged with a Np¥=0,..--- Np"! angle equal to
175°, whereas in the calculated structure it is slightly bent at 162°.

The calculated Np-O bond distances are in correct agreement with the XRD values. The trimer

Np'=0,1.--- Np*! cation-cation distance (Np"-Or in table 3) is particularly well reproduced in the



calculations. It should be mentioned that it is only by introducing dispersion corrections using the D3
correction method of Grimme®®* in the DFT/B3LYP calculations that it is possible to reproduce
correctly the cation-cation distance. The B3LYP results without dispersion corrections are given in the
SI section (Table S3 - SI-XRD-UV-DFT file). The Np¥=0,..--- Np"" cation-cation distances (Np"'-O
in table 3) are ~0.06 A longer in the absence of dispersion model while other bond distances are not
strongly influenced. This indicates the key role of weak interactions in the CCls.

In order to better understand the interactions governing the cation-cation structure and stability, DFT
calculations were done on model trimeric structures by varying the TEDGA ligand bound to Np(V) and
the counter-ion bound to Np(VI). The TEDGA ligand was substituted with TMDGA
(TetraMethylDiGlycolAmide) and nitrate ions were replaced with chloride ions. This results in
[NpO2(DGA )2]2[NpO2(NOs),]** and [NpO2(DGA),J.[NpO2(Cl),]** with DGA=TMDGA or TEDGA. As
shown in Figure 5, changing the DGA ligand as well as the counter anion influences the trimeric
structure. This shows the existence of multiple low-energy conformations associated with various
relative arrangements of neptunyl and diglycolamide. With chloride anions, the relative arrangement of
the DGA ligands differs from that calculated with nitrate ions but is similar to the one obtained in the
trimeric XRD structure (with nitrate ions). With TMDGA, the most stable structure corresponds to three
linearly arranged neptunyl units, resembling the trimer XRD structure whereas it is bent with TEDGA.
DFT calculations were reported for the T-shaped neptunyl-neptunyl (with Np(V)O," units)®* and
neptunyl-uranyl dimeric units.* “Bent” T-shaped structures were found for hydrated and nitrate dimer
species and were attributed to hydrogen-bonding interactions occurring between water ligand and Oy,.
There is no water ligand in the present trimeric species, but weak interactions involving DGA alkyl
groups, counter ions and Oy may have such influence. The cation-cation binding energies were
calculated between the core unit Np“'O2(A), (A=NO; or CI') and the two Np'Ox(DGA)," units
(DGA=TEDGA or TMDGA). Energy variations (AE in kJ.mol™") are given in Figure 5. Replacing nitrate
by chloride anions increases the binding strength by 14 kcal.mol™ with both TMDGA and TEDGA
ligands. This is associated with a diminution of the cation-cation distance (Np“'-Ox,) between neptunyl
oxygen atoms by 0.07-0.08 A. This is expected due the higher electronic charge on Np(VI) atom with
chloride ions inducing stronger cation-cation interactions, as well as the reduced steric hindrance effects
in the Np(VI) coordination sphere, the coordination number decreasing from six with nitrate ions to four
with chloride ions. Replacing TEDGA by TMDGA also increases the cation-cation binding strength by
9 kcal.mol™! for both anions but this is not associated with a diminution of the cation-cation distance,
which increases slightly. The energy difference is not due to an electronic donor effect from ethyl
groups, TEDGA ethyl groups do not increase the oxygen electronic charge on neptunyl compare to
TMDGA. Weak interactions involving the DGA alkyl groups and oxygen or chloride atoms from
NpY'02(A), can induce such energy difference, as illustrated by the strong influence of dispersion
corrections in the calculated binding energy (Table S4 - SI-XRD-UV-DFT file). Of course, in the solid

state or in solution, other intermolecular interactions may counterbalance these forces within the trimer



and influence its structure and stability. However, these results support the key role of weak interactions

in such system.

