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experimental and theoretical
insights into the atmospheric degradation
mechanism of dithiophosphinic acids†

Zhipeng Wang,‡a Yixiang Zhang,‡b Jingjing Liu,b Lianjun Song,a Xueyu Wang,a

Xiuying Yang,a Chao Xu, c Jun Li*b and Songdong Ding*a

Dithiophosphinic acids (DPAHs, expressed as R1R2PSSH) are a type of sulfur-donor ligand that have been

vastly applied in hydrometallurgy. In particular, DPAHs have shown great potential in highly efficient

trivalent actinide/lanthanide separation, which is one of the most challenging tasks in separation science

and is of great importance for the development of an advanced fuel cycle in nuclear industry. However,

DPAHs have been found liable to undergo oxidative degradation in the air, leading to significant

reduction in the selectivity of actinide/lanthanide separation. In this work, the atmospheric degradation

of five representative DPAH ligands was investigated for the first time over a sufficiently long period (180

days). The oxidative degradation process of DPAHs elucidated by ESI-MS, 31P NMR, and FT-IR analyses is

R1R2PSSH / R1R2PSOH / R1R2POOH / R1R2POO–OOPR1R2, R1R2PSSH / R1R2PSS–SSPR1R2, and

R1R2PSSH / R1R2PSOH / R1R2POS–SOPR1R2. Meanwhile, the determination of pKa values through pH

titration and oxidation product by PXRD further confirms the S / O transformation in the process of

DPAH deterioration. DFT calculations suggest that the hydroxyl radical plays the dominant role in the

oxidation process of DPAHs and the order in which the oxidation products formed is closely related to

the reaction energy barrier. Moreover, nickel salts of DPAHs have shown much higher chemical stability

than DPAHs, which was also elaborated through molecular orbital (MO) and adaptive natural density

portioning (AdNDP) analyses. This work unambiguously reveals the atmospheric degradation mechanism

of DPAHs through both experimental and theoretical approaches. At the application level, the results not

only provide an effective way to preserve DPAHs but could also guide the design of more stable sulfur-

donor ligands in the future.
Introduction

Separation of trivalent actinides (An3+) over trivalent lantha-
nides (Ln3+) is one of the most critical and challenging steps in
spent fuel reprocessing owing to their very similar chemical and
physical properties.1,2 Previous reports indicate that An3+ and
Ln3+ could be effectively separated using so N-donor or S-
donor ligands.3–5 In comparison with N-donor ligands, the S-
donor ligands have shown much higher selectivity for An3+/
Ln3+ separation.4 For example, the puried CYANEX® 301,
which is a typical aliphatic substituted dithiophosphinic acid
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(DPAH, expressed as R1R2PSSH) ligand, could selectively extract
Am3+ over Eu3+ with high separation factors (SFAm/Eu) up to 5900
in HNO3 solution at pH 3.5–4.0.5 However, when CYANEX® 301
was exposed to oxidation environment such as atmosphere or
HNO3 for a certain time, signicant decreases of its selectivity to
Am3+ over Eu3+ could be observed, which is expected to limit its
use in real applications.6,7

To uncover the underlying chemical mechanism accounted
for the decrease of An3+/Ln3+ selectivity by DPAHs and help
improve the stability of dithiophosphinic acids, a few investi-
gations have been carried out on the oxidation behavior of
DPAHs in aqueous solution. It has been shown that a high
concentration of non-oxidizing mineral acid such as H2SO4 and
HCl hardly had obvious detrimental inuence on the structure
of CYANEX® 301, whereas the oxidizing HNO3 could destruct
the ligand rapidly even at low acidity and for a short testing
time.8,9 With respect to the oxidation products and the possible
oxidation pathways of the aliphatic substituted DPAH, there are
still different understandings and insights. Wang et al. discov-
ered the formation of monothiophosphinic acid (RRPOSH) as
the degradation product of (n-pentyl)2PSSH and (n-butyl)2PSSH
RSC Adv., 2020, 10, 40035–40042 | 40035
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in the case of contacting with 1.0 mol L�1 or 3.0 mol L�1 HNO3

for 10 hours via 31P NMR and FT-IR analyses.10 However,
Menoyo et al. proposed that CYANEX® 301 could be oxidized to
RRPSOH, RRPS, RRPOOH and RRPO aer contacting with
5.0 mol L�1 HNO3 for 10 days using FT-IR, FT-Raman and GC-
MS monitorings.11 The oxidation pathway was afforded as
follow: RRPSSH / RRPSOH / RRPOOH. Nevertheless,
a further study by Marc et al. indicated the formation of dimer
product of CYANEX® 301 in contact with 1.0 mol L�1 HNO3 for
18 hours by means of 31P NMR spectra and single crystal anal-
yses,12 which was also supported by Groenewold et al. via ESI-
MS spectra and collision-induced dissociation spectra tests.13

