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Abstract The gas-phase reaction of an Np atom with H,O
was investigated using density functional theory and ab initio
molecular dynamics. The reaction mechanisms and the corre-
sponding potential energy profiles for different possible spin
states were analyzed. Three reaction channels were found in
the mechanism study: the isomerization channel, the H, elim-
ination channel, and the H atom elimination channel. The
latter two were observed in the dynamics simulation. It was
found that the branching ratio of the title reaction depends on
the initial kinetic energy along the transition vector. Product
energy distributions for the reaction were evaluated by
performing direct classical trajectory calculations on the low-
est sextet potential energy surface. The results indicate that
most of the available energy appears as the translational ener-
gy of the products. The overall results indicate that the H,
elimination channel with low kinetic energy is thermodynam-
ically favored but competes with the H atom elimination
channel with higher kinetic energy.
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Introduction

Over the last few decades, the reactions of actinide with
small molecules in the gas phase have attracted signif-
icant attention; theoretical and experimental investiga-
tions of these systems have been performed because of
their central importance in actinide chemistry [1-12].
One of the main objectives of such studies has been
to analyze their characteristic electronic structures and
chemical properties. In particular, the hydrolysis chem-
istry of the actinides has a major influence on the
corrosive effect of steam, and on nuclear fuel reprocessing
cycles. Another topic of interest in these investigations is the
activation of prototypical chemical bonds, leading to a funda-
mental understanding of the corresponding reaction mecha-
nisms, kinetics, and thermodynamics.

Neptunium, which is commonly produced by irradi-
ating uranium with neutrons in nuclear reactors and is
generated as a by-product in conventional nuclear power
reactors, is a reactive metal. When exposed to air,
neptunium oxidizes quickly. This corrosion reaction pro-
ceeds more rapidly as the temperature increases. The
gas-phase chemistry of monopositive and dipositive nep-
tunium has been studied by Gibson and collaborators
using Fourier transform ion cyclotron resonance mass
spectrometry (FTICR-MS) experiments [8, 11]. The re-
action products and reaction efficiencies of Np' and
Np*" + H,O were determined in their research. However,
to the best of our knowledge, experimental data on the direct
reaction of an Np atom with H,O are scarce, and there are also
no theoretical studies on the geometries or electronic struc-
tures of the reaction products. Theoretical calculations are of
fundamental importance in attempts to deepen our knowledge
of the reaction mechanism. A systematic investigation of the
reactivity of an Np atom with H,O should provide greater
insight into this chemistry.
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Ab initio quantum chemical and density functional
(DFT) methods have proven to be very helpful tools
for improving our understanding of f-block element
chemistry. Theoretical studies can be especially valuable
in providing additional detailed information about reac-
tion mechanisms and dynamics [13, 14]. Uranium is one
of the most well-studied actinides, and its reactions with
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H,O were investigated using DFT [12]. The reaction
mechanisms for U+H,0 are illustrated by the following
equations:
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According to experiments performed by Gibson and col-
laborators [8], the reactions of U and Np "~ with H,O have
similar reaction efficiencies k/kapo [rate constants (k) and
average dipole orientation collisional rate constants (kapo)]
and reaction products (U": k/kapo=0.13, UO" and UOH" are
produced; U": k/kapo=0.10, NpO" and NpOH" are pro-
duced). Therefore, we thiought that previous experimental
and theoretical calculations of the reaction of a U atom with
water could provide us with some inspiration when investi-
gating the reaction of Np+H,O.