[NpOZ(TMDGA)z]z[Np02(NO3)2]2+

Np"-Onp=2.313A
Np'=0,-Np“'=171°
AE=-71 kcal.mol

[Np02(TMDGA)2]2[Np02(Cl)2]2+

NpV'-Onp =2.248A
Np'=0,-Np¥'=175°
AE=-85 kcal.mol

[I\IpOz(TED(;A)z]2[Np02(N()3)2]2Jr
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Np"-On,=2.315A
Np'=0,-Np"'=162°
AE=-80 kcal.mol

[NpO(TEDGA ), ],[NpOa(Cl).]**

Np"-On,=2.262 A
Np"/=0,-Np¥'=152°
AE=-94 kcal.mol™

Figure 5. DFT calculations for [NpOx(DGA),]2[NpO2(A).]*" trimers, with A=NO;  or CI and
DGA=TMDGA or TEDGA). Optimized structures and binding energies (energy variations AE in
kJ.mol") corresponding to the binding energies between Np"'Ox(A), and two NpYO»(DGA)," units.

B3LYP-D3/6-31+G(d,p) calculations in the gas phase.

Dimer Structure (2). The relative orientation of TEDGA is well reproduced in the calculated dimer

structure, however the bidentate coordination mode of the three nitrate ions is not. The peculiar bidentate

nitrate observed in the XRD structure turns to a monodentate coordination mode, resulting in a



coordination of six for the neptunium(VI) instead of seven. The longer Np(VI) oxygen nitrate distance
is measured at 2.75 A but calculated to be 3.54 A. As a result, the nitrate oxygen atom is no longer
bound to the neptunium atom in the calculations. The calculated Np""-O; distances for the remaining
coordinated oxygen atoms is shorter (2.482 A) than the measured value (2.583 A). The incorrect
reproduction of the nitrate coordination modes may indicate that intermolecular or packing interactions
are responsible for the specific coordination mode in the crystal structure. The neptunyl angle is no
longer distorted in the calculation and is nearly linear with 177°. The calculated structure is closer to
the ideal T-Shape structure with an NpY=0,..--- Np*! angle of 176°, while it is slightly bent in the XRD
structure (173°).

Vibrational spectroscopy

The vibrational spectra of the Np(V)-Np(VI) trimer (1) and dimer (2) are presented figure 5 and
compared to those of the Np(V)-TEDGA (3) and Np(VI)-TEDGA monomers (4), the free TEDGA and
the Np(VI) di-nitrate structure.® The spectrum of the Np(VI) dinitrate structure exhibits a large, intense
band above 1200 cm™, characteristic of a fluorescence phenomenon frequently observed in Raman
spectroscopy. Nevertheless, the yl and main nitrate features can be discussed. Vibrational frequencies
were also calculated using DFT for all the species. The band attributions, based on these calculations
and the literature,®’- 88 8%-90.91.92.93.94.95 ar6 presented in table 5 for the TEDGA ligand and the counter

ion (nitrate or perchlorate) and in table 6 for the yl attribution.

TEDGA and counter ion band attribution

The C=0 stretching of the free ligand is observed between 1643-1663 cm™. The bands centered at 1484
and 1455 cm™ are attributed to Vout of phase C=0 and O=C—CH,—O coupled to v C=0, whereas the ones at
1292 and 1265 cm™ are assigned to v O=C-N and wagging of the CH, groups. The very large band at
1080 cm™ gathers two vibrational modes: asymmetric stretching of the ether function and twisting of
the CHa. The symmetric stretching of the ether is observed at 801 cm™. The bands below 700 cm™ are
attributed to the deformation of the N-C=0 moiety. With complexation, for either the trimer (1), dimer
(2) or the monomer (3), there is a shift of the C=0, O=C-N and ether bands that is similar for the three
structures. The bands corresponding to the alkyl chains also evolved with complexation and the shift
depends on the structure likely related to the nature of the counter ions and the various intermolecular
interactions. The Np(VI)-TEDGA (4) monomer complex reduces under the Raman beam as the time or
the laser power increase. To collect the signal of the complex and not its reductive contribution, the
acquisition was done with a short acquisition time and with a laser power of 0.3mW making difficult to
observe the less intense bands. As a result, only a few bands of TEDGA are visible in the spectrum,

especially those at 771 cm™, 1640 cm™ and within the 1451-1521 cm™ range.
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Figure 5 — Raman spectra of the Np(V)-Np(V]) trimer (1) and dimer (2) compared to those of Np(V)
monomer (3), Np(VI) monomer (4) (plotted with a multiplicative factor of 15), the free TEDGA and
the Np(VI) di-nitrate structure™.

