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extraction behavior of Cf(in) by NTAamide(C8)
ligand and the separation of Cf(in)/Cm(mn)+
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In this work we studied the extraction behaviors of Cf(n) by NTAamide (N,N,N'.N’,N”,N"-hexaocactyl-
nitrilotriacetamide, C8) in nitric acid medium. Influencing factors such as contact time, concentration of
NTAamide(C8), HNO3z and NO=~ as well as temperature were considered. The slope analysis showed that
Cf(i) should be coordinated in the form of neutral molecules, and the extraction complex should be
Cf(NOs3)3-2L (L = NTAamide(C8)), which can achieve better extraction effect under the low acidity
condition. When the concentration of HNOs was 0.1 mol L™, the separation factor (SFcgcm) Was 3.34.
The extractant has application prospect to differentiate the trivalent Cf(n) and Cm(i) when the
concentration of nitric acid is low. On the other hand, density functional theory (DFT) calculations were
conducted to explore the coordination mechanism of NTAamide(C8) ligands with Cf/Cm cations. The

NTAamide(C8) complexes of Cf()/Cm(i) have similar geometric structures, and An(in) is more likely to
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Accepted 14th January 2023 form a complex with 1:2 stoichiometry (metal ion/ligands). In addition, bonding property and

thermodynamics analyses showed that NTAamide(C8) ligands had stronger coordination ability with Cf(in)

DOI: 10.1039/d2ra07660h over Cm(i). Our work provides meaningful information with regard to the in-group separation of An(ii) in
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1. Introduction

Californium, with atomic number 98, is located in the second
half of the actinide series of the periodic table and is a man-
made transuranic element. It has broad application prospects
in industrial process control, material detection, cancer treat-
ment, neutron radiography and other fields, and its main
application is the manufacture of small neutron sources.'”®
Currently, californium is mainly produced in special nuclear
reactors (i.e. the HFIR at Oak Ridge National Laboratory), and
its purification process involves the separation of californium
from other actinides and impurities.*® **>Cf is the main
product of Cf production by this method, and its alpha decay
half-life is 2.645 years, so the chemical purity of ***Cf will also
be affected by its decay product **Cm.!*** Therefore, it is of

“Department of Radiochemistry, China Institute of Atomic Energy, Beijing 102413, P. R.
China. E-mail: hehuid01@126.com

*Laboratory of Nuclear Energy Chemistry, Institute of High Energy Physics, Chinese
Academy of Sciences, Beijing 100049, P. R. China

T Electronic  supplementary information (ESI) Appendix A.
Supplementary material. Actual concentration of Cf** (converted from liquid
scintillation number), optimized structures of the NTAamide(C8) ligand in the
gas phase, the electrostatic potential (ESP) of NTAamide(C8) based on

available:

optimized structures, Mulliken population analysis (MPA) and Cartesian
coordinates of optimized structures (PDF). See DOL:
https://doi.org/10.1039/d2ra07660h

© 2023 The Author(s). Published by the Royal Society of Chemistry

great practical significance to conduct basic chemical experi-
ments on californium for further research and to obtain data
with practical value.

Nevertheless, due to their similar chemical properties and
ionic radii, californium is difficult to be separated from other
trivalent transplutonium elements, as well as the lantha-
nides.*>”** A number of procedures and extractants have been
developed to achieve the purification of californium. For
example, o-hydroxyammonium isobutyrate («-HIBA) was first
used 30 years ago and is still used by Oak Ridge National
Laboratory to separate californium from other actinides.”**** At
the end of the last century, acetylacetone, TOPO, HDEHP,
DHDECMP and other reagents have been studied and their
ability to extract transplutonium have been evaluated,
respectively.'®>° Most extraction processes can be considered to
be able to separate californium from americium/curium or the
lighter actinides, but in fact they still have limitations in prac-
tical applications. Taking into account previous separation
studies, continuous efforts to design and synthesize novel
extractants to achieve even higher separation coefficient and
better selectivity are still necessary with respect to the califor-
nium separation chemistry.

N,N,N',N',N",N"-Hexaoctyl-nitrilotriacetamide ligands
(HRNTA) have attracted more and more attention in recent
years for the separation of Am/Cm/Ln due to their excellent
extraction performance.*** NTAamide(C8) with alkyl chain of -
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Fig. 1 The structures of NTAamide(C8) ligands.

CgH;; belongs to this compound family, and is a triamide
compound with an N-triangular structure. Its chemical struc-
ture is shown in Fig. 1. The ligand excels in extraction reaction
parameters such as kinetics, selectivity, acid resistance, loading
capacity, stripping and reusability. In contrast to other N-donor
ligands, there is no N-heterocycle in NTAamide(C8) molecular
structure, suggesting better hydrolysis and irradiation
stability.””*® Nevertheless, some fundamental chemical infor-
mation such as the coordination behavior of NTAamide(C8)
with actinides, especially trivalent transplutonium, is still
insufficient. To better clarify the coordination and separation
mechanisms of Cf()/Cm(m) with NTAamide ligand, we
explored the extraction performance of this ligand for Cf**
under different extraction conditions, and then used the slope
method to analyze the experiment data.