The work reported in the present paper focused on the
dynamics of the gas-phase reaction of an Np atom with
H>0. A series of calculation methods were used to describe
structural parameters and mechanisms as accurately as possi-
ble. The dynamics of the reaction were simulated by means of
ab initio molecular classical trajectory calculations. Product

Fig. 2 Potential energy profile
for the isomerization and
dissociation of NpOH,, as
computed at the PW91/SDD and
B3LYP/SDD (in parentheses)
levels of theory
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Table 1 Relative energies (kcal/mol) of the stationary points on the NpOH, potential energy surface

1(6) TS1(6) 11(6) TS2(4) I11(4) TS3(6) IV(6) NpO-+H, NpOH+H
PW91 * 44.11 51.51 0.00 3323 1.25 14.23 022 347 58.83
B3LYP* 47.02 56.74 0.00 43.01 9.46 26.03 2.85 4.85 55.96
PBEO * 56.80 59.67 0.00 43.67 10.46 20.20 441 7.60 57.14
BP86* 51.45 62.09 0.00 32.70 0.63 15.44 -0.15 16.85 60.22
BMK® 51.98 59.99 0.00 49.74 342 3252 f 9.41 4936
MP2 ? 51.78 64.00 0.00 50.86 ~15.82 17.23 f 20.61 86.19
PW9I-SR ® 37.16 49.17 0.00 2426 -2.53 8.38 -5.75 434 5826
PW91-SO © 53.50 62.85 0.00 30.62 -3.78 13.70 ~2.89 ~1.09 63.56
ccs(T) ¢ 64.01 76.79 0.00 50.64 10.20 45.82 f 3233 101.54
CCSD(T) © 4139 79.77 0.00 25.19 15.73 42.03 528 1.44 3523
<§?>¢ 8.763 8.768 8.761 4237 3.801 8.765 8.767

2 SDD for Np and 6-311++G(d,p) for H and O atoms. ® Frozen-core TZP for Np and TZ2P for H and N atoms, PW91/ ZORA-SR. ¢ Frozen-core TZP for
Np and TZ2P for H and N atoms, singlet point PW91/ZORA-SO results. ¢ Single-point energy on the MP2/SDD optimized geometries. ¢ Single-point
energy on the PW91/SDD optimized geometries. © Cannot be located. & Expectation value of $* at the PW91/SDD level of theory

co-workers were employed for the O and H atoms [25]. These
calculations were carried out using the Gaussian 09 suite of
programs [26]. This computational methodology was success-
fully applied in a previous mechanism and molecular dynam-
ics study of gas-phase actinide chemistry [2-5, 7, 14]. We
carefully checked that the transition state calculated on each
potential energy surface had only one imaginary frequency
and that its vibrational mode corresponded to the correct
movement of the atoms involved. Also, this frequency cor-
rectly connected reactants and products, as proven by intrinsic
reaction coordinate (IRC) calculations. All relative energies
was corrected for the zero-point vibrational energy (ZPVE).
We checked the<$*>values to make sure that spin contami-
nation was not serious in most of the cases. In addition,
single-point single-reference coupled cluster calculations
including single, double, and perturbative triple configura-
tions (CCSD(T)) [27, 28] were performed on the MP2/SDD
and PW91/SDD optimized geometries. Bonding analysis was
performed within the natural bond orbital (NBO) scheme [29,
30] in order to gain insight into the evolution of the chemical
bonds in the reaction.

The zeroth-order regular approximation (ZORA) [31, 32]
was applied and scalar relativistic (SR) effects were accounted
for using the ADF2013.01 package [33]. The PW91 functional
and the type TZP basis set [34] were employed for the Np atom,
and the TZ2P basis set [34] for H and O atoms. The frozen-core
approach was implemented to describe the inner electrons of Np
and O. For the Np atom, all electrons up to the 5d orbitals were
considered frozen; for the O atom, 1s was frozen. In addition,
single-point spin-orbit ZORA-SO calculations were performed
on the optimized geometries obtained at the PW91/ZORA-SR
level of theory to take into account the spin—orbit effect.

