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a b s t r a c t

The demand for 238Pu (nuclear battery heat source) drives the separation of its precursor, 237Np, from

spent nuclear fuel (SNF). However, the co-existence of multi-valence states (IV/V/VI) of Np and similar

redox behavior with Pu(IV) hinder the effective separation of Np. N-Butyraldehyde (n-C3H7CHO) selec-

tively reduces Np(VI) to Np(V) without reducing Pu(IV). Herein, we examined the reduction mechanisms

of Np(VI) and Pu(IV) by n-C3H7CHO using relativistic density functional theory. Based on the results of

the potential energy profiles, the reductions of both Np(VI) and Pu(IV) by n-C3H7CHO are thermodynam-

ically feasible, whereas only the former is kinetically achievable. It uncovers that n-C3H7CHO can only

reduce Np(VI) to Np(V) owing to kinetically controlled selective reduction. The analyses of spin density

and bond distance indicate that the reduction nature for the first Np(VI)/Pu(IV) belongs to hydrogen atom

transfer, whereas that for the second one involves outer-sphere electron transfer. Localized molecular or-

bitals (LMOs) analysis discloses the bonding evolution during the reduction process of Np(VI)/Pu(IV). This

study elucidates the reason behind the kinetically controlled selective reduction of Np(VI)/Pu(IV) by n-

C3H7CHO at the molecular level and offers in-depth perspectives on the isolation of specific metal ions

from the view of kinetic control.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

To achieve the sustainable development of nuclear energy, it is

inevitable to perfect and improve the spent fuel reprocessing pro-

cess [1–3]. The current commercialized Plutonium Uranium Reduc-

tion EXtraction (PUREX) only achieves uranium (U)/plutonium (Pu)

separation. Neptunium (Np) in spent nuclear fuel (SNF) is not sep-

arated and enters into high-level liquid waste (HLLW) [4], which

is vitrified and deep-buried underground. The half-life of 237Np is

2.144 million years, which poses a very stringent challenge to the

conditions of geological storage. In addition, 237Np is the raw ma-

terial for 238Pu, which is commonly used in the manufacture of nu-

clear batteries. Nuclear batteries have very important applications

in aerospace, medical, and other fields [5]. As a result, it is crucial

and urgent to remove Np from SNF. In the PUREX process [6,7], the

extractant tributyl phosphate (TBP) has different extraction abili-

ties for Np in different valence states (Np(V) << Np(IV) < Np(VI))

[8–10]. Np(VI) can be reduced to Np(V) by salt-free reagents and

Np(V) [11] enters into the aqueous phase, which achieves the sep-
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aration of Np. Various salt-free reagents have been explored in ex-

periments for the reduction of Np(VI), including hydroxylamines

[12–16], ureas [17–19], oximes [20–23], hydrazines [24–31], and

aldehydes [32–36].

Among these reductants, hydroxylamines, ureas, oximes, and

isobutyraldehyde are able to reduce Np(VI) into Np(V) and Pu(IV)

into Pu(III), respectively, leading to the entry of both Np and

Pu together into the aqueous phase. Marhenko et al. studied the

reduction reactions of Np(VI) and Pu(IV) with hydroxylamine in

0.33mol/L HNO3 solution containing U(VI) and some fission prod-

ucts at 60 °C and found that hydroxylamine is able to reduce

Pu(IV) into Pu(III) as well as reduce Np(VI) into Np(V) and Np(IV)

[16]. Dihydroxyurea achieves U/Pu separation by reducing Pu(IV) to

Pu(III) [17] and accomplishes U/Np separation by reducing Np(VI)

to Np(V) [18]. Koltunov et al. reported that acetaldoxime reduces

Pu(IV)/Np(VI) to Pu(III)/Np(V), respectively, and both Pu and Np

are removable from the 30% TBP/n-dodecane with the presence

of U(VI) [20]. Uchiyama et al. discovered that isobutyraldehyde

is capable of reducing Pu(IV)/Np(VI) to Pu(III)/Np(V) respectively

without reducing U(VI), making it suitable for the Pu(IV) reduc-

tion in the U/Pu separation stage [32]. Some hydrazine deriva-
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tives and n-butyraldehyde are only capable of reducing Np(VI) to

