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Abstract 

Effectively adjusting and controlling the valence state of neptunium (Np) is essential 

in its separation during spent fuel reprocessing. Hydrazine and its derivatives as 

free-salts can selectively reduce Np(VI) to Np(V). Reduction mechanisms of Np(VI) 

with hydrazine and four derivatives have been explored using multiple theoretical 

methods in our previous works. Herein, we examine the reduction mechanism of 

Np(VI) with hydrazinopropionitrile (NCCH2N2H3) which exhibits faster kinetics than 

most other hydrazine derivatives probably due to its σ-π hyperconjugation effect. Free 

radical ion pathways I, II and III involving the three types of hydrazine H atoms were 

found that correspond to the experimentally established mechanism of reduction of 

two Np(VI) via initial oxidation to [NCCH2N2H3]
+•

, followed by conversion to 

NCCH2N2H (+ 2H3O
+
) and ultimately to CH3CN + N2. Potential energy profiles 

suggest that the second redox stage is rate-determining for all three pathways. 

Pathway I with water-mediated proton transfer is energetically preferred for 

hydrazinopropionitrile. Analyses using the approaches of localized molecular orbitals 

(LMOs), quantum theory of atoms in molecules (QTAIM), and intrinsic reaction 

coordinate (IRC) elucidate the bonding evolution for the structures on the reaction 

pathways. The results of the spin density reveal that the reduction of the first Np(VI) 

ion is the outer-sphere electron transfer, while that of the second Np(VI) ion is the 

hydrogen transfer. This work offers new insights into the nature of reduction of Np(VI) 

by hydrazinopropionitrile via water-mediated proton transfer, and provides a basis for 

designing free-salt reductants for Np separations. 
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Introduction 

Neptunium-237 (
237

Np) is synthesized by neutron irradiation of uranium (U). 

As a by-product of irradiation of 
235

U based fuels in conventional nuclear reactors it 

appears in waste streams of the industrial PUREX (Plutonium Uranium Reduction 

Extraction) process.
1, 2

 Generally, about 60% of neptunium is co-extracted with 

uranium and plutonium in the first PUREX extraction stage, with the remainder 

entering the highly radioactive waste stream. Control of neptunium significantly 

increases the complexity and waste volumes of the PUREX process.
3
 As 

neptunium-237 is a useful resource, including as the target material for 
238

Pu 

production, its recovery is highly desirable. In the PUREX process Np(VI), Pu(IV) 

and U(VI) in the aqueous phase are extracted together into the organic phase by the 

extractant tributyl phosphate (TBP). Moreover, the extraction ability of TBP for three 

oxidation states of Np follows the order of Np(VI) > Np(IV) >> Np(V). Therefore, the 

more efficient separation of Np from U and Pu in the PUREX process is the reduction 

of Np(VI) to Np(V). Experimental results have been reported for several highly 

efficient and environment-friendly Np(VI) reductants, including oximes,
4-6

 

aldehydes,
7-9

 hydroxylamine,
10-14

 urea,
15, 16

 hydroxamic acid,
17-20

 hydrazine,
21-28

 and 

their derivatives. Acetaldoxime reduces Np(VI) to Np(V) only at less than 2 M nitric 

acid concentration and low temperature (308 K).
4
 Uchiyama et al. proposed a novel 

Np/Pu/U separation process using n- and iso-butyraldehydes taking advantage of 

different reduction abilities,
7
 with n-butyraldehyde reducing Np(VI) to Np(V), but not 

Pu(IV) or U(VI). It has been shown that reduction of Np(VI) by N,N-ethyl 

(hydroxyethyl) hydroxylamine is faster than by N,N-diethyl hydroxylamine.
10

 

Dihydroxyurea is sometimes used as a stripping agent for separating Np because it 

quickly reduces Np(VI) to Np(V), but only inefficiently further reduces Np(V) to 

Np(IV).
16

 Taylor and co-workers reported that formo- and aceto-hydroxamic acids 

effectively reduce Np(VI) to Np(V) for separation of Np from U.
17

  

Reduction kinetics and mechanisms of Np(VI)-to-Np(V) reduction by hydrazine and 

its derivatives have been extensively studied, because they do not reduce Pu(IV) and 

