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Activation of prototypical bonds by actinide atoms is an important aspect of material activity, and the

results can be used for the study of nuclear material storage. In this study, the activation of the P–H

bonds of the PH3 molecule by U or Th to form uranium or thorium hydride phosphorus has been

systematically explored using density functional theory. A detailed description of the reaction

mechanism which includes the potential energy profiles and the properties of bond evolution is

presented. There are two types of reaction channels, isomerization and dehydrogenation in U + PH3

and Th + PH3. The difference between the two reactions is the process of the first P–H bond

dissociation. The evolution characteristics of the chemical bonds along reaction pathways is analyzed

by using electron localization functions, quantum theory of atoms in molecules, Mayer bond orders

and natural bond orbitals. The reaction rate constants are calculated at the variational transition state

level, and rate-determining steps are predicted.
Introduction

Actinides, an important component of nuclear materials, have
attracted extensive attention of researchers from both the
experimental and theoretical perspectives because of their
unique chemical and physical properties.1–5 Since the reaction
of actinides with small molecules has important applications in
actinide chemistry and nuclear fuel storage, an exhaustive
understanding of the reactions will contribute to the safe
storage of nuclear fuel.6,7 The focus of these studies is to
systematically explore the reaction mechanism, kinetics and
reaction rate of activation of prototypical chemical bonds by
actinide elements. In addition, the analysis of electronic struc-
tures and chemical properties of actinides is also a crucial
object of these studies.
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The experimental observations provide intuitive information
for understanding such chemical reactions.8 The experiment of
laser-ablated Th atoms and NH3 under excess argon to form
thorimine (HN]ThH2) have studied, and the infrared spectrum
of products were detected.9 Very recently, analogous experiment
to PH3 reacting with U and Th atoms using laser ablated in
excess argon were reported, and the new absorption in the
intense An–H stretching region was discovered.10 Therefore, the
current understanding of the microstructure evolution for U, Th
+ PH3 reactions is not comprehensive.

In theoretical researches, with the continuous development
of computing technology and theoretical methods, quantum
chemistry calculations can provide further information for
understanding this type of reaction.11 The reaction of CH4 and
actinides has studied at density functional theory (DFT)
levels.12,13 Our team also studied the detailed reactions of An
atoms and their cations reacting with NH3 and H2O mole-
cules.14,15 These studies provide inspiration for exploring the
reaction mechanisms, kinetics and thermodynamics of these
title reactions.

Themain objective of this work is to perform a detailed study
of the activation of P–H bond in PH3 molecule by U and Th
atom. Multiple analysis methods are used to explore the bond
evolution, involving electron localization function (ELF),16

quantum theory of atoms in molecules (QTAIM),17 Mayer bond
order18 and natural bond orbital (NBO).19,20 The reaction rate
constants are calculated by using the variational transition state
theory (VTST),21 and the one-dimensional tunneling effects (by
Eckart22 and Wigner23) was considered.
RSC Adv., 2019, 9, 17119–17128 | 17119
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Method of calculation

Density functional theory (DFT) computations were carried out
using Gaussian 16 package.24 Fully geometry optimizations and
frequency computations were completed using B3LYP,25

PW91PW91,26 and B3PW91,27 along with the Stuttgart–Dresden–
Bonn relativistic effective core potential (SDD)28 for U and Th
atoms, and the aug-cc-pVTZ29 basis set for P and H atoms. In
addition, the M06-2X30 is used with the segmented all-electron
relativistically contracted (SARC)31 basis set for the An atoms.
The relativistic recontracted triple-x basis set (def2-TZVPP)32 for
light P and H atoms. The zero-order regular approximation
(ZORA)33 method is adopted. The minimum energy crossing
point (MECP) between different spin potential energy surface is
determined. These calculations are carried out using the ORCA
4.0.1 (ref. 34) package. These methods have been successfully
applied in similar research.35 We guarantee that located tran-
sition states have only one imaginary frequency and the
intrinsic reaction coordinate (IRC) results show that the corre-
sponding vibration direction correctly connects the reactant
and product. The vibrational zero-point energy (VZPE) is
considered in all relative energies, and correction factors were
used in vibration frequencies to take into account the inuence
of anharmonic effects.36–38

Electron localization function (ELF), quantum theory of
atoms in molecules (QTAIM) and Mayer bond order are
carried out. These analyses are completed using Multiwfn
package,39 the bond character, the charge distribution and
metal valence population are completed using NBO in
Gaussian 16 package.