Direct classical trajectory calculations were computed at
the PW91/SDD level of theory, which was used because it was
considered to be the best compromise between computational
cost and accuracy. A microcanonical ensemble of initial
states was constructed using normal mode sampling
[35]. In our calculations, Born—Oppenheimer molecular
dynamics (BOMD) [36] was employed as implemented in
the Gaussian 09 package. This method uses a fifth-order
polynomial fitted to the energy, gradient, and Hessian at each
time step [37], and generating the correction step enables the

Table 2 Vibrational frequencies

(em ") for the transition states TSl TS2 TS3

calculated at the PW91/SDD,

B3LYP/SDD, and PBE0/SDD PWI1 B3LYP PBEO PWI1 B3LYP PBEO PWI1 B3LYP PBEO

levels 1164.89;  1311.74i  1372.50i  1279.19i 1239.84; 1186.52i 1188.24i  1481.87i  1330.26i
249.31 163.36 195.83 373.16 341.81 327.98 729.73 736.37 779.36
491.82 412.79 435.68 409.71 392.31 376.03 874.25 833.97 893.38
777.12 712.85 720.26 783.15 757.20 777.14 1157.91 1243.22 1216.95
2149.07 1341.61 1389.45 1354.78 1277.04 1306.49 1452.77 1503.48 1565.93
3671.45  3809.22  3874.53 1411.65 1361.81 1386.74 1814.44 1834.08 1859.24
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step size to be increased by a factor of 10 or more over
previous implementations. The Hessians were updated for
five steps before being recalculated analytically. A total of
400 trajectories (200 trajectories for each reaction channel)
were initiated at the TS toward the products in our calcula-
tions. The initial conditions were similar to those chosen by
Schlegel [7]. The rotation sampling temperature was 300 K.
The trajectories were terminated when the centers of mass of
the fragments became separated by >12 bohr. The energy and
angular momentum were conserved to better than 10> hartree
and 1075, respectively.

Table 3 Results of direct trajectory calculations for the reaction with
20 kcal/mol of extra energy, carried out at the PW91/SDD level of theory®

Channel Number of trajectories Proportion (%)
NpO-+H, 200 97.09
NpOH+H 6 291

Sum 206 100

# The trajectories included for each path successfully dissociated in the
simulations
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Table 4 Results of direct trajectory calculations for the reaction with
30 kcal/mol of extra energy, carried out at the PW91/SDD level of theory®

Channel Number of trajectories Proportion (%)
NpO-+H, 15 6.98
NpOH+H 200 93.02

Sum 215 100

 The trajectories included for each path successfully dissociated in the
simulations

Results and discussion
Structure, energetics, and bonding analysis

The NpOH, and intermediate complexes, transition states, and
products were optimized at different levels of theory. The
corresponding geometric parameters are compared in Fig. 1
and show relatively little dependence on the level of theory.
The relative energies of these stationary structures in the
isomerization and dissociation of NpOH, at the PW91/SDD
and B3LYP/SDD levels are depicted in Fig. 2. As shown in
Fig. 2, three reaction channels were found: (1) a channel
leading to rearrangement of the H,NpO isomer (path A), (2)
an H, elimination channel (the products are NpO+H,; path

B), and (3) an H atom elimination channel (the products are
NpOH+H; path C). Our calculations confirm that the reaction
of Np and H,O has a similar mechanism to the reaction of U
and water. Both the isomerization reaction channel and the H,
elimination channel were determined for U+H,O; the UOH+
H channel was not observed [12].

Our results indicate that the sextet spin state remains as the
ground state for the whole of path B, and it is proposed that
this channel occurs by a similar mechanism to the insertion
mechanism for the bare cations [2—4]. In path A, the reaction
starts in the sextet reactant ground state, and intersystem
crossing to the quartet spin state occurs after the system forms
complex II (HNpOH). The rest of the isomerization reaction
evolves along the quartet spin surface. In this process, there-
fore, the spin crossing occurs before the system has
surmounted TS2. In path C, the product NpOH can be formed
by direct cleavage of the H-Np bond in the hydroxy interme-
diate (HNpOH). Scan calculations performed for various
H—Np bond lengths indicate that the H-Np bond-breaking
process is an intrinsically barrierless transition. This notion is
also supported by BOMD simulations.