The assessing oxidation pathway was presented as RRPSSH /

RRPSS–SSPRR / RRPOS–SOPRR / RRPOO–OOPRR /

RRPO–O–OPRR. So far, there has been no scientic consensus
about the oxidation mechanism of DPAH.

The stability properties of aromatic group substituted
DPAHs have also been studied. (ClPh)2PSSH is one of the most
representative structures of aromatic DPAHs. Modolo et al.
performed the hydrolysis experiments of (ClPh)2PSSH in 0.5–
3.0 mol L�1 HNO3, HCl, or H2SO4.14 It was found that (ClPh)2-
PSSH decomposed completely aer contacting with 3.0 mol L�1

HNO3 for more than 20 days. To avoid this adverse impact,
reducing agents or radical scavengers such as amidosulfuric
acid, urea, or hydrazine must be added into the biphasic
extraction system.15,16 However, this stabilizing method has led
to a more complex extraction system and, unfortunately, did not
completely solve the problem of oxidative degradation of
DPAHs. Moreover, it was also found DPAH could be oxidized in
ambient environment.17,18 For example, CYANEX® 301 could
degrade obviously in 3 hours when exposed to the air. In
contrast, this ligand would be very stable in an inert atmo-
sphere, suggesting that DPAH are very sensitive to the oxidizing
atmosphere. This oxidation issue in ambient environment not
only deteriorate the extraction performances of DPAHs, but also
requires special protection measures during their trans-
portation and storage, which in turn limits their applications in
advanced fuel cycle. Therefore, investigation on DPAH oxida-
tion behavior at ambient environment is of great signicance.
Unfortunately, to the best of our knowledge, data are very scarce
on the oxidation stability of DPAHs at ambient environment. As
a result, the understanding on the oxidation processes of
DPAHs at ambient environment is supercial due to the lack of
sufficient experimental evidences and theoretical supports.

In the present work, by taking consideration of the impact of
substituent on the oxidation, ve representative DPAHs
(Fig. S1†) bearing different alkyl and/or aryl substituent groups
were intentionally synthesized and their oxidation processes
were systematically monitored at ambient environment for 180
days using ESI-MS, 31PNMR, FT-IR, PXRD, and pH titration
methods. Meanwhile, along with the oxidation of DPAHs, the
extraction behavior of Am3+ and Eu3+ by these ligands was also
investigated. Moreover, a detailed oxidation mechanism of
DPAHs was proposed through the help of density functional
theory and ab initio study.
40036 | RSC Adv., 2020, 10, 40035–40042
Experimental section
General

The radioactive trace solution of 241Am3+ with radionuclidic
purity was supplied by China Institute of Atomic Energy. The
HNO3 solution containing Eu3+ was prepared from Eu2O3$6H2O
(99.99%, Aldrich, USA). All the other reagents used in this work
were of AR grade and used as received. 85% aqueous H3PO4 was
utilized as external standard for 31P NMR. The investigated
ligands of this work were prepared by referring to previous
literature.19

The ESI-MS spectra were collected on Bruker Amazon SL
spectrometer (Bruker Inc., Switzerland). 31P NMR spectra were
recorded by Varian Inova NMR spectrometer (240 MHz) (Bruker
Inc., Switzerland). FT-IR spectra were recorded on Nicolet 6700
Fourier transform infrared spectrometer (Thermo Fisher
Scientic Inc., USA). Powder X-ray diffraction (PXRD, Shimadzu
6100, Japan) patterns were obtained using Cu Ka radiation
(0.1542 nm) at 40 kV and 30 mA. The Lei Ci PHS-3C type pH
meter (Shanghai Precision & Scientic Instrument Co. Ltd.,
China) was used for determining pKa values of DPAH
compounds as well as pH values of aqueous phase. The NaI(Tl)
scintillation counter (China National Nuclear Inc., China) was
used for detecting the radioactivity of 241Am3+ in each phase.
The inductively coupled plasma atomic emission spectrometer
(ICP-AES, IRIS Advantage, Thermo Elemental Inc., USA) was
applied to determining the concentration of Eu3+ in aqueous
phase.
Oxidation procedures