U(VI) under properly controlled conditions.
22, 24

 Marchenko et al. reported that the 
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reaction rates of Np(VI) with most hydrazine derivatives is greater than with 

hydrazine, with particularly fast kinetics for hydrazinopropionitrile (HzPn),
26

 a 

distinction that motivated the present theoretical investigation. There are many 

theoretical works on reaction mechanisms for reduction processes involving main 

group, transition metal, and rare earth metals,
29-33

 but relatively few for actinides, 

largely due to their complex electronic structures.
34-40

 

We previously theoretically investigated the reduction mechanism of Np(VI) with 

hydrazine,
41

 2-hydroxyethyl-, methyl-, formylhydrazine,
42

 and phenylhydrazine.
43

 

Here we report results for reduction of Np(VI) by HzPn via a water-mediated proton 

transfer. Water-assisted proton transfer plays an essential role in lowering the reaction 

energy barrier in systems containing phosphotungstic acid,
44

 amino acids,
45-47

 and 

nucleic acid bases.
48

 However, reports of reactions with water-assisted proton transfer 

are sparse for metal-bearing systems,
49-53

 especially actinide metals. The mechanism 

identified here for Np(VI) reduction with HzPn involves a remarkable water-mediated 

proton transfer, which may contribute to further advances in separations of Np from U 

and Pu in spent fuel reprocessing. 

 

Computational Methods 

Mechanisms for the reaction of Np(VI) with HzPn were studied using the 

hybrid B3LYP exchange-correlation functional
54, 55

 within the Gaussian16 program,
56

 

as used previously in calculations of actinide complexes.
57-61

 We used the 

non-relativistic Hamiltonian for the integral calculations, of which the relativistic 

effect is taken into consideration via the relativistic effective core potential and the 

corresponding basis sets. The relativistic effective core potential (RECP)
62

 using the 

60 core electrons together with the ECP60MWB-SEG valence basis set
63, 64

 were 

employed for Np; the 6-31G(d) basis set was applied to O, N, C, and H. The 

structures of stationary points for the potential energy profiles (PEPs) were optimized 

at the B3LYP/ECP60MWB/6-31G(d) level of theory. The solvation model density 

(SMD) was used to simulate the aqueous environment. Gibbs free energies were used 

for the reported PEPs. The triplet state of the [NpO2(H2O)5]
+
 is confirmed to be the 
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ground state in previous study,
65

 so all Np(VI) and Np(V) complexes were treated 

with doublet and triplet spin as ground states, respectively, using the spin-unrestricted 

method. Calculations of harmonic vibrational frequencies were performed to ensure 

positive values for optimized structures of all initial complexes (ICs) and 

intermediates (INTs). Each transition state (TS) was confirmed to have a sole 

imaginary frequency. The reaction pathways were further evaluated by intrinsic 

reaction coordinate (IRC) calculations.
66

 The quantum theory of atoms in molecules 

(QTAIM) method
67, 68

 and the localized molecular orbitals (LMOs)
69

 were employed 

to evaluate bonding evolution using the Multiwfn code.
70

 Referenced atom labels for 

neutral and ionized HzPn are shown in Scheme 1. 

 

Scheme 1 Atom numbering for neutral and ionized HzPn. 

 

Results and Discussion  

The overall reduction of [Np
VI

O2(H2O)5]
2+

 by HzPn in aqueous phase is given 

by eqn (1) based on reported experimental results.
21, 23

 The speculated reaction 

mechanism is shown by eqns (2)-(4). 

