Chinese Chemical Letters 33 (2022) 3565-3569

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Effect of ligand initial conformation and counteranion on ®)
complexation behaviors of R-BTBP toward Pd(II) contained in highly iy

active liquid waste

Lei Xu®P, Wenya Ding?, Anyun Zhang®*, Ziyang Liu®

3Key Laboratory of Nuclear Agricultural Sciences of Ministry of Agriculture and Zhejiang Province, Institute of Nuclear Agricultural Sciences, Zhejiang

University, Hangzhou 310058, China

b College of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, China
¢ College of Materials Science and Engineering, China Jiliang University, Hangzhou 310018, China

ARTICLE INFO

ABSTRACT

Article history:

Received 23 December 2021
Revised 26 February 2022
Accepted 26 February 2022
Available online 3 March 2022

Keywords:

R-BTBP

Fission product palladium
Minor actinides
Complexation

Highly active liquid waste

Soft N-donor bis-triazin bipyridines derives (R-BTBP) are a type of very promising extratant for extrac-
tion and complexation with long-lived trivalent minor actinides over lanthanides from highly active liquid
waste (HLW). In addition to minor actinides, R-BTBP also holds very strong complexation ability toward
fission palladium. However, few studies have been focused on the separation and complexation with the
fission product Pd(II) by R-BTBP. Herein, the complexation behaviors of Pd(Il) with four typical R-BTBP
ligands were systematically studied by single crystal X-ray diffraction, 'H NMR titration and theoretical
calculation. The effects of R-BTBP initial conformation and nitrate anions on the complexation behaviors
of R-BTBP with Pd(II) were thoughtfully analyzed. Both the 1:1 and 2:1 binuclear complexes could be
formed between Pd(Il) and R-BTBP with initial I conformation in the presence of nitrate anions, while
only one 1:1 type Pd(Il) complex could be formed for those with initial OO conformation. Without ni-
trate anion, only one 1:1 type complex was formed in solution. The structure of the 1:1 Pd(II)/R-BTBP
complex was firstly characterized by single crystal crystallography. DFT calculation results showed that a
significant large rotational energy barrier (21.8~22.6 kcal/mol) must be overcome to form the II type 2:1
Pd(II) complex for those OO type R-BTBP ligands, however which would not prevent them from forming

the 1:1 type complex.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Highly active liquid waste (HLW) containing the long-lived mi-
nor actinides (MAs such as Am and Cm) along with other long-
lived fission products (LLFPs) (like 121, 93Zr, 99Tc and 197Pd) are
generated from the PUREX (Plutonium and Uranium Refining by
Extraction) process aiming at the recovery of U and Pu from spent
nuclear fuel (SNF) using 30% tri-n-butyl phosphate (TBP)/kerosene
as extractant [1-4]. These LLFPs have potential and long-term ra-
dioactive hazards to environment and human health. Thus the ef-
fective partitioning and transmutation (P&T strategy) of LLFPs into
stable or short-lived elements are very valuable [5-7]. One key
step of P&T is firstly needs to separate MAs from neutron poisons
trivalent lanthanides by chemical method [8-13] and then trans-
mute them into stable or short-lived elements via bombardment of
nuclei with neutrons. Due to the chemical similarity between triva-
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lent MAs and lanthanides, the selective partitioning of MAs has al-
ways been one of the most challenging works that have not been
solved [14-18].

Recently, it has been demonstrated that three classes of
N-heterocyclic  bis-1,2,4-triazin  ligands, 2,6-bis(1,2,4-triazin-3-
yl)pyridine (BTPs) [6,19,20], 6,6’-bis(1,2,4-triazin-3-yl)bipyridine
(BTBPs) [5,21-26] and phenanthroline-derived bis-triazine ligand
(BTPhens) [27-29] have great potential in highly efficient sepa-
ration of trivalent MAs over trivalent lanthanides from HLW. For
example, one typical BTBPs type ligand, CyMe4-BTBP, has been
selected as the current European relevant extratant for direct sep-
aration of MAs (Am(IIl) and Cm(Ill)) from genuine spend unclear
fuel solution in SANEX (Selective Actinide Extraction) process [12].

In this process, it requires the extractant able to selectively ex-
tract MAs over all the other fission or corrosion products present
in HLW. However, it has been found that in addition to MAs, these
BTBPs ligands also have strong affinity for other fission products
like Pd(II), Ag(I), and Ni(Il) etc. in HNO3 solution [30-33]. Among
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Fig. 1. Structures of four R-BTBP ligands studied in this work.

these interfering elements, the most problematic element might be
the 197Pd and its isotopes. This is because that the content of 197Pd
and its isotopes in SNF is around 1~2kg/ton and the portion of
107pd (with a half-life of 6.5 x 10° year) is around 17%, which is
much higher than that of other LLFPs [34,35]. To solve this prob-
lem, one way was to use some hydrophilic masking agents, which
are able to selectively complex with those problematic elements
to form the water soluble complexes in aqueous phase to pre-
vent them being co-extracted with MAs into organic phase when
using BTBPs as extractant [36-38]. However, the introduction of
these masking reagents would unavoidably increase the secondary
wastes, which was not desired in actual separation process.