Although experimental studies have provided useful infor-
mation for probing the mechanism of actinide and lanthanide
extraction with NTAamide(C8), unfortunately, there is still no
report on the crystal structure of the extracted Cf(u) complexes
so far.*® Compared with extensive experimental work, quantum
chemistry is considered to be an efficient method to explore
actinide systems at the molecular level, which can provide
detailed information on the structure of actinide complexes. In
order to understand the extraction mechanism of this ligand
and An(m), we systematically studied the bonding and ther-
modynamic properties of Cf**/Cm*" complexes with NTAami-
de(C8) in nitric acid solution by quantum chemical
calculations.*"*’

2. Experimental

2.1. Chemical reagents and instruments

NTAamide(C8) reagent was purchased from Sichuan University.
Before the experiment, it was washed 3 times with 0.1 mol L™ *
HNO;, 0.1 mol L™" NaOH solution and saturated brine in turn
for purification.***° After the solution was neutral, it was diluted
with kerosene. Kerosene is provided by Jinxi Kerosene Chemical
Plant. Dodecane, HNO;, NaNO; are provided by Sinopharm
Chemical Reagent Co., Ltd. All chemicals are of analytical grade
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(AR). The nitric acid solution of californium was provided by the
China Institute of Atomic Energy (CIAE). The radioactivity of the
original californium-252 nitric acid solution is about 100 kBq
g~', and its acidity is about 1.0 mol L™ ". We use glass containers
to hold the solution and store them in a lead tank. When using,
we dilute it to less than 2000 cpm/100 pL according to the
experimental requirements. All of the radioactive experiments
(with californium) were carried out in a radiological facility that
followed established safety protocols.

JA5003N electronic balance (Sartorius Scientific Instruments
Co., Ltd); LPD2500 multi-tube vortex mixer (Leopard Scientific
Instruments (Beijing) Co., Ltd) and TDL80-2B desktop electric
centrifuge (Shenzhen Anke Hi-Tech Co., Ltd) for mixing and
separation of organic phases and aqueous phase in batch
extraction experiments. Acidity was determined using a G20s
automatic potentiometric titrator (Mettler Toledo Interna-
tional). Tricarb 2910tr liquid scintillator (PerkinElmer) was
used to analyze californium concentration. The temperature
condition experiment used MSC-100 constant temperature
mixer (Beijing Jiayuan Xingye Technology Co., Ltd).

2.2. Liquid extraction

In the liquid-liquid extraction experiment, the extraction of
Cf(m) by NTAamide(C8)/kerosene was carried out in a 15 mL
centrifuge tube at room temperature (25 + 0.5 °C). The organic
phase was pre-equilibrated three times with corresponding
concentrations of nitric acid. The aqueous phase is Cf(m) in
about 0.1 mol L™' HNOj;. After stirring the mixture, the two
phases were centrifuged. Appropriate Cf(u) aliquots were
removed from the two phases and analyzed for equilibrium
concentrations of Cf(m) by liquid scintillation counting using
Ultima Gold scintillation cocktail.

2.3. Analysis

Samples of the aqueous and organic phases were analyzed by
a Tricarb 2910tr liquid scintillator. The distribution ratio is
defined as the ratio of the total analytical concentration of metal
ions in the organic phase to the analytical concentration of the
aqueous phase after equilibrium, and the extraction rate is
defined as the ratio of the total analytical concentration of metal
ions in the organic phase after equilibrium to the total analyt-
ical concentration of the original aqueous phase.

Co
D= — 1
. 0
CoVo
E= —— 2
Vot eV, 2)

¢o and c, are the radioactivity of Cf(m) in the organic and
aqueous phases after equilibrium, respectively. V, and V,
represent the volumes of the organic and aqueous phases,
respectively, and the volumes of the organic and aqueous pha-
ses are equal in this experiment. D is the distribution ratio of
Cf(ur) extracted with NTAamide(C8). E is the extraction rate of
Cf(ur) extracted by NTAamide(C8).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Here we use liquid scintillation counting to represent the
concentration of >>’Cf in the two phases. The principle of liquid
scintillation measurement is to directly count the radioactive
samples dispersed in the scintillation fluid. Most of the energy
of the a or B particles emitted by the sample is first absorbed by
the solvent, causing the ionization and excitation of the solvent
molecules. Then count the number of photons emitted in an
instant when the partially excited solvent molecules are de-
excited. Due to its measurement principle, it is impossible to
distinguish **Cf and ***Cm produced by its decay from the
counting results, but we checked the difference in nuclear
properties between **Cf and its only decay daughter >**Cm.
Since the difference in specific radioactivity between the two is
10, it is believed that a small amount of ***Cm in the liquid
phase will not affect the *°>Cf to be measured in the
experiment.>”%%-