2[Np
VI

O2(H2O)5]
2+

 + NCCH2N2H3 + 2H2O = 2[Np
V
O2(H2O)5]

+
 + CH3CN + N2 + 

2H3O
+ 

   (1) 

[Np
VI

O2(H2O)5]
2+

 + NCCH2N2H3 → [Np
V
O2(H2O)5]

+
 + [NCCH2N2H3]

+•
          

(2) 

[Np
VI

O2(H2O)5]
2+

 + [NCCH2N2H3]
+•

 + 2H2O → [Np
V
O2(H2O)5]

+
 + NCCH2N2H + 

2H3O
+
   (3) 

NCCH2N2H →CH3CN + N2                                            (4) 

Reduction of Np(VI) to Np(V) according to stages given by eqns (2) (first stage) 

and (3) (second stage) can occur via reaction pathways I, II, and III corresponding to 

direct participation of the three hydrazino hydrogens, H1, H2, and H3 identified in 
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Scheme 1 for NCCH2N2H3 and [NCCH2N2H3]
+•

. The lowest unoccupied molecular 

orbital (LUMO) and the high occupied molecular orbitals (HOMOs) of NCCH2N2H3 

and [NCCH2N2H3]
+•

 are displayed in Figs. S1 and S2, respectively. It shows that the 

HOMO-5 exists σ-π hyperconjugation effect owing to σ electron in Calkyl-H and π 

electron in cyano group, which has a weak electron-donating ability. 

Reaction Pathways. The PEPs for pathways I, II and III based on Gibbs free 

energy in Fig. 1 describe the mechanism of the entire reaction. It is apparent there that 

the energy barrier from the IC to TS is significantly higher for the second reduction 

stage versus the first for all three pathways, suggesting the second stage is 

rate-determining. Pathway I has a14.36 kcal mol
-1

 energy barrier from IC3
I
 to TS3

I
, 

whereas the corresponding barriers for pathways II and III are comparable, at 18.57 

and 18.28 kcal mol
-1

, respectively, where these comparable values reflect participation 

of similar atoms H2 and H3. The lower barrier for pathway I point to it as the 

preferred mechanism, probably due to the water-mediated proton transfer discussed 

below. The Gibbs free energy for eqn (1) of -69.16 kcal mol
-1

 indicates 

thermodynamically quite favorable reduction of Np(VI) to Np(V) by HzPn. The 

results obtained here are rather different from previously reported mechanisms for 

hydrazine,
41

 formyl hydrazine, methyl hydrazine, 2-hydroxyethyl hydrazine,
42

and 

phenylhydrazine.
43

 In particular, only a free radical ion mechanism was found for 

reduction of Np(VI) with HzPn, whereas both free radical ion and free radical 

mechanisms were identified for the other hydrazine derivatives.
42, 43

 The computed 

energy barrier for the second stage of reduction by HzPn (14.36 kcal mol
-1

) is lower 

than for 2-hydroxyethyl hydrazine (15.15 kcal mol
-1

), methyl hydrazine (16.57 kcal 

mol
-1

) and formyl hydrazine (22.81 kcal mol
-1

),
42

 whereas it is higher than for 

phenylhydrazine (12.89 kcal mol
-1

),
43

 which is consistent with experimental results.
71

 

These comparisons suggest that HzPn shows better reduction ability than most other 

hydrazine derivatives, probably due to the σ-π hyperconjugation effect, which is 

similar with phenylhydrazine with a weak electron-donating group. So it is concluded 

that the hydrazine derivatives with a weak electron-donating group can lower the 

energy barrier of the reaction. 
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Fig. 1 Potential energy profiles for the reduction of two Np(VI) by one 

hydrazinopropionitrile at the B3LYP/ECP60MWB/6-31G(d) level of theory. 

According to the PEPs in Fig. 1, we elucidate the structures and mechanisms 

of the three stages for the most favorable pathway I in Figs. 2-4. In the first stage of 

pathway I depicted in Fig. 2, the transformation from IC1
I
 to INT1

I
 is endothermic by 

0.55 kcal mol
-1

, which is slightly higher than the 0.42 kcal mol
-1

 barrier from IC1
I
 to 

TS1
I
. Notably, the TS1

I
 barrier for the first stage with HzPn is significantly lower than 

reported for other hydrazine derivatives with Np(VI).
42, 43

 Although the INT1
I
 is 

predicted to be very slightly higher in Gibbs free energy than TS1
I
, it is lower in 

electronic energy (Table S1 of SI). The N2-H1 bond distance elongates from 1.057 in 

IC1
I
 to 1.341 in TS1

I
 to 1.721 Å in INT1

I
, while the Oyl1-H1 distance concurrently 

decreases from 1.669 in IC1
I
 to 1.165 in TS1

I
 to 1.021 Å in INT1

I
. Dissociation of the 

N2-H1 bond in NCCH2N2H3 and formation of the Oyl1-H1 bond in INT1
I
 is confirmed 

by imaginary frequency 800.52i cm
-1

 for the N2-H1-Oyl1 vibrational mode in TS1
I
. 