Np(V) without accomplishing the reduction of Pu(IV), thus achiev-

ing sole separation of Np [24,26,30–32,34]. The obvious difference

in reduction rates between Np(VI) and Pu(IV) with hydrazine or

methylhydrazine can be applied for the separation of Np from Pu

[30,31]. Furthermore, increasing the concentration of reductants

and nitric acid as well as raising the temperature are beneficial for

Np/Pu separation in the single-stage extraction experiment [30,31].

Uchiyama and colleagues demonstrated that n-butyraldehyde is

capable of reducing Np(VI) to Np(V) without affecting Pu(IV) in

3mol/L HNO3 solution, thus successfully separating nearly 99.98%

of Np in the organic phase [32], which can achieve the selective re-

duction of Np(VI) by n-butyraldehyde. Subsequently, they investi-

gated the kinetics for the reduction of Np(VI) with n-butyraldehyde

in HNO3 solution and 30% TBP/n-dodecane and obtained the cor-

responding equation of reduction rate [33,36]. Based on the differ-

ent reduction abilities of Np(VI) and Pu(IV) by reductants, an ad-

vanced PUREX process, known as the Partitioning Conundrum Key

(PARC) process, was developed for the sole separation of Np [34].

Flow sheet experiments demonstrate that n-butyraldehyde selec-

tively reduces Np(VI) to Np(V) without being affected by the co-

existence of U(VI) and Tc(VII) species [34]. However, the different

reduction abilities of Np(VI) and Pu(IV) by n-butyraldehyde have

not been clearly elucidated in experiments due to the constraints

of the experimental operating conditions of Np and Pu, so the the-

oretical study on their reduction mechanisms is very necessary.

We have conducted theoretical investigations into the reduc-

tion process of Np(VI) with hydrazine and related derivatives [37–

44], revealing that the quick reduction of Np(VI) with phenylhy-

drazine and hydrazinopropionitrile thanks to delocalized π elec-

trons and σ -π hyperconjugation effect, respectively [39,41]. In ad-

dition, the reduction mechanism of Pu(IV) by acetaldoxime has

been clarified by the analyses of the structures and energy barri-

ers [45]. Herein, we further investigated the reduction process and

mechanism of Np(VI)/Pu(IV) using n-butyraldehyde as well as ex-

plained the reason behind the selective reduction of Np(VI), utiliz-

ing relativistic density functional theory. This work elucidates the

structures and mechanisms of Np(VI) and Pu(IV) reduction by n-

butyraldehyde and provides theoretical support for the application

of n-butyraldehyde to the separation of Np/Pu in SNF.

The B3LYP hybrid functional [46,47], which can provide reliable

results for studying actinide compounds [48–54], was combined

with the conductor-like polarizable continuum model (CPCM)

[55,56] in the Gaussian 16 software [57]. The 6–31G(d) basis set

was used for C, O, N, and H atoms, the relativistic effective core po-

tentials (RECPs) [58] replacing 60 core electrons and ECP60MWB-

SEG valence basis set [59,60] were used for Np and Pu atoms.

The spin-unrestricted method was employed to optimize the struc-

tures of all Pu(IV/III) and Np(VI/V) complexes, their ground states

are the doublet Np(VI), triplet Np(V), quintet Pu(IV), and sextet

Pu(III), respectively. Frequency calculations were performed at the

same level of theory to ensure initial complexes (ICs), intermedi-

ates (INTs), and transition state (TS). The intrinsic reaction coordi-

nate (IRC) approach was utilized to confirm the connectivity of TSs

with ICs and INTs. Additionally, the Pu(IV/III) and Np(VI/V) com-

plexes have 5f-electrons, and their energies may be sensitive to

the spin-orbit coupling (SOC) effect. Previous studies have shown

that the SOC effect significantly impacts the reaction energy for

the systems bearing Np [61] and Pu [62]. To evaluate the in-

fluence of the SOC effect on potential energy profiles (PEPs) of

Np(VI)/Pu(IV) reduction using n-butyraldehyde, single point calcu-

lations including SOC effect with the exact two-component (X2C)