Adequate amount of each DPAH sample was separately placed
in F ¼ 3.5 cm open beaker and exposed to the ambient envi-
ronment. 20 mL aliquots were withdrawn from each sample for
ESI-MS, 31P NMR, FT-IR characterizations and pKa values
determination with appropriate time intervals. The solid
oxidation product was successively ltered from the sample,
washed with ethanol and dried in oven prior to the PXRD test.
pH titration

0.75 mmol DPAH was dissolved in EtOH/H2O (99/1%, v/v)
mixture (50 mL) and titrated by 0.05 mol L�1 NaOH aqueous
solution at 25.0 � 0.5 �C. The pH values were recorded with pH
meter. Each ligand was titrated in triplicates. The pKa values
were determined through the stepwise linear regression
method20,21 and the purity of examined compounds was also
calculated.
Extraction

The DPAH ligands were dissolved in toluene to obtain the
organic phase with a concentration of 0.5 mol L�1 DPAH. The
aqueous phase with different concentrations of HNO3 contains
trace amount of 241Am3+, 200 ppm Eu3+, and 1.0mol L�1 NaNO3.
Equal volumes of the two phases were stirred thoroughly at 25.0
� 0.5 �C for 30 min to ensure phase transfer equilibrium. Aer
phase separation by centrifugation, 0.5 mL specimens of each
This journal is © The Royal Society of Chemistry 2020
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phase was pipetted into test tubes. The radiocounts of 241Am3+

in both organic phase and aqueous phase were measured
separately. The concentration of Eu3+ in aqueous phase was
analyzed by ICP-AES. The distribution ratio (D) for 241Am3+ and
Eu3+ was dened as the ratio of metal ion concentration in the
organic phase ([M]org.) to that in the aqueous phase ([M]aq.), DM

¼ [M]org./[M]aq.. The separation factor (SFAm/Eu) was expressed
as the ratio of DAm and DEu, SFAm/Eu ¼ DAm/DEu.
Fig. 1 ESI-MS spectra of L1 at ambient environment for 0 d (a) and 180
d (b).
Theoretical calculations

The substituent groups of all the reactants in the experiment do
not participate in the reactions, so methyl was used to replace
the alkyl or aryl groups in order to improve the calculation
efficiency. The simplied dithiophosphonic acids were labeled
as MeDPAH in the following discussions. The structures of
reactants, intermediates, transition states and products were
optimized by B3LYP functions (density functional theory)
combining with the 6-311++G(d,p) basis set using Gaussian 09
Program.22 The harmonic vibrational analyses were conducted
to conrm the minima character of the obtained geometries at
the same level of theory (i.e. the local minimal with positive
frequencies and the saddle points with only one imaginary
frequency). The intrinsic reaction coordinates (IRC)23 calcula-
tions were performed to conrm that the transition states
connect the designated reactants and products. In order to
obtain the highly accurate relative energies, single-point ener-
gies of all the optimized stationary point optimized at the
B3LYP/6-311++G(d,p) level of theory were rened using CCSD(T)
method24 in combination with 6-311++G(d,p) basis set. If it is
not otherwise specied, all the relative energies mentioned
below are calculated from CCSD(T)/6-311++g(d,p) level of
theory. Gibbs free energy was calculated with single point
energies calculated from CCSD(T)/6-311++g(d,p) level and the
sum of zero-point energy corrections and entropy corrections.
Translational and rotational entropies are neglected for solid
state substance. The soware of CYLview25 was used to draw the
geometric structures of the stationary points on the potential
energy surface (PES).

The hydroxyl radical has been recognized as the most
important oxidant in the atmosphere, which always acts as
initiator of oxidation and degradation of organic
compound.26–32 As a result, the hydroxyl radical was also
considered as the main oxidant for the oxidation of these
dithiophosphonic acids investigated in this work. It is noted
that, the effects of oxygen and water molecules in the atmo-
spheric degradation of MeDPAH were also considered.
However, these reactions were not competitive with respect to
the reactions with hydroxyl radical. Therefore, we only detailed
the reaction mechanism of hydroxyl radical with MeDPAH
below, and the other reactions were presented in the ESI.†