The reaction rate constants with increasing temperature are
accomplished by using VTST on the basis of the B3LYP/SDD/
aug-cc-pVTZ energy with KiSThelP program.40
Result and discussion

In order to estimate the accuracy of methods and basis sets, we
compared the calculated vibrational frequencies of the H2UPH
and H2ThPH with the experimental values. Different levels and
types of methods and basis sets are chosen, the results are
shown in Tables S1 and S2.† In addition, we summarize the
bond lengths and energy of H2UPH and H2ThPH and Andrews
and coworkers' calculated values. The results are listed in ESI.†
As can be seen that B3LYP results (1495.5 cm�1 and
1472.6 cm�1) are the closest to the experimental values
(1473.7 cm�1 and 1456.5 cm�1), followed by B3PW91
(1508.6 cm�1 and 1482.9 cm�1), PW91PW91 (1518.3 cm�1 and
1493.0 cm�1), and M06-2X (1526.3 cm�1 and 1473.0 cm�1). In
terms of the basis set, SDD/aug-cc-pVTZ performs better. The
comparison of bond length and energy shows that our calcu-
lations are in good agreement with Andrews. Besides, these
methods have been successfully used for the study of other
similar reactions.5,7,8 Therefore, the subsequent calculations are
accomplished by using B3LYP/SDD/aug-cc-pVTZ, PW91PW91/
SDD/aug-cc-pVTZ, B3PW91/SDD/aug-cc-pVTZ and M06-2X/
ZORA-def2-TZVPP methods.
17120 | RSC Adv., 2019, 9, 17119–17128
Reaction mechanism

The reaction mechanism of U atom and PH3. The ground
state of complexes and transition states involved in the reaction
process are located at different theoretical levels and the
structures are shown in Fig. 1, and coordinates and the IRC
curves are listed in ESI.† More than one spin states were
considered, since different potential energy surfaces (PES) may
be crossover during the reaction. As can be seen, the geometric
parameters with different theoretical levels show consistency.
The potential energy surface prole of U + PH3 is presented in
Fig. 2. The relative energy of complexes and transition states
with respect to the intermediate HUPH2 (II) is listed in Table
S5.† We also take into account the expected value of S2 to make
sure the spin contamination is relatively small.

From the Fig. 2, we can clearly see that the lowest energy path
of U + PH3 along the quintet state. For the rst step of the
reaction, the U atom attracts PH3, forming a stable complex U–
PH3 (I), exothermic by approximately 11.23 kcal mol�1. Then,
the reaction needs to overcome the rst transition state (TS1)
with an activation barrier of 4.14 kcal mol�1. The TS1 has an
imaginary frequency of 398.0 cm�1, corresponding to the H1
atom close to the U atom, and the P–H1 bond length is elon-
gated by about 0.070 Å. Aer crossed TS1, the system reaches
the intermediate HU–PH2 (II). In this process, the P–H1 bond is
completely broken and replaced by the U–H1 bond.

Aer the complex II, the reaction will proceed along two
different pathways, isomerization and dehydrogenation. For
isomerization channel, there is an intersystem crossing
between the triplet and quintet PESs, aer that the reaction will
proceed along triplet. In this process, the second H atom will
move toward the U, forming the non-planar isomerized prod-
ucts, the uranium dihydride phosphinidine H2U–PH (III). This
process overcomes the energy barrier of 16.04 kcal mol�1, the
corresponding transition state is TS2a with a 745.3 cm�1

imaginary frequency, corresponding to the H2 atom from the P
atom to the U atom, and the whole reaction is endothermic.