2.4. Stripping research

In order to recover Cf(m) in the centrifuge tube after the reac-
tion, we comprehensively used NTAamide(C8), TODGA and
other reagents to carry out the Cf(u) stripping experiment. In
previous studies, it was shown that N,N,N',N-tetraoctyl digly-
colamide (TODGA) had a strong ability to extract actinide ions
at high acidity, but decreased at low acidity.*~*¢ Taking advan-
tage of the difference in properties between this reagent and
NTAamide(C8), we obtained a Cf(m) aqueous solution with low
acidity and high radioactivity through stripping experiments.

The following are the main steps of the stripping experi-
ment. The extraction and stripping of each step are fully
shaken. First, the aqueous phase and organic phase after
multiple extraction experiments were uniformly collected into
a separatory funnel, and then the liquids were separated.
0.1 mol L' NTAamide(C8)/kerosene was added to the aqueous
phase, and the extracted organic phase was mixed with the
organic phase collected in the previous step. 3 mol L™ HNO;
was added to the organic phase, so that Cf(m) was mainly
concentrated in the aqueous phase, and then the aqueous and
organic phases was separated. 0.1 mol L' TODGA/kerosene
was added to the aqueous phase, and Cf(ur) was extracted into
the organic phase, followed by liquid separation. Next, about
15 mL of 0.1 mol L™ HNO, was added to the organic phase, and
the Cf(m) was stripped into the aqueous phase.

2.5. Computation details

To simplify the calculations, we considered the simplified
reagent with a shorter alkyl chain NTAamide(C4).*” In the
Gaussian 16 program,*® all complexes of AnL(NO;); and
AnL,(NO3); (L = NTAamide(C4); An = Cm, Cf) were calculated
using density functional theory (DFT) with the hybrid func-
tional. This method can effectively reduce the computational
cost. Based on previous studies, we believe that the selectivity of
this ligand for actinide mainly depends on the coordination
bond between the metal ion and the ligand, rather than the
hydrophobicity of the alkyl chain. This is because the alkyl
chain length of the extraction ligand affects its ability to extract
metal ions but has little effect on the selectivity for actinide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ions, as indicated by some studies.>**>*>*° The PBEO functional
can better reflect the interaction of the transplutonium
complexes.***3> Therefore optimization and frequency calcu-
lations were performed at the theoretical level of PBE0/6-31G(d)/
RECP.*” The Cf and Cm atoms were treated with the quasi-
relativistic effective core potential ECP60MWB and the corre-
sponding valence basis sets ECP60MWB-SEG,***® and the light
atoms C, H, O, N were treated with the 6-31G(d) basis set.*®
According to previous studies, the sextet and octet states were
chosen as the ground states of Cf(u) and Cm(ur), respectively.*”
Based on the optimized structures, the chemical bonding
properties of the complexes were analyzed at the same theo-
retical. Using Multiwfn3.8 software, the chemical bond prop-
erties of actinide complexes, electrostatic potential (ESP) and
partial density of states (PDOS) analyses of the complexes were
analyzed by quantum theory of atoms in molecules
(QTAIM).>®*°

3. Results and discussion

3.1. Solvent extraction studies

The equilibrium of NTAamide(C8) extracting Cf(ur) from HNO;
solution in the extraction system, L represents the ligand
NTAamide(C8) molecule:

Kex

Cf34r + SN037 + nL(O) — Cf(l\IO3)37Y 'nL(o) (3)

The extraction equilibrium constant can be expressed as:

<Cf(NO3)i"Y : nL) )

= emon W

The distribution ratio of Cf(ur) can be expressed as:

N (Cf(NOQf“-nL)O: (Cf(NO3)f""~nL)o 5

Cers (cf*) (1 ¥ ‘;ﬂ[(NOf)")

(Cf(NO;)~°-nL), is the concentration of Cf(m) complexes in
the organic phase after extraction, Cce+ is the total analytical
concentration of metal ions Cf(i) in the aqueous phase, and g;
is the stability constant of Cf(ui) nitrate complexes.>*?*

In order to determine the extraction equilibrium time,
experiments were carried out using 0.1 mol L™" NTAamide(C8)/
kerosene in the environment of 0.1 mol L™ HNO;, and the
effect of contact time on the distribution ratio was evaluated.
The contact time was gradually increased from 2 minutes to 20
minutes at room temperature (25 = 0.5 °C). The experimental
results are shown in Fig. 2. The extraction process rapidly
approached equilibrium in about 2 minutes. When the phase
contact time exceeds 10 minutes, the extraction rate has
reached 98%, and there is no significant change in the data
after that, which means that the extraction equilibrium has
been reached. In order to ensure extraction equilibrium, the

RSC Adv, 2023, 13, 3781-3791 | 3783
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Fig. 2 Effect of two-phase contact time on distribution ratio. Organic

phase: 0.1 mol L=t NTAamide(C8), diluent is kerosene; aqueous phase:
Cf(n) solution with acidity of about 0.1 mol L™,

contact time in subsequent extraction experiments was selected
as 15 min.