The Ni(MeDPA)2 complex was fully optimized using the
Amsterdam Density Functional program (ADF2016.106).33 The
generalized gradient approximation (GGA) with the PBE func-
tional and the TZ2P Slater type basis set34 were used for all
atoms. The scalar-relativistic ZORA formalism was adopted to
account for the relativistic effects.35,36 In order to gain further
This journal is © The Royal Society of Chemistry 2020
insights into the chemical bonds of Ni(MeDPA)2, we performed
AdNDP analysis to generate the multi-centered localized
orbitals using Multiwfn codes.37
Results and discussion
Identication of oxidation products

The oxidation products of DPAHs were identied with the help
of spectroscopic techniques including ESI-MS, 31P-NMR, FT-IR,
etc. For clarity, the following discussions mainly focus on the
results of one representative DPAH L1, which shows the most
obvious changes during the oxidation experiment.

The oxidative degradation process of DPAHs was strictly
monitored by ESI-MS. The ESI-MS spectra of L1 with oxidation
time of 0 d and 180 d are shown in Fig. 1. The numbers in
brackets are the generation order of species. Other mass spectra
of L1 with oxidation time of 5 d, 10 d, 20 d, 30 d, 60 d, 90 d, 120
d, and 150 d are summarized in ESI as Fig. S2.† As we can see,
the pure ligand L1 with molecule formula of R1R2PSSH can be
observed at m/z ¼ 287.1057. Aer 180 days oxidation, several
oxidation products successively appeared at m/z ¼ 271.1285,
571.1880, 255.1514, 539.2336, and 507.2793, which can be
attributed to R1R2PSOH, R1R2PSS–SSPR1R2, R1R2POOH,
R1R2POS–SOPR1R2, and R1R2POO–OOPR1R2, respec-
tively.12,13,16,17 The emergence of different types of impurities
means that DPAH can degrade not only through the replace-
ment of sulphur atom by oxygen atom, but also via coupling
reaction to form dimers. This result indicates that the appear-
ance of both oxo-substitute monomer and coupling-dimer of
the previous works is possible even the oxidation environment
is not exactly the same. Regularly, all of the products were
observed step by step, in the sequence of R1R2PSSH /

R1R2PSOH/ R1R2POOH/ R1R2POO–OOPR1R2, R1R2PSSH/

R1R2PSS–SSPR1R2, and R1R2PSSH / R1R2PSOH / R1R2POS–
SOPR1R2, severally. Meanwhile, ESI-MS spectra of L2–L5 (Fig. S3–
S6 in ESI†) show the same variation process as L1, revealing the
common degradation regularities of DPAH ligands in air
atmosphere. Even so, it should be noted that the occurrence
time of new decomposition species is different for each ligand.
Specically, the rst oxidative product R1R2PSOH appeared at 5
d for L1, whereas that of L2, L3, L4, and L5 is 20 d, 10 d, 10 d, and
RSC Adv., 2020, 10, 40035–40042 | 40037
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20 d, separately. In addition, the appearance time of the last
oxidative species is 90 d for L1, 150 d for L2, 120 d for L3, 120
d for L4, and 180 d for L5. Herein, the stability of ve ligands can
be preliminarily arranged as follows: L5 > L2 > L4 z L3 > L1.

The 31P NMR spectra of L1 with different oxidation degrees
are shown in Fig. 2(a). It is clear that the decomposition species
increase with the extension of testing time. The signal peaks at
62.12, 86.32, 71.95, 58.26, 72.71, and 73.85 ppm are assigned to
R1R2PSSH, R1R2PSOH, R1R2PSS–SSPR1R2, R1R2POOH,
R1R2POS–SOPR1R2, and R1R2POO–OOPR1R2, respec-
tively,10–12,14,16,17 which coincided with the occurrence order of
mass spectra. Further, the ratios of each product can be roughly
calculated through the integrals of corresponding peaks and
shown in Fig. 2(b). It can be seen that proportions of the
impurities grow with the increasing of oxidation time. Aer
degradation of 180 days, only 31% of the pure L1 is le. Whilst
the residual ratios of pure L2, L3, L4, and L5 are 49%, 38%, 41%,
and 64%, severally (Fig. S7–S10 in ESI†). The above intercom-
parison reveals that the stabilities of ligands are correlated with
the variation in substituents. The DPAH molecules attached
with o-triuoromethyl phenyl (L5, L2, and L4) show good resis-
tance to the air, indicating that the introduction of o-tri-
uoromethyl phenyl group is conducive to the air oxidation
resistance. On the basis of ESI-MS and 31P NMR analyses, L5 is
considered as the most stable ligand.