The intersystem crossing is signicant for the study of the
reaction process, since it characterizes where the transition is
most likely to take place.41 As mentioned above, there is
a crossing between triplet and quintet states in the region from
complex II to TS2a. Due to the crossing reduces the barrier of
quintet, the reaction will proceed along the triplet. We can see
from Fig. S3,† the MECP has a nonplanar geometry and is more
similar to the complex II, the U–P, U–H bond lengths are 2.587 Å
and 2.034 Å, respectively. It is noteworthy that intersystem
crossing is thermodynamically favored, but it can also not
happen in real experiments since the energy difference between
different spin states is very small.

In the dehydrogenation channel, the secondH atom is detached
from the P atom and gradually approaches the rst H forming the
complexH2–UPH (IV). This process needs to climb a transition state
TS2b with an activation barrier of 13.9 kcal mol�1, and the imagi-
nary frequency is 829.2 cm�1. At this time, the bond length of U–H1
extended from 2.150 Å to 2.425 Å. Aer that, these two H atoms are
getting farther away from the main frame, and the last complex IV
decomposes into UPH and H2.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Structures and selected geometric parameters of stationary points on the U and PH3 PES optimized at the B3LYP/SDD/aug-cc-pVTZ,
PW91/SDD/aug-cc-pVTZ, and B3PW91/SDD/aug-cc-pVTZ levels of theory (from top to bottom rows, respectively). Bond distances are Å and
angles are in degree.
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For the septet state, aer the complex II, the subsequent
reaction products are much higher than other spin multiplicity
energy, and there is no crossing with other PES. We have also
considered the case where H atoms continue to transfer from P
atom to U, but our results indicate that the nal product is
relatively higher energy, and it is very difficult to achieve in
terms of energy.

The reaction mechanism of Th atom and PH3. Geometrical
parameters and PES prole of the Th + PH3 are presented in
Fig. 3 and 4. The relative energies of the intermediates and
transition states under different theoretical calculation levels
Fig. 2 Potential energy profile for the reaction of U + PH3 computed at th
relative to the total energy of U + PH3 (quintet).

This journal is © The Royal Society of Chemistry 2019
are also listed in Table S6,† coordinates and the IRC curves
corresponding to TS imaginary frequency are shown in ESI.†

On the whole, the reaction mechanisms of Th + PH3 are very
similar to that of U + PH3. It can be summarized as follows, the
rst step of the reaction is An atoms attracted the PH3 molecule
to form complex I, then overcome TS1 and dissociate the rst
P–H bond to produce intermediate II. Dissociation of the
second P–H bond has different spatial directionalities leading
to two channels of isomerization and dehydrogenation.

Our results show that the difference between two reactions is
the process of dissociating the rst P–H bond. In the case of Th
e B3LYP/SDD/aug-cc-pVTZ levels of theory. The energy in the figure is

RSC Adv., 2019, 9, 17119–17128 | 17121
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Fig. 3 Structures and selected geometric parameters of stationary points on the Th and PH3 PES optimized at the B3LYP/SDD/aug-cc-pVTZ,
PW91/SDD/aug-cc-pVTZ, and B3PW91/SDD/aug-cc-pVTZ levels of theory (from top to bottom rows, respectively). Bond distances are Å and
angles are in degree.
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+ PH3, the P–H1 bond cleavage of singlet reaction needs two
steps. There are two transition states in this process, we named
TS10 and TS1. The activation barrier of the TS10 is very shallow,
only 0.06 kcal mol�1. The corresponding process is that the P–
H1 bond is slightly elongated and forms an intermediate
product II0 with a planar structure. Then the H atom continues
to move toward the Th atom, and the molecular structure
changes from plane to three-dimensional, the complex II
formed. This process requires the system to pass through TS1
with a barrier height of 13.84 kcal mol�1, the imaginary
frequency is 157.3 cm�1. Besides, for the dissociation of P–H1
bond, the different spin multiplicity corresponds to different
situations. If the reaction proceeds along the singlet state, the
above two steps are required to dissociate the P–H1 bond, if
Fig. 4 Potential energy profile for the reaction of Th + PH3 computed at
is relative to the total energy of Th + PH3 (triplet).