We also considered the possible formation of HNp+OH
and the separation of charge into HNp" + OH . However,
neither of these cases are energetically favored. Their relative
energies with respect to HNpOH were calculated to be

Fig. 4a-b Snapshots of typical 9
trajectories from the MD J
simulations: a NpOH,—NpO+ a H d HJ
H,; b NpOH, —NpOH+H H
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133.70 kcal/mol and 567.08 kcal/mol at the PW91/SDD level
of theory, respectively.

As is well known, some DFT methods accurately predict
energies, but the results they provide can be sensitive to the
functional used. Therefore, different DFT functionals were
employed to investigate the potential energy surfaces
(PESs). The relative energies of selected stationary points on
the PESs are collected in Table 1. These methods included
pure generalized gradient approximation (GGA) functionals, a
hybrid functional, second-order Meller—Plesset perturbation
theory, and coupled-cluster calculations with effective core
potentials (ECP)—a range of methods that permitted a broad
survey of the structures associated with and the energetics of
the reaction. The vibrational frequencies for the transition
states calculated at the PW91/SDD, B3LYP/SDD, and
PBEO0/SDD levels are listed in Table 2.

When there are no experimentally determined structural
parameters and energy values for a system, it is important to
calculate the system using different functionals to see if they
give consistent results [38]. As can be seen in Table 1, the DFT
and MP2 calculations, especially those performed using the
PWO91/SDD and B3LYP/SDD methods, give consistent rela-
tive energies. On the other hand, the BMK/SDD and BP86
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was chosen for the direct trajectory calculations as it is a
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into account the spin—orbit effect, particularly when there is an

a2 z
7 T T T T T T E
o
I 1030 2
w6 =
E qo27 2
[ c
§ 5. 4024 2
S 4021 3
o 4 H
£ 4018 &
3 c
‘8 3 1015 g
- 2
5 24 40.12 3
w
@ —— Speed 1009 3
£ 14 . . ---- Distance| 006 &
N ‘/ )
o] N o003 ¢
K]
T T T T T : 000 o
0 20 40 60 80 100 120 140 o
Time (fs)
T T T T T
5.5

w Ao
o o wu o
L ! 1 !

w
=}
!

—— Speed
s ---=- Distance

g
o
L

mass of products (angstroms)

g
=}
!

o

0.20

Relative speed between products (amu'?bohr/fs)

20
Time (fs)

tance between products for NpOH, —NpO+H,; b1 time evolution of the

potential energy for NpOH, —NpOH+H; b2 relative speed and distance

between products for NpOH, —»NpOH+H

@ Springer



2466, Page 8 of 11

J Mol Model (2014) 20:2466

actinide complex among the products of the reaction. As can
be seen in Table 2, the spin—orbit ZORA method also gave
consistent relative energies. The PW91/ZORA-SO calcula-
tions were consistent with those afforded by PW91/SDD,
which means that the spin—orbit corrections have little effect
on these computed complexes. This conclusion is supported
by experimental data [39, 40]. Experience with actinide mo-
lecular systems has shown that the major spin—orbit effects
occur for the free actinide atoms or cations, whereas rather
small corrections are found for molecular complexes.
Theoretical results for similar systems also point to this be-
havior. A study of the activation of water by U cations and
oxides showed that spin—orbit corrections have little effect on
the activation barriers of the transition states [1, 2]: in most
cases, the corrections were found to be less than 10 kJ/mol.