relativistic Hamiltonian within the X2C formalism [63] were per-

formed using the B3LYP functional and all-electron Slater-type or-

bital (STO) triple-ζ polarized (TZ2P) basis set [64] without frozen

core approximation in the Amsterdam Modeling Suite 2022 (AMS

Scheme 1. Structures of n-C3H7CHO and free radical [n-C3H7CO]
• .

2022) package [65–67]. The above calculations also considered the

solvent effect using the Conductor-like Screening Model (COSMO)

approach with Klamt’s radii in the aqueous phase [68–70]. The

PEPs with and without SOC effects in Fig. S1 (Supporting in-

formation) show that the SOC effect has a significant influence

on the energy barrier. Thus, PEPs with SOC effect were used in

the following discussion. Localized molecular orbitals (LMOs) [71]

based on the optimized structures were analyzed with the Multi-

wfn software [72,73] to investigate the bonding evolution through-

out the reaction. Spin density can clarify the change of the ox-

idation state of Np/Pu and elucidate the reduction nature. Inde-

pendent gradient model based on Hirshfeld partition (IGMH) is

used to reveal intermolecular interaction [74]. Scheme 1 illus-

trates the structures of n-butyraldehyde and its associated free

radical participating in the reaction process. In addition, to assess

the effect of functional on the molecular geometries, the struc-

tures of [NpVIO2(H2O)5]
2+, [NpVO2(H2O)5]

+, [PuIV(NO3)2(H2O)7]
2+,

n-C3H7CHO and [n-C3H7CO]
• were optimized using hybrid B3LYP

and pure PBE functionals with 6–31G(d) basis set in the aqueous

phase. The values of the bond distance in Fig. S2 (Supporting infor-

mation) indicate that the structures are not sensitive to the func-

tionals. So the results we discussed below are based on the B3LYP

functional.

The total reduction reaction of Np(VI)/Pu(IV) by n-

butyraldehyde with the participation of a water molecule is

shown in Eq. 3. The possible reaction processes are shown in

Eqs. 2 and 3. In 3mol/L HNO3 solution, [PuIV(NO3)2(H2O)7]
2+

and [NpVIO2(H2O)5]
2+ represent the dominant species for Pu(IV)

[75–78] and Np(VI) [79–81], respectively, so they were used as

reactants of the reduction reactions of Pu(IV) and Np(VI). The free

radical [n-C3H7CO]
• is likely to exist in certain conditions [82,83].

2M2+ +n-C3H7CHO+H2O=2M+ +n-C3H7COOH+2H+

(M= [NpO2(H2O)5] or [Pu(NO3)2(H2O)7]) (1)

M2+ +n-C3H7CHO→M+ + [n-C3H7CO]
• +H+ (2)

M2+ + [n-C3H7CO]
• +H2O→M+ +n-C3H7COOH+H+ (3)

The reduction processes for the Np(VI)/Pu(IV) with n-

butyraldehyde are presented in Scheme 2. Oxygen atom of

the neptunyl ion receives hydrogen atom from the aldehyde group,

resulting in the generation of the free radical [n-C3H7CO]
• as well

as Np(V) in the process of the first Np(VI) reduction (Eq. 2). Sub-

sequently, the carbon atom of the aldehyde group in [n-C3H7CO]
•

contacts with the oxygen atom of the water molecule coordinated

with the neptunyl ion, which accomplishes the reduction of the

second Np(VI), and finally obtains Np(V) and n-butyric acid (n-

C3H7COOH) with the help of a water molecule (Eq. 3). For the

Pu(IV) reduction by n-butyraldehyde, the hydrogen atom of the

aldehyde group migrates to the oxygen atom of the nitrate ion

and forms Pu(III) and [n-C3H7CO]
•, which enables the first Pu(IV)

reduction. Next, carbon atom of the aldehyde group in [n-C3H7CO]
•

touches the oxygen atom of a water molecule, which facilitates

the second Pu(IV) reduction.
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Scheme 2. Reaction processes for the reduction of Np(VI) (left) and Pu(IV) (right) with n-butyraldehyde.