The coordinated nitrate symmetric stretchings for structures (1) and (2) appear at 1034 and 1031 cm™
respectively, and at 1046 and 1033 cm™ for the dinitrate Np(VI) structure. The broadness of the band
for the polynuclear species indicates the presence of several nitrate contributions: free nitrates and
coordinated ones for the trimer (1) and bidentate and asymmetric bidentate groups for the dimer (2). The
decrease of the wavenumber from dinitrate structure towards the trimer or dimer is consistent with the
cation — cation interactions with the neptunium(V) oxo bond in (1) or (2) stronger than the water
molecules one in the dinitrate structure. It is also in agreement with the variation of Np(VI)-O distances
discussed earlier. The charge compensation in the monomer 3 is ensured by free nitrate ions, whose
main bands are observed at 1042 cm™. The other Raman active bands around 720 and 1450 cm™
corresponding to the bending of the nitrate are probably superimposed with the TEDGA signals in this

wavenumber range.

The counter ions of the Np(VI) monomer (4) are perchlorate. Due the data collection conditions, only
two out of the four bands of the perchlorate ions can be attributed: the symmetric bending mode (v1) at

927 cm™ and the asymmetric stretching vibration at 1079 cm™ %



Table 5 — Raman band attribution (in cm™) for the TEDGA ligands and counter ions of the Np(V)-
Np(VI) trimer (1) and dimer (2), the Np(V) monomer (3), the free TEDGA and the Np(VI) nitrate
structures. (1= large, sh=shoulder).

Free Np trimer ~ Np dimer NpV- Np¥- vi s6
TEDGA 1) 2) monomer (3) monomer (4) Np™O2(NOs)2(H:0)2
Vin phase C=O 1645 1648 1649 i
TEDGA 1646 (D) 1612 1618 1616 1640
Vout of phase C=0
O0=C-CH»,-O 1484 (1) 1513 1511 1511 1521 )
coupledtovC=0 1455 (1) 1457 1458 1455 1451
And V3 as NO3
V4 in plane NO3 Several Several Several Several
vO=C-N TEDGA  bands bands bands bands
CH . between  between between between - -
v Tégé%fmg 1311- 1316- 1315- 1312-
1265 1281 1288 1280
v CH; twisting
TEDGA
e CHaO.CH,  1082()  1081() 1083(1) 1083(1) - -
TEDGA
V3 C104 - - - - 1079 -
1046
vis NO;3 - 1034 1031 1042 - 1033
pCH, et alkyl? 1018 1021 1018 1020 1020 -
pCH» 946-968 964 962 960 963 -
vi ClO4 - - - - 927 -
vs CH,-O-CH, 790-820
TEDGA 801 0 810 (1) 818 820 -
Alkyl chains
TEDGA 766-773 764 773 774 (sh) 771 -
ve NO3 - 744 724 (1) Too small Too small 752
_ 682 664
Def N-C=0 696 641 640 637 630 -

Neptunyl band attribution

The attribution of the neptunyl Raman bands for the monomers are straight as the vibrational band
corresponding to the v; stretching mode is particularly intense. The Np(V) v; stretching band in the
Np(V)-TEDGA complex (3) is attributed at 760 cm™ where as the one of the Np(VI) in the Np(VI)-
TEDGA compound (4) is at 846 cm™.

The attribution of neptunyl vibration modes in the CCI structures is not straightforward. Indeed, it is no
longer possible to consider the Np(V) and Np(V]) yl separately; extended neptunyl-neptunyl interactions
lead to vibrational modes involving combinations of the v; (symmetric) and v; (asymmetric, normally
forbidden in Raman spectroscopy’®**) of Np(VI)-yl and Np(V)-yl moieties. All the modes are Raman
active. Such combinations were previously reported in a recent experimental and computational study