17122 | RSC Adv., 2019, 9, 17119–17128
along the triplet state, this process is same as U + PH3, only one
step is needed. It should be noted, the calculation of complex I
and TS10 for singlet state was successful only on B3LYP/SDD/
aug-cc-pVTZ method. We have tried other methods, but failed.
This may be due to the relatively small energy barrier of TS10

and sensitive to the calculation method. From the above anal-
ysis, the reaction process of U + PH3 and Th + PH3 can be
described as:

U + PH3 / U–PH3 / TS1 / HU–PH2 / TS2a / H2U–PH,

DE ¼ �35.37 kcal mol�1

U + PH3 / U–PH3 / TS1/ HU–PH2 / TS2b / H2–U–PH

/ H2 + UPH, DE ¼ �23.31 kcal mol�1
the B3LYP/SDD/aug-cc-pVTZ levels of theory. The energy in the figure

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 ELF shaded surfaces with projectionmaps of the stationary points on the U + PH3 reaction pathway at the B3LYP/SDD/aug-cc-pVTZ level
theory.

Fig. 6 ELF shaded surfaces with projection maps of the stationary points on the Th + PH3 reaction pathway at the B3LYP/SDD/aug-cc-pVTZ
level theory.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 17119–17128 | 17123
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Th + PH3 / Th–PH3 / TS10 / Th–H–PH2 / TS1 / HTh–

PH2 / TS2a / H2Th–PH, DE ¼ �81.36 kcal mol�1

Th + PH3 / Th–PH3 / TS1/HTh–PH2 / TS2b/H2–Th–

PH / H2 + ThPH, DE ¼ �28.65 kcal mol�1

Topological analysis. In order to obtain the detailed char-
acteristic of the bonding evolution along the reaction pathway,
different analysis methods such as ELF, QTAIM, Mayer bond
order and NBO analysis are employed. Analysis of ELF and
QTAIM qualitatively discusses the bonding properties. For
a more comprehensive analysis, Mayer bond order quantita-
tively analyzes the formation and fracture of chemical bonds,
and the result is listed in ESI.†

The ELF shaded-surface-projected maps of complexes and
transition states (lowest-energy spin state species) for U + PH3

and Th + PH3 are shown in Fig. 5 and 6. The QTAIM parameters
of the (3,�1) bond critical points (BCPs) for the species involved
in the reactions are gathered in Table 1 (U + PH3) and Table S9†
(Th + PH3), including the electron density r(r) and Laplacian
V2r(r), the potential energy density V(r), the electron kinetic
energy density G(r) and the total electron energy density H(r). As
the criteria proposed by Cremer and Kraka,42 H(r) > 0 corre-
sponds to closed-shell interactions, and H(r) < 0 corresponds to
covalent interactions.
Table 1 Topological properties of the charge density calculated at the
(3, �1) BCPs for all species involved in the reaction of U + PH3 at the
B3LYP/SDD/aug-cc-pVTZ level of theorya

Species r(r) V2r(r) G(r) V(r) H(r)

I(5A) U–P 0.042 0.094 0.030 �0.037 �0.684
P–H1 0.165 �0.114 0.137 �0.302 �0.165
P–H2 0.163 �0.161 0.124 �0.288 �0.164
P–H3 0.164 �0.160 0.124 �0.289 �0.164

TS1(5A) U–P 0.052 0.063 0.029 �0.041 �0.013
P–H1 0.144 �0.271 0.062 �0.192 �0.130
P–H2 0.163 �0.164 0.123 �0.286 �0.164
P–H3 0.164 �0.155 0.126 �0.290 �0.165

II(5A) U–P 0.068 0.028 0.029 �0.050 �0.022
U–H1 0.090 0.023 0.040 �0.075 �0.035
P–H2 0.147 �0.081 0.117 �0.255 �0.137
P–H3 0.149 �0.067 0.124 �0.264 �0.140

TS2a(3A) U–P 0.095 0.021 0.046 �0.086 �0.040
U–H1 0.088 0.036 0.042 �0.075 �0.033
U–H2 0.075 0.062 0.040 �0.064 �0.024
P–H3 0.147 �0.070 0.119 �0.256 �0.137

