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The actinyl tetrachloro complex [An(v/v)O,Cl4]°~*~ tends to form discrete molecular units in both solu-
tion and solid state materials, but related aquachloro complexes have been observed as both discrete
coordination compounds and 1-D chain topologies. Subtle differences in the inner sphere coordination
significantly influence the formation of structural topologies in the actinyl chloride system, but the exact
reasoning for these variations has not been delineated. In the current study, we present the synthesis,
structural characterization, and vibrational analysis of two 1-D neptunyllv) chain compounds:
(CHgN3)2[NpO,Clz] (Np-Gua) and Rb[NpO,Cl(H,O)] (Np-Rb). Bonding and non-covalent interactions
(NCls) in the systems were evaluated using periodic Density Functional Theory (DFT) to link these pro-
perties to related phases. We observed ~6.5% and ~3.9% weakening of Np=0O bonds in Np-Gua and Np-
Rb compared to the reference Cs3[NpO,Clyl. NCI analysis distinguished specific assembly modes, where
Np-Gua was connected via hydrogen bonding (N-H::-Cleq and N-H---O,;) and Np-Rb contained both
cation interactions (Rb*--O, and Rb*--Cleg) and hydrogen bonding (Oeq—H:+-Oy) networks.
Thermodynamically viable formation pathways for both compounds were explored using DFT method-
ology. The [NpO,Clylg®™ and [NpOzClg(HZO)](aq)Z‘ substructures were identified as precursors to Np-
Gua and [NpOZClg(HZO)](aq)Z’ and [NpO,Cly(H,0);lq~ Were isolated as the primary building units of Np-
Rb. Finally, we utilized DFT to analyze the vibrational modes for Np-Gua and Np-Rb, where we found evi-
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1. Introduction

Speciation of high valent actinides in chloride rich aqueous
media is complex due to the formation of mixed aquachloro
compounds with the general formula of [AnO,CL(H,0),]*"."*
These complexes form for both pentavalent and hexavalent
oxidation states of the lighter actinide elements (i.e. uranium,
neptunium, and plutonium), with the nearly linear dioxo
cation (An(v/vi)0,)"*" further coordinated around the equator-
ial plane with either CI™ anions or H,O molecules. In solutions
with lower chloride concentrations ([CI7] < 2 M), the
[AnO,(H,0)5]"*" species is thought to be the most stable,>
but under conditions with increased [Cl7], the chloride anion
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dence of the Np=0 bond weakening within the Np(v) chain structures compared to [NpO,Cl,I*~.

can displace water molecules via ligand substitution to form
aquachloro complexes with a formula of [AnO,Cl,)(H,0),] "™
(x=3o0r4,n=1to4, m=1or 2). At higher concentrations
([CI"] > 13 M), saturation of the halide ion is achieved within
the equatorial plane to create the [AnO,Cl,**~ or
[AnO,Cl,(H,0)]* "~ species.*™

While the presence of aquachloro actinyl species has been
systematically evaluated in solution, solid-state phases are
much less well studied than the more common tetrachloro
forms. Discrete U(vi), Np(vi), and Np(v) tetrachloro complexes
have all been structurally characterized with a range of charge
balancing cations, and they are widely used as synthons for
crystal engineering or as model systems in the study of Non-
Covalent Interactions (NCIs) in hybrid materials.>® Within
the aquachloro complexes, only the [UO,Cly(H,0);],"”
[C4H 15N, ],[UO,Cl,(H,0)]Cl, ® and [NMe,][NpO,Cl(H,0),]C1"®
coordination compounds have been synthesized and structu-
rally characterized using X-ray diffraction techniques. These
aquachloro structural building units have also been observed
within extended 1-D chain topologies (e.g. UO,Cl,H,0," Cs
[Np(v)0,Cl,(H,0)],*° K4[Np(v)0,)5Cl,(H,0),4],>" but no extended
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structures built from the [AnO,Cl,]>”*~ moiety have been
noted in the literature. Prevalence of the isolated tetrachloro
species compared to both 0-D and 1-D topologies for the aqua-
chloro complexes suggests that subtle differences in the inner
sphere coordination to the actinyl cation significantly influ-
ence the structural characteristics, but the exact reasoning for
these variations has not been delineated.