The effect of the concentration of HNO; in the aqueous
phase on the distribution ratio of extracted Cf(ur) was studied by
changing the concentration of HNO;. The experimental results
were compared with the data of the extraction of Cm(ui) by
NTAamide(C8) in the past research. Both diluents were n-
dodecane, and the experimental conditions are the same.

Under the same acidity, the extraction ability of NTAami-
de(C8) for Cf(ur) is much greater than that for Cm(m) found in
the past research. As shown in Fig. 3, the red data points
represent the distribution ratio data of Cf(ur) recorded in the
experiment, and the blue data points represent the extraction
distribution ratio of the ligand to Cm(m) under the same
conditions. When the acidity was 0.1 mol L, the SF(cgcm) was
3.34. The results clearly show that the extractant has a high

16
14{ = .
12 | .

10 -
8.
6.
4-

Cm

0 8 ] [ ] -]

00 05 10 15 20 25 3.0 35
[H]

Fig. 3 Effect of HNOs concentration on distribution ratio. Organic
phase: 0.1 mol L' NTAamide(C8), diluent is n-dodecane; aqueous
phase: tracer concentration of Cf(u) solution with acidity gradually
increased from 0.1 mol L™ liquid.
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ability to extract Cf(m). With the increase of HNO; concentra-
tion, the distribution ratio of Cf(m) decreased from 16.22 to
0.17. The decrease in the distribution ratio can be attributed to
the protonation of the N-donor at the center of the backbone,
which was not conducive to the extraction reaction.

In order to explore the coefficient of the extraction reaction
and make the results more convincing, two sets of experiments
were carried out with NTAamide(C8) concentration as the vari-
able. In the two sets of experiments set up, the acidity of the
aqueous phase was maintained at 0.25 mol L " and 1.0 mol L™,
respectively, and the organic phase used different concentra-
tions of NTAamide(C8) ligand, all using kerosene as the diluent.
The distribution ratio of Cf(i1) was measured under the same
temperature. The effect of NTAamide(C8) concentration on the
distribution ratio of Cf(m) is shown in Fig. 4 and 5. The
concentration of NTAamide(C8) was between 0.02 and
0.5 mol L ", and the distribution ratio gradually increased with

2.0

1.5 -

1.0 1

0.5 1 slope=2.08

logD

-1'.6 -1'.4 -1'.2 -1'.0 -0'.8 -0'.6 -0'.4 -0.2
log[c(NTAamide/mol-L-1)]

-1.8

Fig.4 Effect of extractant concentration on distribution ratio. Organic
phase: NTAamide(C8), diluent is kerosene; aqueous phase: tracer
concentration of Cf(i) solution with acidity of 0.25 mol L™,

1.0

0.5 1

slope=1.59

logD
)
(3]

-2.0 T T T T T v T
1.8 16 14 12 1.0 -08 -06 -04 -0.2

Iog[c(NTAamidelmoI-L'1 )
Fig.5 Effect of extractant concentration on distribution ratio. Organic

phase: NTAamide(C8), diluent is kerosene; aqueous phase: tracer
concentration of Cf(i) solution with acidity of 1.0 mol L™,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the increase of the concentration. This means that Cf(u1) can be
more easily extracted into NTAamide(C8)/kerosene with high
concentration.

NTAamide(C8) is a neutral N/O extractant, and the acyl
oxygen atoms in the molecule can easily form neutral complexes
with metal ions, which are extracted into the organic phase. The
extraction reaction of Cf(m) by NTAamide(C8) can be written in
the form of formula (3). Combined with eqn (4) and (5), the
relationship between the distribution ratio D and the extraction
reaction equilibrium constant K., can be expressed as:

D— Kex (}1?1037)A(L)Z (6)
L+326,(NO;™)

In the formula, L represents the ligand molecule NTAami-
de(C8). Taking the logarithm of both sides of the equal sign of
the equilibrium reaction eqn (6), we can obtain equation (7):