Transfer of H1 to Oyl1 is accompanied by an increase in the Np-Oyl1 bond distance 

from 1.870 in IC1
I
, to 1.944 in TS1

I
, to 2.002 Å in INT1

I
, and a decrease in the 

Np-Oyl2 bond distance from 1.835 to 1.819 to 1.812 Å. For IC1
I
, TS1

I
, and INT1

I
 

there are five waters coordinated in the neptunyl equatorial plane, with one forming a 

hydrogen bond to the nitrile with N-H distance ~2.0 Å. Initial formation of IC2
I
 from 

INT1
I
 by adding a water molecule is an endoergic by 6.56 kcal mol

-1
. For the 

structures from IC2
I
 to INT3

I
, another water molecule can assist double-proton 
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transfer, which easily achieve inter-molecular proton transfer. There are five hydrogen 

bonds in IC2
I
 involving water molecules, along with a short Oyl1-H1 bond distance of 

1.040 Å. Subsequent dissociation of this Oyl1-H1 bond is accompanied by its 

elongation to 1.607 Å in INT2
I
 with exothermicity -8.69 kcal mol

-l
 relative to IC2

I
, 

with the result a coordinated H3O
+
 in INT2

I
 after proton-transfer from Oyl1-H1. A 

slight structural change occurs around the H3O
+
 moiety from INT2

I
 to IC3

I
, as 

emphasized in the red circle in Fig. 2. After IC3
I
, hydrogen Hw of H3O

+
 is transferred 

to N2 via TS3
I
 with imaginary frequency 730.94i cm

-1
, which presents barrier of only 

0.15 kcal mol
-1

. From IC3
I
 to INT3

I
 the Ow-Hw distance increases by 0.502 Å while 

N2-Hw decreases by 0.520 Å. Besides, from IC2
I
 to INT3

I
, Np-Oyl1 bond consistently 

shortens and Np-Oyl2 bond vice versa, which is different from IC1
I
 to INT1

I
. The 

Gibbs free energy change for eqn (2) is favorable, -8.40 kcal mol
-1

. This first stage 

terminates with INT3
I
 dissociating into [Np

V
O2(H2O)5]

+
, H2O, and free radical ion 

[NCCH2N2H3]
+•

 which serves as the reductant in the second stage, eqn (3). Such 

radical ions of hydrazine derivatives in reduction processes have previously been 

identified by electron paramagnetic resonance spectroscopy.
72

 

 

Fig. 2 PEPs and structures for the first stage of pathway I at the 

B3LYP/ECP60MWB/6-31G(d) level of theory. Values in parentheses are TS 

imaginary frequencies (cm
-1

). Oyl1 and Oyl2 represent neptunyl oxygen atom that is 

involved or not involved in bonding, respectively. 
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The PEP for the second stage of pathway I, eqn 3, is shown in Fig. 3. Starting with 

IC4
I
, H1 bound to N2 in [NCCH2N2H3]

+•
 is transferred to Oyl1 via TS4

I
 with 

imaginary frequency 1309.69i cm
-1

 that corresponds to stretching vibrations of H1 

between N2 and Oyl1, and H2 between N1 and Ow. The transformation IC4
I
 → INT4

I
 

is exothermic by -8.82 kcal mol
-1

, via the 14.36 kcal mol
-1

 barrier from IC4
I
 to TS4

I
. 