Bonding analysis

In order to gain a deeper understanding of the reaction mech-
anisms, we investigated the evolution of the bonds along the
pathways using natural bond orbital (NBO) analysis. The
potential energy and Wiberg bond order [41] along the intrin-
sic reaction coordinate s calculated at the PW91/SDD and
B3LYP/SDD levels are detailed in Fig. 3. Noting that the

AN
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hybrid functional predicts that structures are more ionic and
less covalent than the pure GGA does for compounds con-
taining actinide elements [15], we chose these two comple-
mentary methods in order to achieve a more credible bond
analysis. From Fig. 3, we can clearly see that, as the reaction
proceeds, the bond orders of the breaking bonds gradually
decrease to zero, while those of the new bonds gradually
increased. Furthermore, the transition state is positioned near
to the crossing point of these two sets of bond orders (the
forming bonds and the breaking bonds). Figure 3 shows that
the initial cleavage of the O—H; bond and the initial formation
of the Np—H; bond takes place at the NpOH, —»TS1—
HNpOH stage of the reaction. During this process, the inter-
action between Np and O gradually strengthens. There is a
significant increase in the bond order of Np-O at the
HNpOH—TS2— H,NpO stage. Bond order analysis pro-
vides a clear description of the formation of the second Np—H,
covalent bond, as shown by the increase in the bond order of
Np—H,. By the end of this stage, the bond orders of Np—H;
and Np-H, bond gradually become equal. In the isomeriza-
tion reaction, a pyramidal structure is predicted for the product
ONpH,, in which the two Np—H bonds are almost symmetri-
cal. The second O—H bond is completely broken, as evidenced
by the gradual decrease in the bond order of the O—H, bond to

<Eim>=8.82kcallmol

Population

<E,>=4.03kcal/mol

Fig. 6a—d Product energy distributions for path B: a relative translational energy between H, and NpO; b internal energy of NpO; ¢ vibrational energy of

NpO; d rotational energy of NpO
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zero. In the H, elimination channel, HNpOH— TS3 — ONp-
H,, the bond order of the reaction intermediate shows that the
H;—Np and O-H, covalent bonds are completely broken in
this step, leading to the formation of H;—H,. The bond-order
description for H;—H, shows that it is comparable to the
corresponding values for the free H, molecule.

Dynamics

To obtain a detailed description of the title reaction, the molec-
ular dynamics (MD) of the Np+H,O reaction were simulated
using classical trajectory calculations. The preceding discussion
of the energetics and frequencies showed that the PW91/SDD
level of theory is suitable and practical for simulating the
dynamics of the dissociation of NpOH,. In the present calcula-
tions, 200 reactive trajectories for path B and 200 reactive
trajectories for path C were carried out. It must be mentioned
that each of these 200 trajectories for each path dissociated in
the simulation. In fact, we actually calculated around 410
trajectories for each path, but 51.3 % of those trajectories did
not dissociate in the simulation time (5001s); they remained in
the complex II (HNpOH) region. This may be because complex
II is a deep well on the potential energy surface, so longer
simulation times are needed for these trajectories.

Trajectories were initiated in the first transition state, with
20 kcal/mol and 30 kcal/mol extra energy distributed micro-
canonically among the vibration modes and to the transition
vector, respectively. This initial energy was used to ensure that
most of the trajectories reached the products in a timely
fashion. When the barrier was greater than 5-10 kcal/mol,
very few trajectories reached the products. In such cases, it is
common practice to calculate trajectories from the transition
state. As mentioned above, about 210 reactive trajectories for
each path did not dissociate within the simulation time be-
cause the energy was not conserved or the integration failed.
The trajectories were computationally intensive: in total, our
calculations used more than 2 years of CPU time. Therefore, a
good balance between the level of theory used for trajectory
calculations and the overall accuracy of the results must be
maintained.