LY

on model Np(V) dimers et trimers by Pyrch et al..® To aid in band assignment, vibrational frequencies

were calculated using DFT for the monomer, dimer and trimer species. The calculated vibrational



frequencies systematically deviate from experimental values due to the neglect of anharmonic effects
and calculation errors inherent to the choice of methodology. To account for these discrepancies, a
scaling factor A was applied. This factor was determined by matching the calculated neptunyl frequency
in Np¥O, (TEDGA)," (3) at 808 cm™ with the experimentally measured value of 760 cm™ (A = 0.9406).
The corrected vibrational frequencies calculated for the neptunyl vibrations in the 750-900 cm™ region
are given in Table 6. It should be noted that the calculations do not take into account the intermolecular
interactions in trimers (1), specifically between the alkyl chains of the amide groups and the Np(VI)-yl
moiety and that they fail to preserve the coordination number of seven for dimer (2) during geometry
optimization. Despite these limitations, they still offer a reliable estimates of the expected range for the
Np(VI)-yl symmetric stretching vibration. For the dimer (2), an intense Raman active neptunyl vibration
mode is calculated at 815 cm™. In the experimental spectrum, this band is likely superimposed with the
Vsym CH2-O-CH, of the TEDGA ligand forming a large band with a shoulder centered at 816 cm™. For
the trimer (1), two Raman-active vibrational modes are calculated at 687 and 816 cm™. They correspond
to a combination of vi(NpO>")-vi(NpO»*") and v3(NpO,")-vi(NpO,**) respectively. These modes can be
attributed to the two bands at 715 cm™ and 805 cm™ contained in the experimental spectrum.
The 805 cm™ band appears at the base of the alkyl chains signal. These values of CCI neptunyl

vibrations are in good agreement with those reported in the literature for CCI compounds,® 7879899100

Table 6. Calculated vibrational modes and Raman activities involving the Np“' and Np" neptunyl
stretching vibrations for monomers (3 and 4), dimer (2),trimer (1) and NpO2(NO3)2(H20),.. B3LYP/6-
31+G(d,p) calculations in the gas phase.

Theoretical ~ Theoretical Theoretical Experimental Assignment
Frequency Raman Frequency frequencies
(cm™) activity scaled values*
(A*/amu) (cm™)
Trimer (1) 730 389 687 715 vi NpO>*, vi NpO,**
844 4 794 - vi NpO:", vi NpO»*
849 0 799 - V3 Np02+
867 117 816 805 (sh) v3 NpO:", vi NpO,**
939 0 883 - v3 NpO,**
Dimer (2) 852 48 801 - vi NpO>", vi NpO»**
866 110 815 823 (sh) v3 NpO:"*, vi NpO,**
945 1 889 - v3 NpO,**
Np(V)-Monomer 808 39 760 760 vi NpO,*
&) 878 0 826 - vs NpO,”*
Np(VI)-Monomer 0 846 vi NpO»**
(4) 0 0 - V3 Np022+
NpOz(NO3)2(H20)2 892 102 839 852 Vi Np022+
% 988 0 929 - v3 NpO»**

* Scaling factor A=0.9406



Conclusions

Herein, we described two new mixed valence Np(V)-Np(VI) cation-cation interaction compounds that
were stabilized with TEDGA ligand: one trimer, [Np"O2(TEDGA ):].[Np"'02(NO3),](NO3): (1), and one
dimer, [Np¥O2(TEDGA),][Np"'0,(NO;);].CH;CN (2) using SC-XRD, Raman spectroscopy and DFT
calculations. These compounds were prepared rationalizing the synthesis and mixing the monomers that
form the complexes: NpYO»(TEDGA)," and Np“'0(NOs)»(H,0), for the trimer and Np"'O»(TEDGA),"
and Np"'02(NOs); for the dimer. As these syntheses can be easily adapted to a wide range of systems,
they open the way to the study of numerous CCI systems and the possibility of capitalizing on more and
more data on these CCI compounds, which remain difficult to identify today. The comparison with the
corresponding Np(V)-TEDGA monomer (3) [NpO,"(TEDGA),].NO; and Np(VI) di-nitrate structures,
as well as the DFT calculations show that weak interactions within the CCI species have a strong
influence on the shape of the CCI interaction and on the strength of the bond. Changing the length of
the alkyl chains increases the cation-cation binding strength but this is not associated to an electronic
donor effect from ethyl groups, but to weak interactions involving the DGA alkyl groups and oxygen or
chloride atoms from Np“'0,(A).. Replacing nitrate by chloride anions increases the binding strength in
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