The N2-H1 and Oyl1-H1 bond distances change moderately from IC4
I
 to TS4

I
, but 

more drastically from TS4
I
 to INT4

I
 in which there is essentially no N2-H1 bond and 

a short Oyl1-H1 bond with distance 0.984 Å. In contrast to the five inner-sphere 

coordinating water molecules in IC1
I
, TS1

I
 and INT1

I
 in the first stage, only three 

waters strongly coordinated to neptunyl in IC4
I
, TS4

I
 and INT4

I
. One of the 

non-coordinated waters forms hydrogen bonds with two coordinated waters, with O-H 

distances of ~1.7 and ~1.9 Å, while the other is weakly coordinating to Np and 

hydrogen bonded with H2. The N1-H2 bond distance increases drastically, from 1.041 

Å in IC4
I
 to 1.539 Å in TS4

I
, and then decreases to 1.088 Å in INT4

I
; the Ow-H2 

distance coincidentally decreases from 1.773 Å in IC4
I
 to 1.066 Å in TS4

I
, then 

increasing to 1.554 Å in INT4
I
. Notably, these bond distance changes reveal that 

N1-H2 bonding is similar in IC4
I
 and INT4

I
, with its disruption and elongation in 

TS4
I
 facilitating transfer of H1 from N2 to Oyl1, this phenomenon is characterized as 

water-mediated proton transfer, which is not found in the first Np(VI) reduction by 

NCCH2N2H3, probably attribute to the easier proton donation of [NCCH2N2H3]
+•

. 

Transfer of H1 to Oyl1 is accompanied by the Np-Oyl1 bond distance increasing from 

1.755 Å in IC4
I
, to 1.805 Å in TS4

I
, and to 2.037 Å in INT4

I
. The N1-N2 distance 

decreases from 1.321 in IC4
I
, to 1.268 in TS4

I
, and to 1.229 Å in INT4

I
, which is the 

opposite of the trend in the first stage from IC1
I 
to INT1

I
. This disparity between the 

stages indicates that removal of H1 from the neutral molecule in the first stage 

weakens and elongates the N1-N2 bond, whereas removal from the radical cation in 

stage two strengthens and shortens it. Transfer of H1 atom from N2 of 

[NCCH2N2H3]
+•

 to Oyl1 realizes the Np(VI) reduction. Addition of two water 

molecules to INT4
I
 yields INT5

I
 based on the stoichiometry of eqn (3). The N1-H3 

bond is drastically elongated, from 1.080 Å in INT5
I
 to 1.629 Å in INT6

I
, and the 
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Oyl1-H1 bond is disrupted from INT6
I
 to INT7

I
, with its distance increasing from 

1.041 to 1.790 Å. This result reveals that dissociation of the Oyl1-H1 bond proceeds 

via water-terminated proton transfer. Finally, INT7
I
 dissociates into [Np

V
O2(H2O)5]

+
, 

2H3O
+
, and intermediate NCCH2N2H. As shown in Fig. 3, the Gibbs free energy 

change for eqn (3) is -4.10 kcal mol
-1

; this stage of the reduction process is both 

kinetically and thermodynamically accessible. In addition, some Np-Ow bonds are 

significantly longer, which leads to coordinated water molecules deviated from the Np 

atom and forms more hydrogen bonds. 

 

Fig. 3 PEPs and structures for the second stage of pathway I at the 

B3LYP/ECP60MWB/6-31G(d) level of theory. Values in parentheses are TS 

imaginary frequencies (cm
-1

). 

The third stage of pathway I is decomposition of intermediate NCCH2N2H to stable 

N2 and CH3CN via the PEP in Fig. 4. Firstly, there is intramolecular hydrogen transfer 

in which H2 of NCCH2N2H contacts the cyano N atom via TS5
I
 with energy barrier 

of 11.98 kcal mol
-1

, which forms N2 and ketenimine CH2CNH. Secondly, CH2CNH is 

isomerized to more stable CH3CN. The isomerization barrier was evaluated for 0-2 

water molecules as shown in Fig. S3, where it was found that specifically two waters 

greatly facilitate proton transfer with the isomerization barrier decreasing from 62.66 
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kcal mol
-1

 without waters to 13.82 kcal mol
-1

 with two, via TS6
I
 with imaginary 

frequency 313.68i cm
-1

 (Fig. 4). This result is supported by the report in previous 

studies that water-assisted proton transfer can reduce the reaction energy barrier.
44-48

 

 

Fig. 4 PEPs and structures for the third stage of pathway I at the 

B3LYP/ECP60MWB/6-31G(d) level of theory. Values in parentheses are TS 

imaginary frequencies (cm
-1

). 