Kex NO3_ !
% (7)

log D =nlog(L), +log :
1+ 8,(NOs~)
1

Since the extraction temperature, HNO; concentration and
other factors are fixed, the equilibrium constant K., of the
extraction reaction is a constant value. When the amount of
NTAamide(C8) consumed by the reaction between NTAami-
de(C8) and the tracer dose of Cf(i) is neglected and the activity
coefficient and nitrate concentration are constant values, the
distribution ratio D is only a function of extractant concentra-
tion. If the distribution ratio of the extraction reaction at
constant acidity is plotted as a function of extractant concen-
tration, the number of extractant molecules in the complex can
be determined from its slope value.>*?¢

As shown in Fig. 4 and 5, when plotting log(L) with log D as
a variable under two different acidities, the experimental data
points are all in a straight line, which is consistent with the
theory and proves that the extraction experiment has opera-
tional accuracy. When the acidity is 0.25 mol L™, the slope
value is 2.08, and the linear correlation coefficient 7 value is
0.994; when the acidity is 1.0 mol L™, the slope value is 1.59,
and the linear correlation coefficient 7 value is 0.992, indicating
that each ligand-metal molecule contains 2 NTAamide(C8), the
structure of the complex formed by the extraction reaction is Cf
[NO;]5-2L, and the low acidity is conducive to the formation of
a complex with a ligand-metal molar ratio of 2 : 1. This has the
same trend as the experimental data of NTAamide(C8) extrac-
tion of Am(m) and Cm(m) in the past research.

The salting-out agent is an inorganic salt that is soluble in
the aqueous phase which is not extracted. But the experiments
can be performed with its concentration as a variable to deter-
mine whether nitrate ions are involved in the extraction reac-
tion. In this research, NaNO; is used as the salting-out agent,
and the total nitrate concentration are considered as the vari-
able by changing their concentration.®* The effect of concen-
tration change on the extraction efficiency of Cf(ur) is shown
in Fig. 6.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of nitrate concentration on distribution ratio. Organic
phase: 0.05 mol L™* NTAamide(C8), diluent is kerosene; aqueous
phase: tracer concentration of Cf(i) solution with acidity of about
01mol L™t

From Fig. 6, the distribution ratio gradually increased with
the nitrate concentration, but the slope value first decreased
and then increased. Therefore, we speculate that the decrease of
the slope value is caused by the enhanced complexation of NO; ™~
to Cf(m) in the aqueous phase with increasing concentration,
NO; ™ acts as a masking agent, and the subsequent increase of
the slope value is due to the salting out caused by the increase of
NO; ™.

In order to explore the mechanism of NTAamide(C8)
extraction of Cf(ur) and determine its coordination numbers,
the extraction reaction temperature, NTAamide(C8) concentra-
tion and HNO; concentration were fixed in the experiment, and
only the nitrate concentration was changed. Taking the loga-
rithm of the equilibrium reaction eqn (6) yields eqn (8):

n
log D = s log(NO; ") + log fex(L)" . (8)
P+;ﬂANOfY

When log D is plotted against log(NO; ) using slope analysis,
the slope value s is 0.496. Its linear correlation coefficient 7*
value is 0.984, which is obviously low.

Theoretically, the complex formed by the reaction of Cf{i)
and NTAamide(C8) must be in the state of combining three
nitrate ions, so that it can be extracted into the organic phase in
a neutral form. The combination should result in a straight line
with a slope value close to 3. However, the expected result was
not obtained in the experiment. According to the previous
experimental results, each ligand-metal molecule contains 2
NTAamide(C8), the structure of the complex formed by the
extraction reaction is Cf{NO;];-2L. In this case, it is difficult for
NO;™ to coordinate with Cf(in) due to steric hindrance. Based on
the above reasons, we believe that NO;~ did not directly
participate in the extraction of Cf(ur) by NTAamide(C8), but only
played a role in balancing the charge in the outer layer.

RSC Adv, 2023, 13, 3781-3791 | 3785
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In order to further explore the structures of the complexes
formed by NO;~, Cf(m), and NTAamide(C8), the extraction
complexes were studied with the simplified ligand (NTAami-
de(C4)) by quantum chemical calculations. The results of the
optimization and frequency calculations are detailed in the DFT
calculations section below.

The combined effect analysis of extractant concentration
and nitrate concentration showed that about two NTAami-
de(C8) molecules participated in the coordination of Cf{m)
during the extraction process, and each Cf(u) ion is extracted
together into the organic phase combined with three NO; ™. The
three coordinating groups C=0 in the NTAamide(C8) molecule
coordinate with Cf(), and the following reactions exist during
the extraction process:

Cf* + 3NO;3 + 2L, = Cf(NO3);-2L,) (9)

In order to study the effect of temperature on the extraction
of Cf(m) by NTAamide(C8), the experiment was carried out in
the temperature range of 298.15 K to 353.15 K, the concentra-
tion of NTAamide(C8) was kept at 0.1 mol L', and the
concentration of nitric acid in the aqueous phase was kept at
0.5 mol L™, n-dodecane is the diluent. The extraction data are
shown in Fig. 7, and it can be seen that the distribution ratio
increases with increasing temperature.