The structures and PEP for the Np(VI) reduction by n-

butyraldehyde are shown in Fig. 1. Firstly, n-C3H7CHO with

[NpVIO2(H2O)5]
2+ forms IC1 by vdW interaction using IGMH (Fig.

S3 in Supporting information), which is an endothermic process

(2.60 kcal/mol). In IC1, the C–O and C–H bonds are 1.220 and

1.110 Å, respectively, and both the Np-Oyl1 and Np-Oyl2 bonds

are 1.738 Å, which are almost the same with the correspond-

ing bond distances in the isolated n-C3H7CHO molecule and

[NpVIO2(H2O)5]
2+ as presented in Fig. S2. The bond distance of

Np-Oyl in [NpVO2(H2O)5]
+ and [NpVIO2(H2O)5]

2+ is 1.800 Å and

1.738 Å, respectively, reflecting that the bond distance of Np-Oyl is

sensitive to the valence state of Np. The transition from IC1 to INT1

requires overcoming TS1 with the energy barrier of 18.43 kcal/mol.

TS1 has an imaginary frequency with the value of 1247.51i cm-1,

which corresponds to vibrational motion associated with the hy-

drogen atom between the C and Oyl1 atoms. The C–H and Oyl1–H

bond distances significantly change from IC1 to INT1, which ver-

ifies the cleavage of the C–H bond and the concomitant forma-

tion of the Oyl1–H bond. At the same time, the Np-Oyl1 bond

distance greatly increases from 1.738 Å in IC1 to 1.968 Å in INT1,

indicating that the valence state of Np changes from Np(VI) in

IC1 to Np(V) in INT1. The C–O bond distance is 1.189 Å in INT1,

which is comparable to that in [n-C3H7CO]
• (1.195 Å, Fig. S2), re-

vealing that n-C3H7CO fragment in INT1 has free radical charac-

ter. According to the results discussed above, the first reduction of

Np(VI) can be attributed to the hydrogen atom transfer of the alde-

hyde group [84,85]. INT1 decomposes into free radical [n-C3H7CO]
•,

[NpVO2(H2O)5]
+, and H+. Moreover, we also considered another

case that the H atom of the aldehyde group contacts the oxygen

atom of the coordinated water molecule, as shown in Fig. S4 (Sup-

porting information). Clearly, the energy barrier for this process

(35.83 kcal/mol) is significantly higher than that for H atom trans-

fer to the Oyl atom (18.43 kcal/mol), which indicates that the H

atom of the aldehyde group preferentially interacts with the Oyl

atom.

[n-C3H7CO]
• combines with another [NpVIO2(H2O)5]

2+, result-
ing in the formation of IC2, which is a significantly exothermic pro-

cess. In IC2, the carbon atom of the aldehyde group and the oxy-

gen atom (OW1) of the water molecule form the C–OW1 bond with

the distance of 2.480 Å, which leads to the longer Np-OW1 bond

distance (2.651 Å) compared to the average Np-OW bond distance

in [NpVO2(H2O)5]
+ (2.544 Å) and [NpVIO2(H2O)5]

2+ (2.445 Å). The

Np-Oyl1 and Np-Oyl2 bond distances are close to 1.800 Å in IC2,

which suggests that Np(VI) is immediately reduced to Np(V) as

soon as [n-C3H7CO]
• contacts with [NpVIO2(H2O)5]