To further determine the molecular structure of the oxida-
tion products, we examined the ligands by FT-IR spectroscopy
in succession. Spectra of L1–L5 are presented as Fig. S11 in ESI.†
The variations in the IR spectra are rather complicated. None-
theless, some regularities on the functional groups evolution
Fig. 2 31P NMR spectra (a) and percentages of oxidation products (b)
of L1 at ambient environment for different oxidation time.

40038 | RSC Adv., 2020, 10, 40035–40042
can be summarized. The characteristic peaks of P]S at
631 cm�1 and 501 cm�1 gradually atted with the extension of
exposure time in the air.9,11,38 At the same time, the peaks
distributed from 1000 cm�1 to 1280 cm�1 become more
obvious, which can be attributed to the formation of P]O and
P–OH functional groups. Beyond the general phenomena of L1–
L5, some detailed distinctions have also been captured. In the
spectra of L1, L3, L4, and L5, peaks ascribed to P]S ranging from
750 cm�1 to 830 cm�1 disappear gradually, indicating the
reduction of R1R2PSSH molecules. Besides, the P–OH absorp-
tions in the spectra of L2, L3, and L4, distributed in the range of
870 cm�1 to 985 cm�1, become stronger over the examined
time, which further reveals the replacement of sulfur by oxygen
during oxidation. Moreover, an unusual band belonging to S–S
group vibration was observed near 480 cm�1 in the graphs of L3
and L4, indicating the occurrence of coupling reaction during
degradation.

In the process of the experiment, slight rotten egg smell
diffused from the samples, which may demonstrate the gener-
ation of hydrothion (H2S). In addition, the color of L1 and L3
changed from dark green to light yellow, whereas L2, L4, and L5
with the color of orange get darker over the measurement
period. Interestingly, yellow solid separated out from the
samples (Fig. S12†), which is speculated to be sulfur. For further
analysis of the precipitate composition, the yellow solid was
characterized by PXRD and compared with the diffraction
standard spectrogram of sulfur. Corresponding characteriza-
tion results are shown in Fig. S13.† The diffraction peaks of the
test sample match with those of the simulated rhombic sulfur39

very well, proving the formation of S powder during the degra-
dation of DPAHs.

As a phosphonic acid ligand, structural changes may have
effects on its properties, such as the degree of H+ dissociation.
Thus, the variation on the pKa values of ve ligands was also
recorded in the examined 180 d. As can be seen from Fig. 3, all
the pKa values of the ve ligands increase with the extension of
monitoring time, which further indicates the replacement of S
atom by O atom during the oxidation.40 Through a comparison,
the DpKa values between 0 d and 180 d of ve ligands are
Fig. 3 pKa values of L1–L5 at ambient environment for different
oxidation time.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Gibbs free energy profile from MeDAPH to generate P1
(R1R2PSOH) and P2 (R1R2PSS–SSPR1R2) at CCSD(T)/6-311++G(d,p)//
B3LYP/6-311++G(d,p) level (in kcal mol�1). The name of species is
labeled below and the corresponding energy is labeled above. The unit
of bond length is angstrom.
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sequenced as L5 > L2 > L4 z L3 > L1, which is in accordance with
the foregoing experimental results.

Inuence of DPAH oxidation on extraction

The degradation of DPAH extractants may have effect on their
extraction behavior. Thus, the inuence of oxidation time on
the extraction of Am3+ and Eu3+ by the ve DPAHs was investi-
gated. The D values and SFAm/Eu values of L1–L5 at different time
are shown in Fig. S14,† respectively. Both DAm and DEu increase
more than one magnitude aer 180 days degradation, which
originate from the strong extractability of coordinated oxygen
atom transformed from sulfur atom.6,7 Besides, the increase in
DEu is more obvious than DAm, leading to the decrease of
separability. Aer 180 days oxidation, the SFAm/Eu values of L1–
L5 decrease from 9.5 to 2.9, 150 to 23, 1060 to 16, 17 to 1.6, and
1800 to 150, respectively. The changes on the SFAm/Eu values of
DPAH ligands imply that air oxidation does have great inuence
on the extraction of Am3+ and Eu3+. In the meantime, ve
DPAHs show different resistance abilities to the air. Among the
investigated ligands, L5 still holds a high SFAm/Eu values over 100
even oxidized by air for 180 days, exhibiting a good potential
application prospects in the future.