The enthalpy change AH of extraction can be calculated
using the Van't Hoff equation:

AH 1 AS

log K.\ — — L
08 Rex = 75303k T T 2303R

(10)

The relationship between temperature and extraction equi-
librium constant can be known from eqn (10), and the ther-
modynamic relationship of extraction distribution ratio can be
obtained by deriving eqn (11).

AH 1
logD=— - — 11
& 2303R T (11)
-0.28 4
) ]
-0.30 4
-0.32 4
a ]
o -0.34
o
1 Slope =-0.52
-0.36 4
-0.38 4
-
-0.40 T T T T
3.25 3.30 3.35 3.40 3.45 3.50
1000/T

Fig. 7 Effect of temperature on distribution ratio. Organic phase:
NTAamide(C8) with a concentration of 0.1 mol L~%, n-dodecane as the
diluent; aqueous phase: tracer concentration of Cf(i) solution with an
acidity of about 0.5 mol L2,
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From Fig. 7, the slope value 6 = —0.52 of the straight line can
be obtained. According to the equation AH = —2.303 X R x 0,
the enthalpy of the extraction reaction can be obtained as AH =
9.96 k] mol~". The enthalpy change value is negative, indicating
that the extraction of Cf(ur) by NTAamide(C8) is an endothermic
reaction. Properly increasing the temperature is beneficial to
the extraction reaction.

We recovered and stripped Cf(m) after the extraction exper-
iment, the experimental method was described in the previous
section. After the stripping experiment, the acidity of the
aqueous phase was kept at about 0.1 mol L%, and the Cf(u)
activity analysis was shown in ESL.}

3.2. DFT calculations

We investigated the ESP of NTAamide(C8) ligands at the B3LYP/
6-31G(d) level of theory. Fig. S1} clearly shows that the most
negative regions (red areas) mainly reside on the O atoms of
ligands, which indicates that these atoms are the preferred
binding sites for Cf** or Cm®" ions. We chose to study the
electrostatic potential of NTAamide(C8), which can obtain the
real situation of the surface electrostatic potential of the organic
ligand, and then guide the experimental work.

Earlier studies have shown that trivalent actinide and
lanthanide cations can form 1:1 and 1:2 complexes with the
tetradentate extractant NTAamide(C8), and the specific
complexes may depend on experimental conditions, such as
pH, metal/ligand molar ratio, etc.*"** We constructed neutral 1 :
1 and 1:2 complexes AnL(NO;); and AnL,(NO;); of Cf** and
Cm*" with NTAamide(C4). The gas-phase molecular geometries
of these complexes were optimized at the PBE0/6-31G(d,p)/
RECP theoretical level, and it was found that the ligands were
coordinated to the central metal ion through amine nitrogen
and carbonyl oxygen atoms. Fig. 8 shows the optimized
molecular geometries of AnL(NO;); and AnL,(NO3); complexes.
The An-N and An-O bond distances in these two complexes are
shown in Table 1. After taking into account the difference in
ionic radius of metal ions, the Cm-N and Cm-O bonds are
slightly longer than the corresponding Cf-N and Cf-O bonds,
respectively, indicating that the ligand may have stronger
complexing ability to the Cf(ur) ion.***>**

From the results of extraction experiments, we can know that
each ligand-metal molecule contains 2 NTAamide(C8) at low
acidity. Therefore, in DFT calculations, we constructed neutral
1:1 and 1:2 complexes AnL(NO;); and AnL,(NO;); of Cf** and
Cm’", and considered that the 1:2 complex model was domi-
nant. In addition, according to the experiments in which the
concentration of NO;~ was used as a variable, we believed that
the nitrate ion did not directly coordinate with the metal ion, so
we constructed the structure of the complexes as shown in
Fig. 8. In the process of constructing these models, we refer to
a large number of experiments and calculations, and investigate
the coordination model of NTAamide with metal ions, so we
believe that the constructed models are reliable.?*?%3>4%5 In the
1:1 complex model, the N atom of NO; ™ directly participates in
the coordination of metal ions; while in the 1 : 2 complex model,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CiL,(NO;);

CmL,(NO;);

Fig.8 Optimized structures of AnL(NOs3)3 and AnL,(NO3)s (An = Cf, Cm) at the theoretical level PBE0/6-31G(d,p)/RECP in the gas-phase. H, C, N,
O, Cf, and Cm atoms are represented in white, green, blue, red, purple, and cyan, respectively.

the NO; ™ is distributed in the gap formed by the side chain of
the ligand.