2+. The transi-

tion from IC2 to INT2 involves a slightly endothermic process with

the energy of 1.24 kcal/mol, requiring overcoming 4.23 kcal/mol

energy barrier. The C–OW1 bond distance significantly decreases

from 2.480 Å in IC2 to 1.489 Å in INT2, at the same time, the

Np-OW1 bond increases from 2.651 Å in IC2 to 2.873 Å in TS2

and completely disappears in INT2. Noticeably, this process ac-

companies the elongation of the OW1–HW bond and the short-

ening of the OW2–HW bond due to the change of the C–OW1

bond distance. The structural feature makes the second Np(VI) sus-

ceptible to reduction. Finally, INT2 decomposes into n-C3H7COOH

and [NpVO2(H2O)5]
+, along with the release of H+. In total, al-

though the energy barrier for the reduction of the first Np(VI)

(18.43 kcal/mol) is considerably larger than that for the reduction

of the second Np(VI) (4.23 kcal/mol), both reduction processes are

still kinetically feasible. Moreover, the energy change for the re-

duction of Np(VI) using n-butyraldehyde is −32.84 kcal/mol. These

results indicate that the reduction of Np(VI) by n-butyraldehyde

is both thermodynamically and kinetically feasible. In addition,

the gap between the lowest unoccupied molecular orbital (LUMO)

and singly occupied molecular orbital (SOMO) of IC1 complex

is 2.17 eV, which is smaller than that of IC2 (3.55 eV), as pre-

sented in Fig. S5 (Supporting information), while the trend of

the corresponding energy barrier is inverse. It shows that the

larger value of the SOMO-LUMO gap, the smaller the energy

barrier.

The assessment of the oxidation state in metal ions can be en-

abled by spin density [86]. Fig. 2 illustrates the spin density dia-

grams of ICs, TSs, and INTs structures and the spin density value of

Np atom. Table S1 (Supporting information) lists the spin density

values on H, C, O, and Np atoms. The spin density value of Np atom

in [NpVIO2(H2O)5]
2+ is 1.170 a.u., while that in [NpVO2(H2O)5]

+ is

2.172 a.u., as depicted in Fig. S6 (Supporting information). These

values are close to the corresponding formal spin density values

of 1 and 2, respectively, confirming that the theoretical approach

we used here is reliable for the Np complexes. The spin den-

sity value of Np atom in IC1 (1.260 a.u.) is comparable to that

in [NpVIO2(H2O)5]
2+, which implies the valence state of Np(VI) in

IC1. The value in INT1 significantly increases to 2.161 a.u., nearly

equivalent to the value observed in [NpVO2(H2O)5]
+, indicating the

valence state of Np(V) in INT1. In addition, the total spin den-

sity value of O, C, and H atoms of the n-C3H7CHO fragment in

IC1 is 0, while it sharply increases to 0.897 a.u. in INT1, illumi-

nating the free radical character of n-C3H7CO fragment in INT1.

Therefore, the reduction of the first Np(VI) results in the formation

of Np(V) and [n-C3H7CO]
•, which can be ascribed to the hydro-

3
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Fig. 1. PEPs of the reduction of Np(VI)/Pu(IV) with n-C3H7CHO at the B3LYP-SO/TZ2P level of theory in the aqueous phase. The structures, the related bond distances (Å),

and imaginary frequencies (cm-1) of TSs (shown in parentheses) are presented at the B3LYP/ECP60MWB/6–31G(d) level of theory. Oyl1 and Oyl2 represent oxygen atoms of

neptunyl ion that participated and unparticipated in the Np(VI) reduction, respectively. O3, O2, and O1 atoms represent the oxygen atoms within the nitrate ion. HW and

OW correspond to hydrogen and oxygen atoms of the water molecule, respectively.