In pathway I there is initial association of H1 to Oyl1 with both reductants, 

NCCH2N2H3 and [NCCH2N2H3]
+•

, while for pathways II and III this initial 

association to Oyl1 is by H2 and H3, respectively. The PEPs, optimized structures of 

five TSs, and imaginary frequencies for pathways II and III are in Fig. 5, with the IC 

and INT structures in Figs. S4 and S5. In pathway II, the first stage is dissociation of 

the N1-H2 bond in IC1
II
, resulting in formation of the Oyl1-H2 bond in INT1

II
 via 

TS1
II
 with energy barrier 5.43 kcal mol

-1
. IC2

II
 is the complex of INT1

II
 and one 

water molecule. Dissociation of the Oyl1-H2 bond in IC2
II
 and formation of the N1-Hw 

bond in INT2
II
 are enable by a water (Fig. S4), corresponding to slightly exothermic 

(-2.91 kcal mol
-1

) water-assisted double-proton transfer from IC2
II
 to INT2

II
. Like 

INT3
I
 in pathway I, INT2

II
 dissociates into [Np

V
O2(H2O)5]

+
, H2O, and free radical ion 

[NCCH2N2H3]
+•

. In the second stage of pathway II, transfer of H2 from 

[NCCH2N2H3]
+•

 to Oyl1 occurs via TS3
II
 with imaginary frequency 4270.71i cm

-1
. 
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INT3
II
 is complexed by two waters to yield INT4

II
, with the N2-H1 bond cleaved to 

yield INT5
II
, and the Oyl1-H2 bond cleaved to yield INT6

II
 (Fig. S4). This sequence 

corresponds to dissociation of the Oyl1-H2 bond via water- terminated proton transfer. 

Finally, INT6
II
 dissociates to [Np

V
O2(H2O)5]

+
, 2H3O

+
, and NCCH2N2H. 

In the first stage of pathway III, the H3 atom of NCCH2N2H3 contacts Oyl1 via TS1
III

 

with barrier 6.59 kcal mol
-1

, which is 6.17 kcal mol
-1

 higher than TS1
I
, indicating 

significantly more facile transfer of H1 versus H3. IC2
III

 is the complex of INT1
III

 and 

one water molecule, which is exothermic by 6.93 kcal mol
-1

. Dissociation of the 

Oyl1-H3 bond in IC2
III

, and formation of N1-Hw bond in INT2
III

 occurs via TS2
III

 with 

energy barrier 9.82 kcal mol
-1

, with the process again corresponding to water-assisted 

double-proton transfer. To complete the first stage, INT2
III

 dissociates into 

[Np
V
O2(H2O)5]

+
, H2O, and [NCCH2N2H3]

+•
. In the second stage, H3 in 

[NCCH2N2H3]
+•

 is transferred to Oyl1 via TS3
III

 with barrier 18.28 kcal mol
-1

, which is 

3.93 kcal mol
-1

 higher than the corresponding pathway I barrier, while 0.29 kcal mol
-1

 

lower than for pathway II. INT4
III

, the complex of INT3
III

 and two waters, converts to 

INT6
III

 via cleavage of bonds N2-H1 and Oyl1-H3 assisted by two waters that are 

converted to H3O
+
 ions in INT6

III
. Finally, INT6

III
 dissociates into [Np

V
O2(H2O)5]

+
, 

2H3O
+
, and NCCH2N2H. As noted above, the three alternative reductant H1, H2 and 

H3 atoms participate in the different mechanisms given by pathways I, II and III, 

respectively. Water-mediated proton transfer processes occur for all three pathways; 

for pathway I it results in the lowest rate-determining energy barrier of the three.  
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Fig. 5 PEPs and TS structures (and imaginary frequencies in cm
-1

) for pathways II 

and III at the B3LYP/ECP60MWB/6-31G(d) level of theory. 

IRC Analysis. IRC calculations were performed to verify that TS structures 

connect with reactants and products. IRC results for TS4
I
 connecting IC4

I
 and INT4

I
 

are in Fig. 6, with results for other TSs on all three pathways in Figs. S6-S16. In Fig. 