III(3A) U–P 0.109 0.027 0.058 �0.110 �0.051
U–H1 0.097 0.012 0.043 �0.083 �0.040
U–H2 0.097 0.018 0.045 �0.085 �0.040
P–H3 0.141 �0.049 0.115 �0.241 �0.127

TS2b(5A) U–P 0.088 0.034 0.044 �0.079 �0.035
U–H1 0.063 0.104 0.041 �0.056 �0.015
U–H2 0.052 0.167 0.049 �0.056 �0.007
P–H3 0.141 �0.065 0.111 �0.238 �0.127
H1–H2 0.140 �0.306 0.026 �0.129 �0.103

IV(5A) U–P 0.100 0.028 0.051 �0.095 �0.044
P–H3 0.138 �0.063 0.107 �0.229 �0.123
H1–H2 0.241 �0.960 0.008 �0.257 �0.240

a r(bcp) and V2r(bcp) in a.u.

17124 | RSC Adv., 2019, 9, 17119–17128
U–PH3 and Th–PH3. The ELF analysis illustrates the absence
of a disynaptic valence basin between the An atom and P atom.
The QTAIM analysis explains that there is a (3,�1) critical point
between An and P atom, andH(r) is negative. And r(r) is very low
(0.042 in the case of U–PH3, 0.065 in the case of Th–PH3), the
V2r(r) values are small and positive (0.094 correspond to U–PH3,
0.134 correspond to Th–PH3). These facts indicate that there is
a covalent interaction between the fragments in complex I.

TS10. This TS exists only in the singlet state of the Th + PH3

reaction. Topological analysis demonstrates that the interaction
between P and H1 atom is weakening. According to the QTAIM
analysis, the r(r) of P–H1 decreases from 0.161 to 0.156, the H(r)
is negative. The value for the P–H1 is different from the other
two bonds, which mean that the P–H1 bond changes.

Th–H–PH2. The complex II0 only present in the reaction of Th
+ PH3. The ELF analysis indicates the lack of the V (P, H1) basin,
which is replaced by the V (Th, H1, P) basin. The result of
QTAIM also supports this fact, the value of r(r) for Th–H1 bond
is increased (0.098), and H(r) < 0 indicates the covalent inter-
action between the Th and H1 atom.

TS1 species. Through the above analysis, the connection
process of U + PH3 and Th + PH3 are different at TS1, so the
electronic topology parameters are distinguishing. For U + PH3,
topological analysis reveals that the rst P–H1 bond dissociated
in this process, which is represented by the fact that V (P, H1) is
replaced by a three-synaptic basin V (U, H1, P) in the ELF
analysis. QTAIM analysis shows the values of r(bcp) for P–H1
have signicant decrease relative to the P–H2, H(r) < 0 demon-
strates the covalent interaction between P atom and H1. For the
singlet state of the reaction of Th + PH3, the ELF analysis
indicates the emergence of V (Th, H1). The QTAIM analysis also
illustrates this, the charge density of Th–H1 increases from
0.098 to 0.109. For the triplet state, the situation of Th + PH3 is
similar to U + PH3.

HU–PH2 and HTh–PH2. The ELF and QTAIM analysis reveals
P–H1 bonds are completely broken, forming the An–H1 cova-
lent bond, which evidenced by the trisynaptic V (An, H1, P) is
completely replaced by a disynaptic V (An, H1), the presence of
a (3, �1) BCP between the An and H1 atom where the H(r) is
negative.
Table 2 Natural bond orbital analysis for all species of the reaction of
U + PH3 calculated at the B3LYP/SDD/aug-cc-pVTZ level of theory

Species Bond character qTh qP

Metal valence
populations

7s 5f 6d

I BD(1) Occ. ¼ 0.871 0.192 �0.169 1.88 2.62 0.84
TS1 BD(1) Occ. ¼ 0.827 0.987 �0.203 0.87 2.99 0.20
II BD(1) Occ. ¼ 0.997 1.072 �0.399 1.03 3.00 0.96
TS2a BD(1) Occ. ¼ 0.990 1.174 �0.401 0.63 3.04 1.12