Fig. 2. Diagrams of spin density in the ICs, TSs, and INTs structures (isovalue=0.02)

as well as the spin density value for Np atom. White, red, cyan, mauve balls corre-

spond to H, O, C, and Np atoms, respectively.

gen atom transfer of the aldehyde group. The value of spin den-

sity for Np atom across the IC2, TS2, and INT2 structures ranges

from �2.01 a.u. to 2.16 a.u., indicating that Np(V) valence state in

these structures. Furthermore, the sum of spin densities for the

C and O atoms of [n-C3H7CO]
• fragment in the structures of IC2,

TS2, and INT2 is close to 0, showing the disappearance of free

radical character for [n-C3H7CO]
•, as presented in Fig. 2. These re-

sults suggest that the reduction of the second Np(VI) is promptly

accomplished when [n-C3H7CO]
• contacts with Np(VI). So the re-

duction of the second Np(VI) is the outer-sphere electron trans-

fer, which can be supported by previous works [87–89]. Therefore,

the reduction nature for the first and second Np(VI) is character-

ized by hydrogen atom transfer and outer-sphere electron transfer,

respectively.

LMO analysis has been employed to uncover the bonding char-

acteristics and illuminate the process of the chemical reaction

[90,91]. Diagrams and the corresponding atomic contribution of

LMOs for the structures of Np(VI) reduction by n-butyraldehyde

are shown in Fig. 3 and Fig. S7 (Supporting information). For the

reduction process of the first Np(VI) from IC1 to INT1, the C–H σ
LMO disappears and a new Oyl1–H σ LMO forms (Fig. S7). The dia-

grams of LMOs in Fig. 3 also reflect that the Np-OW1 σ LMO gradu-

ally disappears and C–OW1 σ LMO progressively forms from IC2 to

INT2, which results in the obvious change of the contribution for

the out-of-plane C–O π LMO. That is, the contribution of C atom

decreases from 28.7% in IC2 to 14.9% in INT2 for the out-of-plane

C–O π LMO, while the corresponding contribution of C atom for

4
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Fig. 3. Diagrams and atomic contribution (%) of LMOs (isovalue = 0.05) for IC2, TS2, and INT2 of Np(VI) reduction with n-butyraldehyde.

C–O σ and in-plane C–O π LMOs remains almost the same. The

result indicates that the reduction of Np(VI) takes place in a cer-

tain direction of n-butyraldehyde [92,93]. Therefore, LMOs reflect

the bonding evolution and reaction direction for the Np(VI) reduc-

tion with n-butyraldehyde.

It is clearly seen in Fig. 1 that [PuIV(NO3)2(H2O)7]
2+ and n-

C3H7CHO form IC1I via the O–HW hydrogen bond with a dis-

tance of 1.675 Å. The Pu-O1 and Pu-O2 bond distances are 2.446

and 2.484 Å in IC1I, which keeps almost the same values of the

[PuIV(NO3)2(H2O)7]
2+ complex in Fig. S2. And the C–H and C–O

bond distances in IC1I align well with the corresponding values

of the n-C3H7CHO in Fig. S2, indicating that Pu(IV) is not reduced

in the formation of IC1I. The energy barrier for the Pu(IV) reduc-

tion reaction from IC1I to INT1I is 34.27 kcal/mol, revealing the ki-

netic infeasibility of Pu(IV) reduction. The C–H bond sharply in-

creases from 1.102 in IC1I to 1.879 Å in INT1I. Noticeably, the dis-

tance between O3 atom of nitrate ion and H atom of the aldehyde

group in IC1I is 3.298 Å, while it is 1.363 Å and 1.024 Å in TS1I and

INT1I, respectively, indicating the formation of O3-H bond. In ad-

dition, the Pu-O1 bond increases from 2.446 Å in IC1I to 2.791 Å

in TS1I, and it is completely broken in INT1I. The Pu-O2 bond

also increases from 2.484–2.721 Å to 2.816 Å. Therefore, the reac-

tion from IC1I to INT1I is accompanied by the formation of the

O3-H bond and the dissociation of the Pu-O1 bond, which can

be attributed to hydrogen atom transfer. INT1I decomposes into

[PuIII(NO3)2(H2O)7]
+, [n-C3H7CO]

•, and H+. Similar to the Np(VI)

reduction systems, the energy barrier of the reduction process for

the H atom of the aldehyde group transferred to the coordinated

water oxygen (39.25 kcal/mol) is higher than that to the nitrate

oxygen (34.27 kcal/mol), as shown in Fig. S4 (Supporting informa-

tion).