6, the distance of the N2-H1 bond slightly changes from structure 1 (1.025 Å) to TS4
I
 

(1.048 Å), whereas the N1-H2 bond concurrently increases more substantially, from 

1.041 to 1.539 Å. From TS4
I
 to structure 8, the N2-H1 bond elongates drastically, 

from 1.048 to 2.146 Å. The N1-H2 bond elongates from 1.539 Å in TS4
I
 to 1.672 Å 

in structure 5, then contracts to 1.088 Å in 8. The result that the N1-H2 bond first 

weakens before strengthening reveals facilitation of H1 transfer from N2 to Oyl1, to 

wit water-mediated proton transfer.  
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Fig. 6 IRC for TS4
I
 showing selected structures along the IRC. 

QTAIM and MBO. Topology analysis based on Bader’s QTAIM
68, 73

 has 

been applied to dissect dissociation and formation of chemical bonds.
74, 75

 The 

electron density [ρ(r)] and its Laplacian [
2
ρ(r)] at the bond critical point (BCP) is 

used to classify the bonding nature. Generally, a covalent bond or open-shell 

interaction is indicated by ρ(r) > 0.20 au and 
2
ρ(r) < 0, while an ionic bond or 

closed-shell interaction exhibits ρ(r) < 0.10 au and 
2
ρ(r) > 0.

76
 A total energy density 

[H(r)] at the BCP of less than 0 indicates the significant electron-sharing, with the 

magnitude of H(r) reflecting the degree of bond covalency. The ρ(r), 
2
ρ(r), and H(r) 

values at the BCPs for IC1
I
, TS1

I
 and INT1

I
 of pathway I are in Table 1. The N2-H1 

bonding interaction gradually changes from open- to closed-shell, while the Oyl1-H1 

bond concurrently transforms from closed- to open-shell. The values of H(r) at the 

N2-H1 and Oyl1-H1 BCPs for IC1
I
, TS1

I
 and INT1

I
 also reflect this bonding evolution. 
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Values of ρ(r) and 
2
ρ(r) for other complexes and processes on pathways I, II and III 

are in Tables S2-S4. Mayer bond orders (MBOs) (Table 1 and Tables S2-S4) for 

structures on all three pathways similarly reveal dissociation of N-H and formation of 

the Oyl1-H bonds via the TSs.  

Table 1 Electron density [ρ(r), au], Laplacian [
2
ρ(r), au], total energy density [H(r), 

au], and MBO of the N2-H1 and Oyl1-H1 bonds for IC1
I
, TS1

I
 and INT1

I
 of pathway 

I. 

 Bond ρ(r) 
2
ρ(r) H(r) MBO 

IC1
I
 N2-H1 0.287 -1.400 -0.388 0.558 

Oyl1-H1 0.048 0.150 -0.002 0.183 

TS1
I
 N2-H1 0.129 -0.072 -0.081 0.340 

Oyl1-H1 0.181 -0.429 -0.188 0.335 

INT1
I
 N2-H1 0.050 0.125 -0.004 0.247 

Oyl1-H1 0.279 -1.285 -0.383 0.469 

 

LMOs. LMO analysis also reveals bond characteristics and reaction mechanisms.
77, 78

 

LMO diagrams in Fig. 7 for structures on pathway I show that the N2-H1 σ bond is 

broken while the Oyl1-H1 σ bond is formed from IC1
I
 to INT1

I
, in accord with MBO 

and QTAIM. Also revealed is formation of the N2-Hw σ bond coincident with 

breaking the Ow-Hw σ bond from IC3
I
 to INT3

I
. In the second stage, N2-H1 retains σ 

bond character, while the N1-H2 σ bond is disrupted from IC4
I
 to TS4

I
; the Oyl1-H1 σ 

and N1-H2 σ bonds form from TS4
I
 to INT4

I
. The results also reveal that dissociation 

of the N1-H2 σ bond promotes interaction of H1 and Oyl1 in water-mediated proton 

transfer in the second stage. The composition of LMOs (Table S5) indicates that the 

new Oyl1-H1 σ bonds in INT1
I
 and INT4

I
 are primarily composed of Oyl1 2p and H1 

1s orbitals. The LMOs of structures on pathways II and III in Figs. S17 and S18 and 

corresponding compositions in Tables S6 and S7 also reveal the new Oyl1-H σ bonds 

primarily composed of Oyl1 2p and H 1s. 
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Fig. 7 Diagrams of LMOs (isovalue = 0.08) for structures on pathway I. Yellow 

dashed lines represent H-bonds; Purple, red, blue, cyan, white balls represent Np, O, 