In the current study, we evaluated the difference in bonding
and intermolecular interactions that occur within Np(v) aqua-
chloro species and the saturated tetrachloro complexes within
solid materials. Herein, we report the synthesis, structural ana-
lysis, and Raman spectroscopy of two novel phases with Np(v)
1-D chain topologies formed by bridging chloride anions:
(CHgN3),[NpO,Cl;] (Np-Gua) and Rb[NpO,Cl,(H,0)] (Np-Rb).
Periodic Density Functional Theory (DFT) was utilized to evalu-
ate and compare the primary coordination sphere and NCIs of
Np-Gua and Np-Rb to that of the isolated [NpO,Cl,]*~ complex
observed in Cs;[NpO,Cly]. We then used DFT to propose a
mechanism in the 1-D chain formation from individual mole-
cular units and identify neptunyl vibrational features of these
two phases.

2. Experiment
2.1 Synthesis

CAUTION: Neptunium-237 (**’Np) is a highly radioactive isotope
that should be restricted to specialized laboratories and handled
under  appropriate  regulatory  controls.  Syntheses of
(CHgN3),[NpO,Cl;] (Np-Gua) and Rb[NpO,Cl,(H,0)] (Np-Rb)
were performed by mixing 20 pL of 0.27 M Np(v) in 2 M HCI
with 20 pL of 0.50 M aqueous guanidinium chloride or rubi-
dium chloride (detailed description on making the Np(v) stock
solution is provided in the ESI, Section 17). The resulting solu-
tions were left to evaporate in a well plate, and the formation
of green crystals was observed within a week. While quantitat-
ive yields were not determined because of the radioactive
nature of the solid materials, qualitative yields were moderate
for Np-Gua and low for Np-Rb.

2.2 Single-crystal X-ray diffraction

A small amount of the solid product was removed from the
mother liquor, and a high-quality single crystal of the material
was placed on a Mitigen® micromount. X-ray diffraction data
were collected at 136 K using 0.5° ® scans on a Bruker® D8
Quest single X-ray diffractometer (Ayoxo = 0.71073 A) with a
PHOTON detector and an Oxford® cryo-system. The Bruker
software was used to integrate the data and the absorption cor-
rection was performed using the SADABS software.”>?
Structures were solved using APEX3 intrinsic phasing 1 and
the refinement of the data was performed using SHELXL>* and
the OLEX2?® software package. Hydrogen atoms associated
with guanidinium and water were modeled with AFIX 93 and
AFIX 7, respectively. Selected crystallographic parameters are
summarized in Table 1 and thermal ellipsoids of Np-Gua and
Np-Rb are given in the ESI (Section 1, Fig. S1 and S27).
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Table 1 Selected crystallographic information of Np-Gua and Np-Rb

Compound Np-Gua Np-Rb
Empirical formula NpO,Cl;C,H;,Ng RbNpO;CLH,
Crystal color and Green Green

habit

Formula weight 495.53 443.39

(&)

Crystal system Orthorhombic Monoclinic
a(A) 8.6197(3) 8.4988(4)

b (A) 9.7216(4) 11.3956(5)
c(4) 14.5517(6) 7.4459(6)

a (9 90 90

Q! 90 114.2050(10)
7 () 90 90

Unit cell volume 1219.39(8) 657.73(7)
(A%)

Temperature (K) 136.01 137.76
Density, p (g 2.699 4.478

em™?)

Space group P2,2424 C2/c

zZ 4 4

# (mm™) 9.168 23.873
F(000) 904.0 760.0

O range (°) 5.04 to 50.68 6.356 to 50.698

Limiting indices

—10§h§10,—11§k§
11, -17 <1< 17

—10§h§10,—13§k
<13,-8<1<8

Ref. collected/ 47334 12453
unique

Rine 0.0315 0.0257
Data/restraints/ 2236/0/129 608/0/39
parameters

GOF on F* 1.161 1.245

Ry ([T > 26(D)]) 0.0070 0.0069
WR, ([I> 26(I)]) 0.0174 0.0157
R, (all data) 0.0071 0.0070
WR, (all data) 0.0174 0.0157
Largest diff. peak/  0.31/-0.32 0.35/-0.51
hole (e A™3)