[n-C3H7CO]
• and [PuIV(NO3)2(H2O)7]

2+ forms IC2I via the

C–OW1 hydrogen bond with the distance of 2.624 Å. The transition

of IC2I to INT2I is an obvious exothermic reaction process with

a small energy barrier (2.62 kcal/mol). In this process, the carbon

atom of [n-C3H7CO]
• progressively approaches OW1 atom, and ap-

pears a new C–OW1 bond (1.355 Å) in INT2I. At the same time,

the Pu-OW1 bond completely dissociates, which leads to the fact

that the coordination number of Pu(IV) ion changes from 10 in

IC2I to 9 in INT2I. Noticeably, HW atom of the water molecule (la-

beled by the purple circle in Fig. 1) transfers to the O atom of an-

other water molecule (labeled by the cyan circle) and forms H3O
+

in INT2I. Finally, INT2I decomposes into [PuIII(NO3)2(H2O)7]
+ and

n-C3H7COOH. In summary, the thermodynamic result shows that

the reduction of Pu(IV) by n-butyraldehyde is energetically favor-

able, with the reaction energy of −24.98 kcal/mol. The higher en-

ergy barrier of the first Pu(IV) reduction compared to that of the

second one indicates that the former is the rate-determining step.

Moreover, the rate-determining step with the larger energy bar-

rier (34.27 kcal/mol) indicates that the first Pu(IV) reduction with

n-butylaldehyde is kinetically infeasible. Additionally, the SOMO-

LUMO gap of IC1I is 2.53 eV, which is smaller than that of IC2I

(3.17 eV), also showing that the larger value of the SOMO-LUMO

gap, the smaller the energy barrier, which is similar result of the

Np(VI) systems discussed above.

Overall, the first Np(VI)/Pu(IV) reduction with n-butylaldehyde

serves as the rate-determining step for the Np(VI)/Pu(IV) reduc-

tion. Based on the energy barrier of the rate-determining step,

n-butylaldehyde is more kinetically favorable for the reduction of

Np(VI) compared to that of Pu(IV), which explains the experi-

ment observations of fast reduction rate of Np(VI) [32]. The reac-

tion energies for the reduction of Np(VI) and Pu(IV) are −32.84

and −24.98 kcal/mol, respectively, demonstrating that both reduc-

tion reactions are thermodynamically favorable. Therefore, the se-

lective reduction of Np(VI) with n-butylaldehyde is probably at-

tributed to kinetic control. Interestingly, the kinetically controlled

reaction has been applied to the separation of inert gas [94], Z/E-

isomers [95,96], nickel(II)/cobalt(II) [97–99], and so on. Yu et al.

found that a calcium-based metal-organic framework exhibits ex-

cellent kinetic selectivity for xenon over krypton [94]. Nguyen et

al. obtained pure E-alkenyl chlorides/fluorides via kinetically con-

trolled E-selective catalytic olefin metathesis [95]. The separation
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Fig. 4. Diagrams of spin density in the ICsI, TSsI, and INTsI structures (iso-

value=0.02) and the spin density value for Pu atom in the reduction of Pu(IV) with

n-butyraldehyde. White, blue, red, cyan, and purple balls correspond to H, N, O, C,

and Pu atoms, respectively.

of nickel(II)/cobalt(II) was achieved by using 5-octyloxymethyl-8-

quinolinol based on the different extraction kinetics [97]. In this

study, we elucidate the selective reduction of Np(VI) with n-

butylaldehyde thanks to the kinetic control based on the kinetic

and thermodynamic results.

The diagrams of spin density in the ICsI, TSsI, and INTsI struc-

tures and the value of spin density for the corresponding atoms

are illustrated in Fig. 4 and Table S2 (Supporting information). The

value of spin density for the Pu atom in [PuIV(NO3)2(H2O)7]
2+ and

[PuIII(NO3)2(H2O)7]
+ is 4.209 and 5.061 a.u. as listed in Fig. S6

(Supporting information), respectively, which is close to the formal

spin density values of 4 and 5, suggesting that the level of the-

ory employed in this study is also suitable to the Pu complexes.