BD(2) Occ. ¼ 0.916
III BD(1) Occ. ¼ 0.997 1.146 �0.422 0.49 3.06 1.72

BD(2) Occ. ¼ 0.997
TS2b BD(1) Occ. ¼ 0.992 0.639 �0.356 0.96 3.12 1.23
IV BD(1) Occ. ¼ 0.996 0.644 �0.467 0.93 3.16 1.28

BD(2) Occ. ¼ 0.884

This journal is © The Royal Society of Chemistry 2019
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Table 3 Natural bond orbital analysis for all species of the reaction of
Th + PH3 calculated at the B3LYP/SDD/aug-cc-pVTZ level of theory

Species Bond character qTh qP

Metal valence
populations

7s 5f 6d

I BD(1) Occ. ¼ 1.979 0.199 �0.088 1.74 0.10 1.96
BD(2) Occ. ¼ 1.790

TS10 BD(1) Occ. ¼ 1.978 0.209 �0.089 1.73 0.11 1.95
BD(2) Occ. ¼ 1.783

II0 BD(1) Occ. ¼ 1.999 0.729 �0.389 1.67 0.19 1.40
BD(2) Occ. ¼ 1.961

TS1 BD(1) Occ. ¼ 1.963 0.790 �0.417 1.63 0.17 1.39
BD(2) Occ. ¼ 1.988

II BD(1) Occ. ¼ 1.995 0.922 �0.309 1.49 0.21 1.35
TS2a BD(1) Occ. ¼ 1.944 0.984 �0.372 1.00 0.28 1.74

BD(2) Occ. ¼ 1.943
BD(3) Occ. ¼ 1.759

III BD(1) Occ. ¼ 1.997 1.312 �0.454 0.47 0.29 1.92
BD(2) Occ. ¼ 1.991
BD(3) Occ. ¼ 1.793

TS2b BD(1) Occ. ¼ 0.998 0.690 �0.267 0.77 0.26 2.14
BD(2) Occ. ¼ 0.726

IV BD(1) Occ. ¼ 0.999 0.598 �0.470 0.79 0.35 2.30
BD(2) Occ. ¼ 0.998
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TS2a species. This stage is the beginning of isomerization,
the second H atom shi from P atom to An atom. The ELF
topological analysis indicates the P–H2 bond has not yet
completely broken, the appearance of the trisynaptic V (An, H2,
P) basin proves this. QTAIM analysis provides strong support for
this fact, the value of r(r) of An–H2 bond increases, and the H(r)
is negative, suggesting the covalent interaction between An
atom and H2.

H2U–PH and H2Th–PH. The formation of the intermediate
HPAnH2 demonstrates the P–H2 bond is completely broken.
This fact is evidenced by the lack of V (An, H2, P) basin, which
replaced by V (An, H2) basin. The r(r) of the An–H2 is gradually
increased. The topological parameters of the An–H1 and An–H2
bond are almost the same, this is consistent with the axisym-
metric nature of the two H atoms with respect to the An–P bond.
In addition, the r(r) of An–P gradually increases along the
reaction paths.

TS2b species. From the result of ELF, the presence of a new
trisynaptic basin V (H1, H2, P) indicates the second P–H bond
begins to break and two H atom approach each other during
Table 4 Calculated thermal rate constants (s�1) for the reaction of U +

T, K

UPH3 / TS1 / HUPH2 HUPH2 / TS2a

kVTST kVTST/Eck kVTST/W kVTST k

298 2.03 � 109 2.13 � 109 3.40 � 109 2.20 � 105 3
300 2.14 � 109 2.23 � 109 3.56 � 109 2.43 � 105 4
350 6.34 � 109 6.48 � 109 9.45 � 109 2.14 � 106 3
400 1.45 � 1010 1.46 � 1010 2.00 � 1010 1.09 � 107 1
450 2.79 � 1010 2.77 � 1010 3.60 � 1010 3.87 � 107 4
500 4.73 � 1010 4.66 � 1010 5.86 � 1010 1.07 � 108 1
550 7.33 � 1010 7.18 � 1010 8.79 � 1010 2.46 � 108 2
600 1.06 � 1011 1.03 � 1011 1.23 � 1011 4.95 � 108 5

This journal is © The Royal Society of Chemistry 2019
this process. The QTAIM analysis shows that the r(r) of H1–H2
signicantly increases. The H(r) of H1–H2 is negative. In addi-
tion, the value of r(r) between An and H1–H2 is reduced, which
implies that two H atoms are gradually detaching from the An
atom.