To explore the bonding properties of metal-ligand (An-L)
bonds, all the complexes were performed at the PBE0/6-31G(d)/
RECP theoretical level. Mulliken population analysis can reflect
the charge transfers AQ between metal ions and ligands.*>*”
The charge transfers between metal and ligand-nitrate ions is
also listed in Table S2.} Obviously, the Mulliken charge trans-
fers on the Cf*" is larger than that of the Cm®" in the same type
of complexes, which proves that Cf** has stronger coordination
ability with ligand molecules than Cm®".

We used Multiwfn software to perform topological analysis
of the electron density of metal-ligand bonds by the QTAIM

Table 1 An-O and An-N bond lengths (A) of CF* and Cm**
complexes AnL(NOs)s and AnL,(NOs)s calculated by PBEO functional

Species M-O M-N
CfL(NO;); 2.524 2.929
CmL(NO;), 2.549 2.995
CfL,(NO;); 2.452 —
CmL,(NO;); 2.492 —

© 2023 The Author(s). Published by the Royal Society of Chemistry

method, which is widely used to evaluate the ionic/covalent
properties of actinide complexes.®*® The electron density (p)
and Laplacian of electron density (V>p) at the BCPs (bond crit-
ical points) can provide valuable bonding information with
strengths and properties. Generally, p > 0.20 a.u. and V?p <0 a.u.
at the BCPs are known as a typical covalent bond, while p <0.10
a.u. and V?p > 0 a.u. at the BCPs denote an ionic bond. In Table
2, we list the p and V?p of the BCPs of Cf/Cm and the coordi-
nated O/N atoms of the ligand in the 1:1 complexes. Corre-
spondingly, we list the average values of p and V?p of the BCPs
of Cf/Cm and six coordinated O atoms of the ligand in the 1:2
complexes in Table 3. The small p and positive values indicate

Table2 The calculated electron density (p) and Laplace (V2p) at An—N
bond and An—0O at BCPs in CfL(NOz)s and CmL(NO3)3

CfL(NO3)3/CmL(NO3)3
An-0, An-0, An-0; An-N
p 0.0348/0.0346  0.0403/0.0398  0.0434/0.0419  0.0212/0.0196

V’p  0.1364/0.1378  0.1722/0.1693  0.1857/0.1796  0.0668/0.0614
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Table 3 The calculated average electron density (p) and Laplace (VZp)
at An—N bond and An—-0O at BCPs of CfL,(NOz)z and CmL,(NO=)3

CfL,(NO;); CmL,(NO3);
An-O (average)

p(r) 0.0459 0.0444

V2p 0.1967 0.1876

that the An-N and An-O bonds are weak covalent interactions.
At the An-O bond and An-N BCPs, the p values and V?p of the Cf
complexes are slightly larger than those of the Cm complexes,
indicating that the Cf-O bonds are stronger than the Cm-O
bonds, which is consistent with the above analysis.

Partial density of states (PDOS) reflects the curve of a specific
segment that contributes to the total density of states (TDOS). If
the segment is properly defined, the orbital composition can be
better grasped through the PDOS diagram.**** The PDOS plots
of the CfL,(NOj3); and CmL,(NO3); complexes were calculated
using the Multiwfn3.8 program. Fig. 9 provides the PDOS
between the 5f, 6d orbitals of Cf(ur)/Cm(ur) in the complexes and
the 2p orbital of the coordinated N/O atoms in the ligands. The
overlap of the O 2p orbitals with the An 5f orbitals is larger than
that with the N 2p orbitals, which indicates that the An-O(L)
bonding in these complexes is relatively stronger than the An-N
bonding. Compared with the 6d orbitals of An, the 5f orbitals of
An show higher metal-ligand bonding participation.””*

In the thermodynamic analysis, in order to obtain more
accurate energies, single-point energy calculations are per-
formed at the higher theoretical level (PBE0/6-311G(d,p)/RECP)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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based on the optimized molecular geometrical structures in the
gas phase. At the same time, in order to consider solvation
effect, the conductor-like screening model (COSMO) was used
to simulate the organic phase (n-dodecane) and the aqueous
environment by single-point energy calculations. The COSMO
model uses scaled conductor boundary conditions to calculate
the polarization charges of molecules in a continuum and is
a reliable model for considering solvation effects in systems
containing An(m) ions.”>”

For neutral extractant NTAamide(C4), the extraction of
trivalent actinide cations from aqueous phase containing
nitrate ions into the organic phase (n-dodecane) can be
expressed as the equations in Table 4, and the changes in Gibbs
free energy (AGey) for the extraction reactions were calculated at
the PBE0/6-311G(d,p)/RECP level of theory.