CCDC deposition 2287578 2287577

number

2.3 Raman spectroscopy

Solid-state Raman spectra of Np-Gua were collected using SnRI
High-Resolution Sierra 2.0 Raman spectrometer outfitted with
a 786 nm laser and a 2048 pixel TE-CCD. The laser intensity
was set to 100 mW and spectra were obtained with a 10 s inte-
gration period. As the Np-Rb system had low yields, the Raman
spectra could only be obtained using a Renishaw Raman
microscope outfitted with a 786 nm laser. The laser power was
set to 10 mW with a 10 s integration time and the final spec-
trum was obtained through 15 accumulations. In both cases,
the spectral fitting was performed using the Origin Pro
software.?®

2.4 Computational details

All periodic DFT calculations were performed using the Vienna
Ab Initio Simulation Program (VASP).>’° The generalized gra-
dient approximation of Perdew-Burke-Ernzerhof (GGA-PBE)*°
was utilized to model exchange-correlation energy, and PAW
pseudopotentials®'*? were employed for all the atoms. A plane-
wave basis set cutoff of 550 eV and a gamma-centered
Monkhorst-Pack®® k-grid of at least 5 x 4 x 3 were employed.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt03630h

Open Access Article. Published on 17 January 2024. Downloaded on 4/13/2026 6:55:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

As scalar relativistic effects are included only by the employed
pseudopotential, spin-orbit coupling is ignored. All structures
were subjected to comprehensive geometric optimizations
without symmetry constraints, and the forces and total energy
converged to within 1 meV " and 1 x 1072 eV, respectively. The
Hubbard U correction®*® was applied to the neptunium
f-states using the approach of Dudarev et al. with a U-J value of
3.75 €V.*7 In all DFT computations, the van der Waals dis-
persion correction methods DFT-D3 were utilized with the
Becke-Johnson damping term.’®**° Bond orders (BO) and
partial atomic charges were computed using the Chargemol
program’s Density Derived Electrostatic and Chemical 6
(DDEC6) method.***?

The Gaussian 16 software package®* was used to perform
all molecular Density Functional Theory (DFT) computations.
To model exchange correlation effects, the B3LYP (Becke,
3-parameter, Lee-Yang-Parr)*>*® hybrid function was used for
the calculations. Van der Waals dispersion correction method
DFT-D3 was again utilized with the Becke-Johnson damping
term.*®*° The polarized triple zeta (def2-TZVP)*” basis set was
utilized to represent the C, N, H, and Cl atoms, while the
ECP60MWB pseudopotentials and ECP60MWB-SEG valence
basis set were used for Np.***° Scalar relativistic effects are
included by employing small-core Effective Core Potentials
(ECPs), while spin-orbit effects are ignored.

Solvation in water was simulated with the Integral Equation
Formalism Polarizable Continuum Model (IEFPCM).>>! All
structures were optimized with no symmetry constraints to a
tight convergence criterion with Root Mean Square (RMS)
force criterion of 1 x 107> Hartrees per radians. The calculated
vibrational frequencies were monitored to ensure that struc-
tures were optimized to a true minimum. Structures manifest-
ing imaginary frequencies underwent reoptimization with a
finer integration grid and stringent convergence criteria (RMS
force criterion of 1 x 107 Hartrees per radians), ensuring their
progression towards true minima without imaginary
frequencies.

3. Results and discussion
3.1 Structural description and bond analysis

Structure determination using single crystal X-ray diffraction
revealed the presence of one-dimensional chains of [NpO,(p,-
CI1),CI]”” in Np-Gua and [NpO,(p,-Cl)4(H,0)]™ in Np-Rb. Both
Np-Gua and Np-Rb contain four crystallographically unique

View Article Online
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(Np(v)O,)" units with average Np=0 bond lengths of 1.818(3)
and 1.826(2) A, respectively. The neptunyl bond in both cases
was nearly linear with O=Np=O0 angles of 179.63(10) for Np-
Gua and 179.10(9)° for Np-Rb. For Np-Gua, five additional CI~
anions are present in the equatorial plane at an average dis-
tance of 2.8534(7) A to create an overall pentagonal bipyrami-
dal coordination geometry. Np-Rb has a similar coordination
geometry, but one of the Cl™ anions is replaced with a ligated
water molecule. Np—Cl distances for Np-Rb are similar to that
of Np-Gua, but the Np-OH, distance is shorter at 2.452(2) A.
Both chains propagate through two p,-Cl bridges, although
there are differences in the orientation of the neptunyl polyhe-
dra along the length of the chain (Fig. 1). Within Np-Rb, the
neptunyl cations along the 1-D chain remain parallel, but in
the case of Np-Gua they are canted due to a change in the
angle of the p,-Cl bridge. This can also be observed based
upon the O=Np-Np=O0 dihedral angles of 7.48(2)° for Np-
Gua and 0.82(2)° for Np-Rb (Fig. 2).