H2–U–PH and H2–Th–PH. The disappearance of two disy-
naptic valence basin V (An, H1) and V (P, H2), leading to the
appearance of a disynaptic V (H1, H2), and the value of r(r)
increases obviously at the H1–H2 BCP and the corresponding
H(r) is negative.

NBO analysis. The bond character, natural population
analysis (NPA) atom charges and the corresponding metal
valence population of the intermediate and transition state
along the reaction pathways are listed in Tables 2 and 3. As can
be seen from table, the NPA charge of U and Th atom is positive
and increases as the reaction progresses, the NPA charge of P
atom becomes more negative along the reaction pathways. The
metal valence populations also provide more information about
the 5f-character. The population of 5f orbitals increase from
2.62 to 3.06 for the reaction of U and PH3 (from 0.10 to 0.29 for
Th + PH3). Besides, it can be seen that there is direct involve-
ment of the 5f orbital in the products.

We calculated the electronic occupancy in order to investi-
gate the multiple bonds between An and P atoms. As can be
seen, on the whole, the An–P bond in Th species exhibit more
multiple bond properties than in U species. For U + PH3, each
BD has only one electron, the An–P bonds in all the species are
partial multiple bonds that are not completely occupied. For Th
+ PH3, each BD have two electronic occupations, except for H2–

Th–PH, the An–P bond in other species exhibit multiple bond
features. This multiple bond phenomenon also exists in our
previous studies of neptunimine (HN]NpH2) and plutonimine
(HN]PuH2).43

Reaction coefficients. In this paper, rate constant calcula-
tions are accomplished by KiSThelP soware with variational
transition state theory (VTST):

kGT ¼ s
kbT

h

QTSðT ; sÞ
NAQRðT ; sÞ exp

�
� V ‡ðsÞ

kbT

�
(1)

The structure and frequency results with the B3LYP/SDD/
aug-cc-pVTZ level is used as the input for the KiSThelP
program. It is expected that tunneling effects play an important
role in the reaction which involves the transfer of hydrogen
PH3 at the B3LYP/SDD/aug-cc-pVTZ level of theory

/ H2UPH HUPH2 / TS2b / H2UPH

VTST/Eck kVTST/W kVTST kVTST/Eck kVTST/W

.75 � 105 3.27 � 105 2.23 � 103 3.00 � 103 2.86 � 103

.12 � 105 3.60 � 105 2.53 � 103 3.40 � 103 3.24 � 103

.14 � 106 2.90 � 106 3.77 � 104 4.69 � 104 4.55 � 104

.46 � 107 1.39 � 107 2.81 � 105 3.33 � 105 3.26 � 105

.87 � 107 4.70 � 107 1.33 � 106 1.52 � 106 1.49 � 106

.29 � 108 1.25 � 108 4.57 � 106 5.07 � 106 5.03 � 106

.88 � 108 2.82 � 108 1.25 � 107 1.36 � 107 1.35 � 107

.64 � 108 5.54 � 108 2.87 � 107 3.10 � 107 3.07 � 107

RSC Adv., 2019, 9, 17119–17128 | 17125
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Table 5 Calculated thermal rate constants for the reaction of Th + PH3 at the B3LYP/SDD/aug-cc-pVTZ level of theorya

T, K

HThPH2 / TS2a / H2ThPH HThPH2 / TS2b / H2ThPH

kVTST kVTST/Eck kVTST/W kVTST kVTST/Eck kVTST/W

298 3.79 � 107 9.09 � 107 6.37 � 107 17.71 56.08 34.88
300 4.11 � 107 1.08 � 108 6.86 � 107 20.97 65.20 41.01
350 2.30 � 108 4.69 � 108 3.43 � 108 0.75 � 103 1.67 � 103 1.28 � 103