As shown in Table 4, the more negative values of AGey for
Cf(m) complexes indicate that NTAamide has a stronger com-
plexing ability toward Cf(in) than toward Cm(m).” For reactions
of NTAamide(C4) and Cf(m), the AGe value of the reaction
forming 1:2 type complex is relatively more negative than that
of the 1: 1 type complex. Although the difference is not obvious,
this trend indicates that NTAamide(C4) is more prone to form
1:2 with Cf(m) type complex with Cf(m). The small difference
also imply that under certain conditions, the neutral 1:1 and
1:2 type Cf(m) complexes may coexist in acidic media. The
previous experimental results show that at low acidity ([H'] =
0.25 mol L"), the 1:2 type coordination reaction is absolutely
dominant; at high acidity (([H'] = 1.0 mol L"), the ligand also
undergoes a 1:1 type coordination reaction with Cf(u) in
a certain ratio.>® Thus, the calculation results are consistent

N )
Cm(5f)
Cm(6d)
N(2p)

T T T 7 T T T
-0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20
Energy (a.u.)

-0.80 -0.70 -0.60

CmL,(NO,),

Fig. 9 Partial density of states between the An f/d orbitals and the 2p orbital of N/O atom of the ligand for the 2 : 1 type complexes.

Table 4 The AGey (kcal mol™) values of AnL(NOs)s and AnL,(NOsz)s in extraction process calculated by PBEO/6-311G(d,p)/RECP level of theory

Extraction reactions

AGey (kcal mol ™)

[Cf(H,0)s]*(aq) + L(org) + 3NO; (aq) — CfL(NO;);(org) + 9H,0(aq)

[Cm(H,0)o]**(aq) + L(org) + 3NO; (aq) — CmL(NO;);(org) + 9H,0(aq)
[Cf(H,0)s]*"(aq) + 2L(org) + 3NO; ™ (aq) — CfL,(NO;);(org) + 9H,0(aq)
[

Cm(H,0)o]*"(aq) + 2L(org) + 3NO; (aq) — CmL,(NO;);(org) + 9H,0(aq)

3788 | RSC Adv, 2023, 13, 3781-3791

—49.99
—45.40
—51.92
—38.22
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with the experimental results, that is, NTAamide tends to
undergo a 1:2 type coordination reaction with Cf(ur), but the
actual situation also depends on the specific experimental
conditions such as acidity. Because the actual extraction
process is quite complex, it is generally affected by many factors,
such as counterions, solvents, ionic strength, pH, and phase
modifiers. Although the calculated AG. values seem to be
inconsistent with the experimental results, it is reliable in
qualitatively predicting the reasonable complexation trend of
the multiply charged f-block metal ions.”*”*

Since Cf** and Cm** show similar ionic radii and coordina-
tion properties, they may have the same influencing factors in
the solvent extraction process, the difference between the
extraction reaction equations can be written as:

[Cf(H,0)s]*(aq) + [CmL,(NO3),,]® " *(org) —
[Cm(H,0)s]*(aq) + [CfL,(NO3),,]° " (org), AAGexcricm)

The selectivity of Cf(m) relative to Cm(m) for NTAamide(C4)
ligand was calculated according to the above reactions (Table 4),
and the AAGe(cfcm) for the 1:1 and 1:2 type complexes were
—4.59 keal mol ! and —13.70 kcal mol ', respectively. These
negative values of AAGex(cficm) indicate that the NTAamide(C8)
ligand is experimentally selective for Cf(ur) over Cm(m), which is
in line with the experimental results.

4. Conclusion

In this work, we investigated the extraction behavior of the
amide ligand, NTAamide (N,N,N',N',N",N"-hexaocactyl-
nitrilotriacetamide, C8) toward Cf** and Cm®*. NTAamide(C8)
can effectively extract Cf(ur). The extractability and selectivity to
Cf** over Cm*' by the ligand were also elucidated by DFT
calculations. In the process of extracting Cf(ur) with NTAami-
de(C8) as extractant in nitric acid medium, the slope analysis
suggests that Cf** was extracted as the 2: 1 type (ligand : metal)
species into the organic phase (kerosene). The extraction
process is an endothermic process, and an appropriate increase
in temperature is beneficial to the extraction reaction. The main
extraction reaction equation is:

Cf** + 2L + 3NO; — CfL,-3NO,

In addition, the DFT calculation results show that the
studied complexes possess similar molecular geometries, and
the bonds lengths of the Cf*" complexes are shorter. Thermo-
dynamic analysis confirmed that the formation of the 1:2
complex had more thermodynamic advantages than the 1:1
complex under the extraction conditions, which is consistent
with the results of extraction experiments. The study clearly
shows that NTAamide(C8) can effectively extract Cf(in), and this
ligand has potential application value for the separation and
purification of Cf(m)/Cm(m). It also provides valuable experi-
mental and theoretical guidance for designing more efficient N/
O-donor ligands for An*" separation in the future.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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