Within the Np(v) chloride system, there are only a handful
of known 1-D chain compounds that have been structurally
characterized. The 1-D chains of Cs[NpO,Cl,(H,O0)] are formed
by edge sharing neptunyl(v) polyhedrons that are linked via
bridging CI".>° In contrast, K,[(NpO,);Cl,(H,0),] chains are
formed as a consequence of bridging CI™ and neptunyl-neptu-
nyl interactions. While the 1-D structural topology within Np-
Rb is isostructural to the previously reported Cs
[NpO,Cl,(H,0)] compound,® the chain topology for the Np-
Gua has not been noted in the literature for either Np or U
solids. In the Np(vi) chloride system, only one 1-D chain com-
pound, [NpO,Cl,(THF)],, has been structurally characterized.
This compound exhibits a 1-D structural topology like Np-Rb,
differing primarily in the valence state of Np and the substi-
tution of water with tetrahydrofuran.>® It is also important to
note that the individual molecular components within Np-Rb
(INpO,Cl5]*") and Np-Gua ([NpO,Cl4(H,0)]*") have not been
crystallized as isolated units.

To gain further insight into the bonding within the Np(v)
chain while preserving the periodicity, we determined Bond
Orders (BOs) using periodic Density Functional Theory and
compared them to the related reoptimized Cs;[NpO,Cl,] phase
(Np-Cs).>® Compared to Np-Gua, Np-Cs has similar experi-
mental Np=O bond lengths and has experimental Np-Cl
bond lengths that are elongated by about ~3.5%. For the Np-
Rb chain, the experimental Np-Cl bond lengths on
average show ~3.0% elongation compared to (Np-Cs) and the
Np=0 BOs of [NpO,(p,-Cl),CI1]*~, [NpO,(u,-Cl)4(H,0)]” and

Fig. 1 Neptunyl chloride chains are present in (a) Np-Gua and (b) Np-Rb. The Np(v) is located at the center of the dark green polyhedra and the
spheres represent Cl (green), O (red), and H (pink) atoms. (Images of chains with six neptunyl units were generated by creating 3 x 3 x 3 supercell.)

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The bond lengths (A) and BOs of dimeric units in (a) Np-Gua, (b) Np-Rb and (c) INpO,Cl,l*~ units in Np-Cs.>*>” The dark green, light green
and red sphere represent Np, Cl, and O atoms respectively. In ball and stick representation, the dashed sticks represent extended bonding. Tables
with selected crystallographic bond lengths and bond angles are provided in the ESI, Section 2.1.}

[NpO,Cl >~ are 1.43, 1.47 and 1.53, respectively. These BOs
indicate weakening of the neptunyl bond by ~6.5% and ~3.9%
in [NpO,(u,-Cl),CI]*~ and [NpO,(p,-Cl)4(H,0)]” compared to
[NpO,Cl,]>~. This observed weakening of the bond could be
caused by higher steric hindrance (4 vs. 5 equatorial coordi-
nation) as well as differences in non-covalent interaction by
axial oxygen in the three different crystal structures."”**™'® The
total BOs of equatorial coordination varies as follows:
[NpO,CL]>~ (BO = 1.60) > [NpO,(,-Cl)4(H,0)]” (BO = 1.48) ~
[NpO,(p2-C1)4CI]>~ (BO = 1.46). In Np-Gua, the BO of bridging
chlorides and non-bridging chlorides remain comparable,
while in Np-Rb the BOs of equatorial water remain identical to
the chloride anions (Fig. 2 and ESI, Section 3, Table S8%). The
significantly weaker equatorial bonding compared to axial
bond suggests that equatorial bonding within the chain struc-
tures remains ionic.>*"*°

3.2 Non-covalent interactions within the extended lattice

111 157

Our previous work with uranyl” and neptunyl’” solid state
compounds has highlighted the importance of Non-Covalent
Interactions (NCIs) in driving crystallization and the overall
formation energies. To analyze the NCIs of Np-Gua and Np-Rb,
we adopted the methodology developed in our prior work.**™*3
Total hydrogen bond energy (E) and total electrostatic inter-
action energy (E%! ) were determined with eqn (1), (2) and

(3), (4), respectively, to quantify the degree of NCIs.