Our calculations reveal that the branching ratio for the two
channels varied as the initial kinetic energy along the transi-
tion vector changed. As shown by the results of direct trajec-
tory calculations for the reaction listed in Tables 3 and 4, the
NpO+H, channel is favored at low extra energy and the
NpOH+H channel competes at higher extra energy. We did
not observe trajectories corresponding to the isomerization
reaction from HNpOH to H,NpO within the simulation time.
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Fig. 7a—d Product energy distributions for path C: a relative translational energy between H and NpOH; b internal energy of NpOH; ¢ vibrational
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Typical snapshots along the BOMD trajectory are present-
ed in Fig. 4, and the corresponding time evolutions of the
potential energy and the relative speed and distance between
products are illustrated in Fig. 5. It is apparent that the
HNpOH intermediate can easily be generated in both chan-
nels, and that it formed from TS1 at around 15fs. Another
obvious feature is that the NpOH+H channel is faster, since H
atom elimination yields the HNpOH intermediate in this
channel without passing through a transition state.

Statistics for the translational, vibrational, and rotational
energies of the products allow detailed insight into the poten-
tial energy surface and illustrate which energy form is the most
of the available energy transferred into [42]. The product
energy distributions (PEDs) for the H, elimination channel
and the H atom elimination channel are shown in Figs. 6
and 7, respectively. For the H, elimination channel, as
shown in Fig. 6, the relative translational energies range
from 0 to 80 kcal/mol with a peak at around 20-30 kcal/mol,
and the average value is 24.71 kcal/mol. The internal ener-
gies of NpO range from 0 to 45 kcal/mol, with the peak
occurring at around 0-5 kcal/mol. The vibrational energies
of NpO are seen to range from 0 to 35 kcal/mol with a peak at
around 0-5 kcal/mol. The rotational energies of NpO present a
narrow distribution, ranging from 0 to 16 kcal/mol with an
average value of 4.03 kcal/mol. The average available energy
calculated by BOMD at the PW91/SDD level for the reaction
was 33.53 kcal/mol. Average energies of 24.71 (73.6 %), 4.79
(14.2 %), and 4.03 (12.2 %) kcal/mol were partitioned into the
relative translational energies and the vibrational and rotation-
al energies of NpO, respectively. Therefore, most of the avail-
able energy was transferred into the translational energy of the
products.

For the H atom elimination channel, as shown in Fig. 7, the
average available energy is 33.16 kcal/mol. On average, 18.87
kcal/mol (56.9 %) of this available energy is transferred into
the total translational energy of the products, 8.79 kcal/mol
(26.5 %) goes into the vibrational energy of NpOH, and 5.53
kcal/mol (16.9 %) is directed into the rotational energy of
NpOH. Upon comparing the H, elimination channel and H
atom elimination channel, the following conclusions can be
drawn: most of the available energy is funneled into the
relative translational energies of the products, and the differ-
ence between the two channels is that the translational energy
is reduced while the internal energy (vibrational+rotational
energy) is increased in the H atomic elimination channel.

Conclusions
The present article describes an ab initio molecular dynamics
study of, and provides detailed information on, the reaction of

an Np atom with H,O. Three reaction channels were found
from reaction mechanism studies: an isomerization channel,

@ Springer

an H, elimination channel, and an H atom elimination chan-
nel. The latter two reactions were observed to occur in the
dynamics simulation. It is found that the branching ratio for
the two channels varied as the initial kinetic energy along the
transition vector was changed. Product energy distributions
(PEDs) for the reaction were evaluated via direct classical
trajectory calculations. The average available energy estimat-
ed at the PW91/SDD level for the H, elimination reaction was
33.53 kcal/mol, and on average 24.71 (73.6 %), 4.79 (14.2 %),
and 4.03 (12.2 %) kcal/mol were partitioned into the relative
translational energyies and the vibrational and rotational en-
ergies of NpO, respectively. For the H atom elimination reac-
tion, 56.9 %, 26.5 %, and 16.9 % of the available energy
(33.16 kcal/mol) were partitioned into the relative translation-
al energies and the vibrational and rotational energies of
NpOH, respectively. Overall, it is clear that most of the avail-
able energy is transferred into the relative translational ener-
gies of the products in both reaction channels.
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