Preservation of DPAHs

During the synthesis of DPAH ligands, the crude product was
converted to nickel salt form for recrystallization. Then the Ni-
salt was acidized by HCl to obtain the target ligand with satis-
fying purity.19 Intriguingly, we found that all the Ni-salts of the
investigated ligands were still very pure aer placing in the
ambient environment for 180 days (Fig. S15†). It means that the
transformation of DPAH ligand to Ni-salt can reduce the reac-
tiveness of ligand oxidation effectively. More importantly, it will
provide a convenient preservation method of DPAH ligand with
great signicance. We consider that the formation of coordi-
nation bond S/Ni/S can stabilize the compound, preventing
degradation of ligand even in contact with the air directly.
Actually, this view point can be accepted due to the fact that
sulphur acts as a proton acceptor and tends to form a more
stable complex with divalent 3 d transition metal ions such as
nickel or cobalt.41,42 The detailed analysis by theoretical calcu-
lation has been performed in the latter section.

Oxidation mechanism

To understand and explain the details of the oxidation reaction
in a molecular level, the reactions of MeDPAH with hydroxyl
radical, oxygen and water were calculated theoretically, respec-
tively. Here, the Gibbs free energy surface for the reaction
between MeDPAH and hydroxyl radical were displayed (Fig. 4,
S16 and S17†) owing to its competitive advantage in reaction
kinetics.26 The proles for the other reactions were presented in
ESI as Fig. S19–S21.†

According to the order of intermediates generation in the
whole oxidation process, the entire reaction mechanism is
divided into three stages. In each stage, three different reaction
pathways have been considered, which are lled in black, red,
and blue for visual differentiation. As indicated by the black
This journal is © The Royal Society of Chemistry 2020
path in Fig. 4, the reaction initiates from hydrogen bonded
complex Int1, which locates 1.1 kcal mol�1 higher than the total
energy of the initial reactant. As the reaction proceeds, Int1
connects to intermediate Int2 via transition state TS1-2, where
the hydroxyl radical adds to the phosphorous atom with an
energy barrier of 2.4 kcal mol�1. As Int2 forms, the reaction
proceeds to pass through an energy barrier of 3.2 kcal mol�1 to
produce a hydrogen-bonded complex Int3 via TS2-3. The SH
radical leaves via the cleavage of P–SH bond in TS2-3 to generate
Int3, followed by the production of P1 (R1R2PSOH) which is the
rst oxidation product detected in experiment. The rst oxida-
tion stage is accompanied by the substitution of SH in MeDPAH
with OH to produce P1, where the cleavage of P–SH bond with
3.2 kcal mol�1 energy barrier is the rate-determined step.

Alternatively, the reaction can proceed via hydrogen
abstraction reaction to produce Int4 (the blue path). In TS1-4,
the hydrogen transfers from sulfur atom to oxygen atom with
an energy barrier of 5.3 kcal mol�1. Once Int4 forms, it will get
together immediately with the existing hydrated (CH3)2PS2
radical to produce Int5 followed by leaving of H2O to produce P2
(R1R2PSS–SSPR1R2). P2 is the second oxidation intermediate
detected in experiment with the total energy barrier of
6.4 kcal mol�1.

As we all know, most radicals have very high reaction activity,
so the byproduct SH radical43,44 produced in the reaction path
labeled in black was also considered as one of the oxidants in
the whole reaction pathways, which has been depicted in Fig. 4,
S16 and S17† in red path. As shown in Fig. 4, the SH radical
approaches the initial reactant to form a hydrogen bond
complex Int6 with a Gibbs free energy of 4.8 kcal mol�1 because
of entropy decrease. Then the reaction proceeds via the similar
reaction pathways as that marked in blue. However, this path is
different in that the H2S acts as a kind of byproduct (Fig. 4)
instead of H2O. The generation of H2S here further conrmed
the component of the rotten egg smell gas captured in the
experiment.

By comparing the three different ways in Fig. 4, it can be seen
that the whole energy barrier for P1 production is 3.6 kcal mol�1
RSC Adv., 2020, 10, 40035–40042 | 40039
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(labeled black), while the energy barrier for P2 production is
6.4 kcal mol�1 (labeled blue). The lower energy barrier for P1
production is consistent with the appearance of P1 before P2 in
the experiment. It is worth noting that, although the energy
barrier for P2 production with the path labeled in red is only
9.0 kcal mol�1, the SH radical is one of the byproducts of the
pathway for P1 production. Therefore, the reaction pathway
labeled as red will take place aer the blue one.