H--X,elec
E H-bond

_ 1 oater (1)
4me r
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H-bonds

1
1 H--X el
D Doy @)
i
1 A
Ecation = 4me % (3)
0

1 electrostatic attraction

Egation =, Eeation.i 4)
z i

In eqn (1) the ¢;" and ¢;~ represent the partial atomic
charges of hydrogen and hydrogen bond accepter. Whereas in
eqn (2), the g;" and g;~ are partial charges of the cation and
anion involved in the interaction. In these equations, r rep-
resents the interaction distance, and Z represents the number
of formula units in the unit cell. Additionally, we determined
the sum of bond order (Bo;ﬁl;]) of all NCIs of a single axial
oxygen with eqn (5) as a measure of axial oxygen engagement
in NCIs.H

Oy-+H/M

= > BO (5)
i

BO “yl”

sum

ere, the BO?yl" is the bond order of NCIs through the axial
oxygen calculated by DDEC6 method.'"**™** The EQ2 =~ and
BO., values for Np-Cs were taken from literature to compare
the NCIs of NpO,* chains to a well-studied [NpO,Cl,]*~ con-
taining system.”” The DDEC6 technique has been applied pre-
viously to assess hydrogen bonding in natrolite and hexagonal

ice crystals, yielding a BO of 0.07-0.13 for strong hydrogen

This journal is © The Royal Society of Chemistry 2024
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Oc H @ rRb O Cs
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Fig. 3 The NCls networks for (a) Np-Gua, (b) Np-Rb, and (c) Np-Cs®” compounds. The color of the interaction indicates the distance. (VESTA visual-
ization files are provided as a part of the ESI.1) A legend provided below the image defines the molecular units, atoms, and interaction distances.

bonds, thus this value will be used as a reference when asses-
sing the strength of NCIs.*?

The hydrogen bonding network of Np-Gua was mapped
(Fig. 3a) and shows the presence of N-H---Cl,q and N-H---Oy;
hydrogen bonding, with E%%! of —2196.37 k] mol™". When the
hydrogen bonding BOs of bridging and non-bridging Cl™ are
compared, non-bridging Cl~ have 2.5 times the hydrogen
bonding ability compared to the bridging CI~ (ESI, Section 4,
Table S22t). The Np-Rb crystal structure contains both cation
interactions and hydrogen bonding interactions with energies
of EX@ = —2538.98 k] mol™" and EX%@ = —528.15 kJ mol .
Rb":--Cle, that were ~0.1-0.3 A longer than Rb"---Oy inter-
actions, yet Rb"+-Cleq has 1.14 times higher BOs compared to
Rb'---O, interactions (ESI, Section 4, Table S23f). Ligated
water molecules present in the Np-Rb chains form strong
hydrogen bonding (BO = 0.109) with the axial oxygens on the
neighboring neptunyl(v) chains. The BOJm of Np-Cs was
reported as 0.374,% which allows us to rank the BOZn, of com-
plexes as Np-Cs > Np-Rb > Np-Gua (Table 2). This trend in
Bo;{};; and interaction energies can be rationalized as being
related to the overall molecular charges as it goes from -3 in
the isolated Np-Cs units to —2 and —1 for Np-Gua and Np-Rb,
respectively. Even though the magnitude of the negative
charge for Np-Rb is smaller than that of Np-Gua, the larger

number of NCIs may be a result of additional hydrogen
bonding with the equatorial water of neighboring chains.
Since the primary coordination sphere is different between
Np-Gua, Np-Rb and Np-Cs, we could not compare the influ-
ence of NCIs on the Np=0 bond lengths. Our objective in ana-
lyzing the non-covalent interactions (NCIs) within Np chain
structures is to emphasize the distinctions in their NCI net-
works when compared to an extensively studied Np-Cs system.