The spin density value on Pu atom is 3.903 a.u. in IC1I, while it

changes to about 5.0 a.u. in both TS1I and INT1I. Moreover, the

value of total spin density for the H, C, and O atoms in n-C3H7CHO

fragment obviously increases from 0 in IC1I to 0.964 a.u. in INT1I,

reflecting free radical character in the latter. These results indicate

that the reduction process of the Pu(IV) to Pu(III) is accompanied

by the formation of Pu(III) and [n-C3H7CO]
•. The value of spin den-

sity on Pu atom in the IC2I, TS2I, and INT2I structures is approx-

imately 4.9 a.u., indicating that the oxidation state of Pu in these

structures is Pu(III). Furthermore, the value of spin density associ-

ated with the C and O atoms of n-C3H7CO fragment in IC2I, TS2I,

and INT2I approaches 0, indicating that its free radical character

disappears, which can be clearly seen in Fig. 4. These results re-

flect that the second Pu(IV) is rapidly reduced to Pu(III) when [n-

C3H7CO]
• contacts with Pu(IV), suggesting that the reduction of the

second Pu(IV) is outer-sphere electron transfer. All in all, the re-

duction nature of Np(VI)/Pu(IV) with n-C3H7CHO is hydrogen atom

transfer and outer-sphere electron transfer, which varies from the

Pu(IV)/Np(VI) reduction with methylhydrazine in previous works

[41,43]. These results highlight the different reduction behaviors

of Np(VI)/Pu(IV) by using different types of reductants, which

may be attributed to their electronic structures and functional

groups.

Fig. S8 (Supporting information) shows the C–H, Pu-O1, and Pu-

O2 σ LMOs in IC1I, while they disappear and O3-H σ LMO is

formed in INT1I. Fig. 5 presents the disappearance of the Pu-OW1

σ LMO and the emergence of C–OW1 π and σ LMOs from IC2I to

INT2I. At the same time, the contribution of C atom decreases for

out-of-plane C–O π LMO orbital. Therefore, LMOs diagrams eluci-

date the progressive bonding changes during the process of Pu(IV)

reduction with n-butyraldehyde.

The reaction processes of n-butyraldehyde with Pu(IV) and

Np(VI) were investigated using relativistic density functional cal-

culations. According to the potential energy profiles, the rate-

determining step is the first Pu(IV)/Np(VI) reduction with energy

barriers of 34.27 and 18.43 kcal/mol, respectively, which implies

that the Np(VI) reduction by n-butyraldehyde is preferred kineti-

cally, while the Pu(IV) reduction is kinetically infeasible. The neg-

ative reaction energy of Pu(IV)/Np(VI) with n-butyraldehyde sug-

gests that both Pu(IV) and Np(VI) reductions are thermodynam-

ically favorable. Therefore, the efficiently selective reduction of

Np(VI) by n-butyraldehyde thanks to the kinetic control. Analy-

ses of the spin density and bond distance show that the first

Pu(IV)/Np(VI) reduction occurs through hydrogen atom transfer,

whereas the second one corresponds to the outer-sphere electron

transfer. LMO analysis clearly illustrates the bonding evolution of

the reduction process of the Pu(IV)/Np(VI) with n-butyraldehyde.

This study elucidates the reduction nature and mechanisms of

Pu(IV)/Np(VI) with n-butyraldehyde using theoretical approaches

and explains the reason that selective reduction of Np(VI) by n-

butyraldehyde, which can provide theoretical guidance for the se-

lective reduction of Pu(IV)/Np(VI) in SNF. Moreover, this work of-

fers new inspirations for effectively adjusting the oxidation states

Fig. 5. Diagrams and atomic contribution (%) of LMOs (isovalue=0.05) of IC2I, TS2I, and INT2I during the reduction of Pu(IV) by n-butyraldehyde.
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of specific metal ions to achieve their separation based on kinetic

control.
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