Remarkably, the geometries of P1 are very similar to the
reactant, with only one alteration that the thiol was substituted
by the hydroxyl. Therefore, as shown in Fig. S16,† the three
reaction pathways of forming P3 and P4 from P1 are similar to
those shown in Fig. 4. It is worth noting that, for the (CH3)2PS2
radical in Int12, the calculated spin density indicates that the
single electron is mainly distributed over the sulfur atom
(Fig. S18†), so the dimerization of Int12 takes place between two
sulfur atom with an barrierless process. This could also explain
the detected species R1R2POS–SOPR1R2 instead of R1R2PSO–
OSPR1R2 in the experiment. Analogously, the similar three
pathways of generating P5 from P4 are depicted in Fig. S17.† All
energy barriers of these reaction pathways shown in Fig. 4, S16,
and S17† are summarized in Table 1. Coincidentally, it can be
seen from Table 1, the black reaction pathways are always more
favorable than the red ones in Fig. 4 and S16,† which is
consistent with the appearance order of the oxidation products.

Apart from hydroxyl radical, the oxygen and water molecules
in the atmosphere might also degrade DPAH ligands to some
extent. Thus, the effects of these species were considered,
respectively. The oxidation pathways of oxygen are shown in
Fig. S19.† The initiate complex Int24, locating at 1.5 kcal mol�1

relative to the total energy of DPAH and oxygen, reacts to
generate P2 and P5 successively through a series of interme-
diate products and transition states. Meanwhile, oxysulde will
release in the process of Int27/ Int17, whichmay be one of the
compositions of the pungent gas. In this prole, the whole
energy barriers of P2 and P5 are 28.4 kcal mol�1 and
65.7 kcal mol�1, respectively, which are much higher than those
of hydroxyl radical oxidation route. Therefore, the oxygen
oxidation is not competitive. It is noteworthy that the byproduct
hydroperoxyl radical is also considered to be an important
oxidant in the atmosphere. Thus, the possible oxidation reac-
tions involving hydroperoxyl radical was further analyzed as
Fig. S20.† From the calculations, the whole energy barrier of P1
formation is 25.7 kcal mol�1, which is much higher than that of
hydroxyl radical oxidation processes. As a result, the oxidation
by hydroperoxyl radical is negligible.
Table 1 The summary of all energy barriers of various reaction
pathways shown in Fig. 4, S16, and S17 (kcal mol�1)

Pathway

Energy barriers, (kcal mol�1)

In Fig. 4 In Fig. S16 In Fig. S17

Black 8.9 9.2 20.7
Blue 5.3 1.2 20.3
Red 9.1 11.3 28.9

40040 | RSC Adv., 2020, 10, 40035–40042
In addition to the oxygen, the effect of water molecule in
degrade process was described in Fig. S21.† The whole energy
barrier of the generation of P1 is 42.9 kcal mol�1, which is
higher than that of hydroxyl radical oxidation obviously. It is
worth noting that the concentration of hydroxyl radical in the
troposphere is approximately 10.9 � 105 molecules cm�3,45

which is rather low in comparison with that of oxygen and water
molecules. However, the generation rate of cOH in the atmo-
sphere includes two parts, formation of transient O atom from
O3 by photodissociation and reaction between water vapor and
transient O atom.46 In other words, cOH and O3 are dynamic
equilibrated. In this work, the reaction between hydroxyl radical
and dithiophosphinic acid molecules can be regarded as an
initiation step in the entire oxidation process. With the
consumption of hydroxyl radical, new cOH will be generated
continuously through the ozone-hydroxyl radical dynamic
equilibrium. Essentially, the O3 molecules are actually
consumed and hydroxyl radical act as “catalyst” in this process.
Besides, the concentration of O3 is 50–85 ppb by volume in air in
Beijing,47 which is comparable with the content of O2 and H2O.
Herein, the oxidation by oxygen and water molecules is
conrmed as uncompetitive kinetically in comparison with
hydroxyl radical.
The stability of Ni(MeDPA)2