3.3 Vibrational signatures

The linear NpO," moiety has D, symmetry that leads to three
fundamental vibrational modes: symmetrical stretch (vy:
Raman active), bending mode (v,: IR active), and asymmetrical
stretch (v3: IR active).’®® Typically, the vy of [NpO,(H,0)s]"
species is centered at 765 cm™', but the addition of ligands
with significant sigma donation and pi-interactions can result
in weakening of the neptunyl bond and a red-shift in the peak
position.'® Interactions between the Np(v) cation and the Cl~
anions bonded in the equatorial plane are typically considered
ionic, leading to smaller red-shifts in the v, band (4-20 cm™).
The v, is also sensitive to NCIs, where strong interactions can
weaken the Np=0 bond and reduce the symmetry, causing a
red-shift in the peak position and the appearance of additional
features."71%°

Table 2 The number of hydrogen bonding interactions per formula unit and number of cation interactions per formula unit, Ei9?, E'%t! and BOJY,

of NpO,* compounds

cation

Compounds No. H bonding interactions No. cation interactions Ettl (k] mol ™) Ef@l (k] mol™) BOZIm
Np-Gua 15 — —2196.37 — 0.215
Np-Rb 4 8 —2538.98 -528.15 0.235
Np-Cs*” — 30 — —6656.86 0.374

This journal is © The Royal Society of Chemistry 2024
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The experimental Raman spectrum of Np-Gua contains two
peaks that are centered at 1009 cm™' and 741 cm™". To deter-
mine the origin of these peaks, we calculated the Raman active
modes of Np-Gua using an isolated guanidinium cation and
[(NpO,),Clg]®~ dimer. The calculated guanidinium feature was
observed at 1018 cm ™, while the [(NpO,),Clg]®~ dimer had two
vibrational bands at 770 em™" and 765 em™" for in-phase and
out-of-phase symmetrical stretches (Fig. 4a and Table 3). Aided
by this computational data, experimental features in the Np-
Gua spectrum are assigned to the guanidium (1009 em™") and
(NpO,)" (741 em™") symmetric stretches. The calculation of
vibrational modes of Np-Rb is done using the isolated dimer
[(NpO,),Clg(H,0),]*". The Np-Rb experimental Raman spec-
trum has one prominent feature at 751 cm™", and a minor
feature at 716 cm ™" (Fig. 4b), while the calculated in-phase and
out-of-phase v, vibrations are at 781 em™ and 776 ecm™
respectively. With the computational results, the peak at
751 em™' in the experimental spectrum can be assigned to
(NpO,)" symmetrical stretch, but the minor feature at
716 cm™' did not align with any calculated features. This
feature may have appeared due to distortion of the NpO," geo-
metry caused by NCIs™ or due to minor impurity. According
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to the literature, the Na,Np"(Np'0,)s(OH);4,Clo(H,0)s_, (0 <
x < 1) phase has a feature at 717 cm™; therefore, the impurity
could be this phase or a related phase.®’ Comparing the neptu-
nyl symmetric stretch of the two compounds, we note that the
v; in Np-Gua is 10 cm ™" redshifted compared to Np-Rb, which
coincides with our prior observations regarding the trends in

Np=0 BO for these systems.

3.4 Insight into chain formation

The Np(v) in aqueous media with CI~ exist as molecular units
of [NpO,Cl,)(H,0),]™" (x = 4 or 5, n = 0 to 4) where n
increases as a function of the chloride concentration.> We
investigated the thermodynamic feasibility of assembling
these molecular units to form dimers and trimers that can
extend to generate the Np(v) chain structures found in Np-Gua
and Np-Rb. We modeled [NpO,Clp; ¢ 4)(H20) (00 2)] ~ (X =1 to 3)
complexes in aqueous media using molecular DFT. The true
stationary point of these calculations was confirmed by the
lack of imaginary vibrational frequencies. From these initial
Np(v) aquachloro complexes, we then proposed a thermo-
dynamically viable pathway for the chain formation to occur
by assuming that these reactions occur via dissociative ligand

b —— Background substracted
1200 4 —— 751 cm™'
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Fig. 4 The experimental Raman spectra of (a) Np-Gua and (b) Np-Rb. The spectra were fitted using a pseudo-Voigt 1 model to obtain the peak
centroids. The DFT-calculated Raman active modes in the spectral window of 1100-600 cm™ are highlighted with arrows showing motion of atoms

during the vibration.