N, C, H atoms, respectively. 
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Spin density. Spin density is used to illuminate the change of oxidation stage of Np, 

as reported by Gorantla and Mallik.
79

 Diagrams of spin density and the value of spin 

density located on the Np atom for the structures on the pathway I are shown in Fig. 8 

and the corresponding values on the Np, O, and N atoms are listed in Table S8. It can 

be seen from Fig. 8 and Table S8 that the value of the spin density on the Np atom for 

the structures from IC1
I
 to INT3

I
 of the first stage of pathway I is about 2.23 ~ 2.27 

a.u., revealing that the oxidation state of Np is Np(V). Moreover, the values of the 

spin density located on N atoms suggest that the NCCH2N2H3 has a radical character. 

These results indicate that the first Np(VI) is reduced to Np(V) as soon as the 

NCCH2N2H3 binds to the Np(VI) ion. Thus, the first reduction of Np(VI) is the 

outer-sphere electron transfer from NCCH2N2H3 to neptunyl ion in the formation of 

IC1
I
, which is supported by previous works.

80-82
 As for the structures of the second 

stage of pathway I, the spin density of Np atom obviously increases from 1.420 (IC4
I
) 

to 2.152 (TS4
I
) to 2.296 a.u. (INT4

I
), demonstrating that the oxidation state of Np is 

changed from +VI (IC4
I
) to +V (INT4

I
), and this process is achieved by the hydrogen 

transfer. Therefore, the reduction of the first Np(VI) ion is accompanied with the 

formation of IC1
I
, which is the outer-sphere electron transfer. The second Np(VI) ion 

is reduced from IC4
I
 to INT4

I
, which is the hydrogen transfer. The reductions of 

Np(VI) ions for pathways II and III are similar processes to those of pathway I as 

presented in Figs. S19-S20 and Tables S9-S10. 
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Fig. 8 Diagrams of spin density (isovalue = 0.02) and the value of the spin density on 

the Np atom for the structures of pathway I. 
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Conclusion 

The PEPs and associated structures for reduction of Np(VI) by HzPn were 

investigated using scalar-relativistic DFT calculations. We obtained three pathways 

for free radical ion mechanism via [NCCH2N2H3]
+•

 and formation/dissociation of an 

Oyl-H bond, with the different pathways corresponding to three hydrazine H atoms of 

the HzPn reductant. Pathway I, the identified optimal route, proceeds by 

water-mediated proton transfer, with the second stage rate-determining based on PEPs 

energy barriers. IRC calculations reflect structural transformations from ICs to INTs. 

Besides, HzPn has a faster kinetics than most other hydrazine derivatives,
42, 43

 

probably due to σ-π hyperconjugation effect, which obtains that allylhydrazine 

(CH2CHCH2N2H3) or prop-2-ynylhydrazine (CHCCH2N2H3) may holds similar or 

better reduction ability for Np(VI). Results of QTAIM, MBOs, and LMOs are in 

accord with expected dissociation and formation of bonds along the reaction pathway. 

The results of the spin density reveal that the first Np(VI) ion is reduced in the process 

of the formation of IC1, which is the outer-sphere electron transfer. The reduction of 

second Np(VI) ion is reduced from IC4
I
 to INT4

I
, which is the hydrogen transfer. This 

work reveals that both water-mediated proton transfer and the σ-π hyperconjugation 

effect of the hydrazine derivatives can low reduce energy barriers, which provides a 

theoretical basis for designing potentially more efficient Np(VI) reductants applied of 

Np/U and Np/Pu in spent fuel reprocessing. 
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