The canonical molecular orbital (MO) diagram can give in-
depth bonding information which is related to the stability of
Ni(MeDPA)2 complexes.48,49 Fig. 5 presents the MO energy levels
calculated at the PBE/TZ2P level of theory. The doubly frontier
occupied orbitals 8 b3g, 4 b2g, 19 ag, and 18 ag are mainly non-
bonding Ni-based 3 d orbitals. Clearly, the occupied bonding
MOs 9 b1g, 8 b1g, and 17 ag show the interaction between Ni and
S atoms on both sides. Upon the electron donation from metal
to ligand orbitals, the virtual 9 b1g orbital of (MeDPA)2 was
signicantly stabilized by 3 dx2�y2 orbital of the central Ni atom
to form s-type bonding. The rest MOs mainly come from
(MeDPA)2, little contributed from Ni 3 d orbitals. The 3 d orbital
from Ni overlaps with 8 b1g orbital to form the Ni–S s bond (8
Fig. 5 TheMO bonding scheme ofD2h Ni(MeDPA)2 at the level of PBE/
TZ2P (isovalue ¼ 0.03), illustrating the bonding interactions between
(MeDPA)2 and Ni fragments.

This journal is © The Royal Society of Chemistry 2020
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b1g MO). Further, the 14 ag orbital in (MeDPA)2 is signicantly
stabilized by interacting with 4 s orbital of Ni to form 17 ag MO
(Ni–S s bond). These three Ni–S s-type bonds are deeply buried
beneath and strongly stabilized with respect to individual
MeDPAHmolecule (the MO energy levels of MeDPAH are shown
in Fig. S22†). Overall, the inherent chemical bonding between
Ni and the surrounding ligand is dominantly derived from the 9
b1g orbital, with 10 b1g as its corresponding antibonding
counterpart. In addition, each pair of two adjacent sulfurs
atoms can form p-type bonds viaMO 11 b3u and 16 b2u, whereas
these bonds are absent in MeDPAH case. These p-type inter-
actions give rise to the considerable decrease of the S/S
distance from 3.496 in MeDPAH to 3.147 Å in Ni(MeDPA)2.

The chemical bonding in Ni(MeDPA)2 can be further
understood by AdNDP analysis.50,51 As the AdNDP results (the
1c–2e and 2c–2e bonds are not listed) shown in Fig. S23,† there
are two 4c–2c p bonds contributed by the S 3p orbitals, and
these delocalized bonds strengthen the interactions between
the two isolated MeDPA. The remaining delocalized bonds are
all in-plane s bonds. The interactions between Ni and (MeDPA)2
are mainly achieved by 5c–2e s bonds constituted by S 3p
orbitals as well as Ni 4 s and 3 d orbitals, respectively, which
hold the whole complex together steadily. Meanwhile, the three
6c–2e s bonds strengthen the S–P bonds. Overall, because of
these delocalized bonds in compound Ni(MeDPA)2, it is difficult
to break the S–P or S–Ni bond in the air, determining the high
stability of Ni-salts.
Conclusions

For the rst time, the oxidation behavior of ve DPAH ligands
with typical structures at ambient environment was systemati-
cally investigated through ESI-MS, 31P NMR, FT-IR, and pH
titration. It has been shown that DPAHmolecules were oxidized
in the following pathways: R1R2PSSH / R1R2PSOH /

R1R2POOH / R1R2POO–OOPR1R2, R1R2PSSH / R1R2PSS–
SSPR1R2, and R1R2PSSH / R1R2PSOH / R1R2POS–SOPR1R2.
The introduction of o-triuoromethyl phenyl group was helpful
to improve the oxidation resistance of DPAHs. Along with the
oxidation of DPAHs, both DAm and DEu increased, whereas SFAm/

Eu decreased dramatically. Remarkably, the ligand L5 bearing
two o-CF3Ph substituent groups could still effectively separate
Am3+ over Eu3+ aer 180 days oxidation, suggesting a good
application prospect. Theoretical calculations revealed that the
oxidation process of DPAHs was mainly governed by a hydroxyl
radical oxidation mechanism. Meanwhile, the order in which
the oxidation products formed was closely related to the reac-
tion energy barrier. Due to the stabilization effect of the delo-
calized bonds, the nickel salt of DPAH showed much better
stability as compared to the pure DPAH. In conclusion, the
results of this work not only give a rational oxidation mecha-
nism and an effective preservation method for DPAHs at
ambient environment, but also provide important guidance to
design more stable S-donor ligands for actinide/lanthanide
separation in the future.
This journal is © The Royal Society of Chemistry 2020
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