Table 3 The experimental and calculated neptunyl(v) vibrational features of Np-Gua and Np-Rb. The calculation of vibrational modes of Np-Gua
and Np-Rb are done using isolated dimers of [(NpO,),Clgl®~ and [(NpO,),Clg(H,0),]*" respectively

Calculated v; (cm™)

Calculated v; (em™)

Compounds Experimental v; (cm™) In-phase Out-of-phase In-phase Out-of-phase
Np-Gua 741 770 765 781 776
Np-Rb 751 798 796 812 810
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substitution or addition, which is supported by literature
precedent.®”%*

The crystallization of Np-Gua occurs when the mother
liquor is highly concentrated and has a high viscosity, where
the [CI"] > 10 M based on final concentrations. At such high
chloride concentrations, NpO"' will coordinate to 3 or 4 equa-

a)

+
Step 1

44 AH; =-94.00 kJ/mol

ﬁ

Step 2

AH, = -23.47 kJ/mol
-+

-\

»

a A

Chain elongation

e
be

bl :

Crystallization
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torial chlorides.”> We computed the reaction enthalpy for the
transformation of the [NpO,Cl o 4)(H20)(0t02)]> ©°~ mole-
cular species, initially forming a dimer [(NpO,),Cl;]uq)’” in
the first step. Subsequently, this dimer associates with mono-
meric units in the second step, resulting in the formation of
[(NPO,)3CligJaq)~ trimers (Fig. 5). Calculations show that

b)

o

Step 1
AH, =o'34'27 kJ/mol

[,
Step 2
AH, = -56.66 kJ/mol

;;":}
—=Q

b

l
o o~] Mg

Chain elongatlon

E{P®! = .2196.37 kyimol E{P%! = -1465.49 kJImoI i

total °
ot =-2538.98 lemoIl

Crystallization

Fig. 5 Most energetic chain formation path for (a) Np-Gua and (b) Np-Rb. The green polyhedra represents neptunyl(v) units. NCls energies (E®®
and E%2 ) are shown to highlight the driving force for crystallization in the presence of charge balancing cations.

cation

Table 4 Possible formation reactions that may be involved in the formation of Np-Gua

Step Possible reactions AH (kJ mol™)
1 (I) [Npozclg(HZO)](a T+ HCl(aq) — [(Np02)2C17](aq] + HgO(aq) + HZO(aq) —-94.00

(I [NpO,Cl,(H,O )] q  +[NpO,ClL;(H,O )](aq) [(Npoz)zcl7](aq) +2H0(q) —46.17

(IH) [NpOZCI4](aq) [Np02C13(H20)](aq) [(NpOZ)ZCI ](aq] + Hz (aq) —44.63

(v) [NPOZC13(HZO)2](aq) + HCl(aq) —~ [(Np02)2C17](aq] + H30(aq)" + 3H,0(q) —34.50

(V) [NpOZCI4(H29)](aq) [NpOZCI (HZO) ](aq) [(Np02)2C17](aq) + 3H20(aq) —-16.42

(V1) [NPO>ClyJiaq)®” + [NPOLCLs(Hy0))aq)>” = [(NPO2)5Cls ]’ + 2HOpaq) -14.88
2 M [(NPO,):Cls)aq)®™ + [NPOCl3(H20)]aq)”™ = [(NPO2)sClioJiaq)’ ™ + H2Ofaq) —23.47

This journal is © The Royal Society of Chemistry 2024
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Table 5 Possible formation reactions that may be involved in the formation of Np-Rb

Step Possible reactions AH (k] mol™)
1 m 2[NpO,CL(H,0)Jag)*” = [(NPO,),Cle(H20)5]aq)" . —34.27

(H) [ pOZCIg(HZO)](aq] [NpOZCIZ(HZO) ](aq] + HCl(aq) - [(NPOZ)ZC16(HZO) ](aq) + HgO(aq] -8.19