400 8.46 � 108 1.47 � 109 1.16 � 109 1.09 � 104 1.98 � 104 1.67 � 104

450 2.35 � 109 3.38 � 109 3.05 � 109 8.66 � 104 1.38 � 105 1.23 � 105

500 5.35 � 109 7.23 � 109 6.64 � 109 4.53 � 105 6.61 � 105 6.01 � 105

550 1.05 � 1010 1.36 � 1010 1.20 � 1010 1.75 � 106 2.38 � 106 2.25 � 106

600 1.86 � 1010 2.32 � 1010 2.18 � 1010 5.38 � 106 7.00 � 106 6.67 � 106

a Rate constant in s�1.
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atoms.44 Therefore, in this study, the one-dimensional
tunneling effects by Wigner and Eckart were considered. The
rate constants at different temperatures (298 to 600 K) are
shown in Tables 4 and 5. The log10k versus 1000/T plots are
incorporated in experimental rate studies and depicted in Fig. 7
and 8.

From the table we can see that the process of dissociating the
rst P–H bond occur the fastest compared to the other steps.
The effect of temperature on the reaction rate is also signicant,
Fig. 7 Computed VTST rate constant and temperature plots of the reac
and frequencies: log10k (s�1) versus 1000/T.

Fig. 8 Computed VTST rate constant and temperature plots of the reac
and frequencies: log10k (s�1) versus 1000/T.

17126 | RSC Adv., 2019, 9, 17119–17128
and as the temperature increases, the reaction proceeds faster,
especially when the P–H2 bond breaks. We also found that the
isomerization channel reacts faster than the dehydrogenation
channel at room temperature. For the reaction of Th + PH3, the
dissociating process of the P–H1 bond requires two steps, and
the energy barrier of the rst step is very small (0.06 kcal mol�1),
the exact reaction rate value is not obtained by this method.
Even so, this process happens very quickly since the energy
barrier is very small.
tion of U + PH3 obtained by using B3LYP/SDD/aug-cc-pVTZ energies

tion of Th + PH3 obtained by using B3LYP/SDD/aug-cc-pVTZ energies

This journal is © The Royal Society of Chemistry 2019
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As for the impact of tunneling effects, it can be seen that the
split of the curve at low temperature region are more obvious
than that at the high temperature region. This indicates that the
tunneling effect is more signicant at low temperature region
(room temperature), and the reaction rates are faster than ex-
pected. Take the HThPH2 / TS2a / H2ThPH process as an
example. The reaction rates considering the tunneling effect are
nearly doubled that of the unconsidered. In addition, we found
that the tunneling effect is greater for the TS2a than that of
other processes. This may due to the TS2a is the isomerization
process, since the large-amplitude conformational motions that
bring system centers in close proximity can promote this
tunneling.44

Conclusions

In conclusion, we discuss the detailed reaction mechanisms of
the gas-phase reaction of U and Th with PH3. Two types of
reaction channels of the P–H bond activate by U and Th are
discussed. Bonding evolution was analyzed by using several
methods, including ELF, QTAIM and NBO calculations. The
reaction rate constants are predicted by using VTST method
with 1D tunneling effect. The main conclusions are summa-
rized as follows. (1) The U + PH3 and Th + PH3 have similar
reaction mechanisms. The reaction proceeds along two chan-
nels of isomerization and dehydrogenation. The difference
between the two reactions is that the U + PH3 reaction needs one
step to dissociate the P–H1 bond, while the reaction of Th + PH3

takes two steps. (2) Chemical bond evolution analysis results
show that all the bonds involved in the reaction exhibit covalent
bond characteristics, and the An–P bond in Th species exhibit
more multiple bond properties than U species. (3) Based on the
energies and frequencies, the rate constants are obtained by
using the VTST method, and the 1D tunneling effect is
considered. From the results, we know that as the temperature
increases, the reaction rate increases. These results contribute
to our growing knowledge of the chemistry of actinides, and
establish a theoretical foundation for the study of activation of
prototypical bonds by actinides atoms.
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