(1) [NPO,Cl3(H0)Jaq)*™ + [NPOLCl3(H20)zJiaq)*™ = [(NPO2)2Cle(H20)zJiaq” ™ + H2O(aq —4.52
2 m [(NpO,),Cls(H 20)2][aq]z + [NpO,Cl3(H,0)Jaq)*” + HiOag)” — [(NPOZ)SCIS(HZ )slaq)’” + HeOfag) + HCl(aq) —56.66

(H) [(NpOZ)ZCl6(HZO) ](an + [NPOZCIZ(HZO)Z][aq) — [(NpOZ)gClg(HZO)g](aq) + HZO(a ) —30.58

(IH) [(Np02)2016( ) ][aq] + [Np02C13( 20)2] aq) T+ H3O(aq) - [(Np02)3C13(H2 ) ](aq) + ZHZO(aq) + HCl(aq) —-26.91

) [(NPOZ)ZCIG(HZO)Z][aq] + [NPO,CL(H,0)3](aq)” = [(NPO2)3Cls(H20)3]1aq)’ ™ + 2H20(aq) —14.59

seven reactions are enthalpy favored to form the dimer, where
the most energetically favorable is the dimerization of
[NpO,Cl53(H,0)]q)”” (Table 4, step 1, reaction (I)). None of the
first step reactions were thermodynamically favorable with
both monomeric species having tetrachloride coordination
(ESI, Section 6, Table S28t). This may be due to this reaction
leading to the cleavage of Np-Cl bonds and release of Cl™ as
HCl,q). In the second step, only the reaction between
[(NPO,),Cly)aq)’” and [NpO,Cl3(H,0)]uq)>” was energetically
favored (ESI, Section 6, Table S28%), highlighting the crucial
role of [NpO,Cl3(H,0)]aq)’” in Np-Gua chain formation, with
potential chain propagation through its repeated occurrence.

In contrast, Np-Rb crystallization occurs considerably
sooner during the slow evaporation of the aqueous solution;
thus, the [Cl7] is likely at the appropriate level to contain
dichloride  coordination. Thus, we have included
[NPO,Clp; t 4)(H20) (010 3)] 3~ in our calculations. Here, we
found that the dimerization of [NpO,Cl3(H,0)]aq’", is the
most favorable reaction of step 1 (Table 5). Additionally, the
[NpO,Cl3(H,0)]aq)>” reactions with [NpO,Cl3(H,0),]q)”” and
[NpO,Cl,(H;0),](aq)~ Were also found to be thermodynamically
feasible (ESI, Section 6, Table S29%). Here, the trimer for-
mation and chain propagation can happen via subsequent
addition of [NPO,Cl(z 0 3)(H20)(1 t0 2))aq)” *°>~ to the end of the
oligomeric unit.

4. Conclusion

In this study, we synthesized two Np(v) chain structures and
analyzed them using single crystal X-ray diffraction, Raman
spectroscopy, and DFT calculations. Structural analysis of the
solid phases revealed the presence of 1-D chain topologies
built from repeating Np(v)O," units linked by bridging CI~
anions. The Np=0O bond lengths within these chains are
similar to those observed for the isolated [NpO,Cl,J*~ coordi-
nation complex, however BO analysis indicates that the neptu-
nyl bond is weakened by 6.5% compared to the molecular
unit. NCI analysis determined that the Np-Gua compound is
primarily assembled through charge assisted hydrogen
bonding, where both N-H---Cl.q and N-H:--Oy; interactions are
present and total interaction energy was —2196.37 kJ mol .
The total interaction energy of Np-Rb was —3067.13 kJ mol™

and the structure contained Rb'---Oy, Rb"--Cleq and Oeq-

3404 | Dalton Trans., 2024, 53, 3397-3406

H:---Oy; NCIs. Raman spectroscopy showed that there was a red-
shift in the neptunyl symmetric stretch of Np-Gua compared
to Np-Rb, suggesting a weakening of the Np=O bond in Np-
Gua. This conclusion is consistent with the trend in BO values
for these structures. DFT calculations were also performed to
evaluate the thermodynamic feasibility to form Np-Gua and
Np-Rb from the molecular precursors, and the results suggest
that propagation of the chain via dissociative ligand substi-
tution reactions is thermodynamically favorable. Overall, this
study provides a thorough investigation of the primary coordi-
nation sphere bonding, NCIs, chain formation reactions, and
vibrational features for the Np(v) chloride chain systems.
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