Considering these bis-triazine ligands have strong complexa-
tion ability both for MAs and Pd(II), we thus attempt to simulta-
neously separate MAs and Pd(Il) using these R-BTBP ligands. Re-
cently, in our group it has been found that the simultaneous par-
titioning of MAs and Pd(Il) from HNO3; media could be achieved
through extraction chromatography method by some silica-based
material functionalized by BTPs/BTBPs chelating ligands [39-42].
In this separation process, Pd(Il) and MAs are firstly simultane-
ously absorbed by BTPs/BTBPs functionalized silica-based mate-
rials and then they can be further separated by using 0.2 mol/L
thiourea/0.1 mol/L HNO3 (for Pd(II)) and 0.01 mol/L HNO3/1.0 mol/L
NaNOj; (for MAs) as eluents, respectively, while many other coex-
istent fission products exhibited almost no adverse effects. It pro-
vides a feasible approach for direct separation of MAs and Pd(II)
from HLW. Although much progress has been made on the sepa-
ration and complexation of minor actinides over lanthanides using
triazinylpyridine ligands, far less progress has been made on their
separation and complexation with fission product Pd(II) [30,32]. In
this work, we focus on revealing the complexation behaviors of
Pd(II) with four typical BTBPs ligands (Fig. 1) by single crystal crys-
tallography, 'H NMR titrations and theoretical calculation methods.
The effect of ligand initial conformation and counteranion on the
complexation behaviors of R-BTBP toward Pd(Il) were mainly dis-
cussed.

Two completely different conformations were found in the sin-
gle crystal structures of nPr-BTBP, subt-BTBP, iPr-BTBP and ibu-
BTBP. The conformations of BTBPs were defined based on the rel-
ative positions of two adjacent nitrogen atoms bearing on the tri-
azine and pyridine rings. As shown in Fig. 2, if two adjacent nitro-
gen atoms are on the same side of pyridine nitrogen, it is called
the inward-inward (II) conformation; however, if two adjacent ni-
trogen atoms are on the other side of pyridine nitrogen, it is de-
fined as an outward-outward (0O) conformation. Therefore, nPr-
BTBP and subt-BTBP have an II conformation, while iPr-BTBP and
ibu-BTBP hold the OO conformation. These two kinds of confor-
mations were also found in single crystal structures of C7-BTBP,
C2-BTBP and CyMe,4-BTBP ligands [43,44]. These two different con-
formations might result from the steric effects of different sub-
stituents as well as the hydrogen bond interactions present in their
solid state structures (Figs. S9-S12 in Supporting information).
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Fig. 2. Single crystal structures of four typical R-BTBP ligands with two different
conformations.

NMR spectroscopic titrations of organic ligands and diamagnetic
metal ions have been accepted as an effective method to identify
the speciation and structure of metal-ligand complexes in solution
[28,30,44,45]. Thus, 'H NMR titration of palladium salts with four
typical BTBPs ligands were performed to identify the Pd(Il) com-
plexes species in solution.

Initially, the Pd(NO3), was used as the titrant to explore the
complexation behaviors of Pd(II) with C3-BTBP which has an initial
inward-inward conformation. As presented in Fig. 3a, upon addi-
tion of Pd(NO3), (0 < M/L < 1.0), the resonance peaks of pyridine
protons H; and Hj shifted upfield from 8.80 ppm to 8.57 ppm to
8.52 and 8.48 ppm, respectively, on the contrary, the signal of H,
shifted downfield from 8.17 ppm to 8.66 ppm, indicating the forma-
tion of one new species in solution. These changes suggested that
the ligand initially formed 1:1 type complex (marked with black
triangles) with palladium since the transformation of ligand to a
new species was complete after addition of 1.0 equiv. of Pd(NOs3),.
What is more, the peaks of Hy and H, displaying two independent
triplets in free ligand shifted downfield and became overlapped
with concentrations of Pd(Il) increasing, suggesting that the chem-
ical environments of protons Hy and H, became more similar af-
ter complexing with metal ions. These changes indicate that Pd-N
bond were formed between Pd(Il) and nitrogen atoms of triazine
and pyridine rings [30,43,46].

Subsequent formation of another new minor species of 2:1
Pd(II)/R-BTBP complex at high M/L ratios (M/L > 1.0) was de-
duced base on the appearance of three new groups of NMR peaks
(marked with black circles) locating at 8.65ppm, 8.50 ppm and
8.05 ppm, respectively. It means that a binuclear complex of Pd(II)
with C3-BTBP was formed in solution. Furthermore, considering
the geometry feature of Pd(II) complex, NOs;~ was thought to be
participated in formation of the 2:1 Pd(Il)/C3-BTBP complex. This
hypothesis was further validated by the titration of C3-BTBP with
Pd(BF,), in the absence of nitrate anions. As presented in Fig. 3b,
when M/L < 1.0, only one new group of NMR signals (marked with
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Fig. 3. (a) Stacked '"H NMR spectra of C3-BTBP (10 mmol/L) titrated with Pd(NOs),; (b) titrated with Pd(BF,), in CD;CN at 295K.

black triangles) locating at 8.65 ppm, 8.45ppm and 3.10 ppm were
observed, indicative of the formation the sole 1:1 Pd(II)/C3-BTBP
complex in solution. The above mentioned 2:1 Pd(II)/C3-BTBP com-
plex however disappeared in this case.

Similar results were also found in the titrations of subt-BTBP
with Pd(NO3), and Pd(BF,),, respectively, indicating that C3-BTBP
and Subt-BTBP with same initial conformation hold similar com-
plexation modes with Pd(Il). As presented in Fig. S13a (Support-
ing information), when using Pd(NO3), as titrant, one new group
of signals relating to the protons H;, H, and Hj increased to
the maximum at M/L=1.0 and then decreased gradually, which
was assigned to the 1:1 species. When M/L value was beyond
1.0, two new groups of tiny broaden peaks belong to protons
H,/H; and Hs appeared at 8.65 and 8.05 ppm, respectively, indica-
tive of the formation of the 2:1 Pd(II)/Subt-BTBP complex. How-
ever, when using Pd(BF,4), as titrant (Fig. S13b in Supporting in-
formation) only one type signals of the 1:1 species was observed.
Again, it demonstrates that the presence of nitrate anions is one
of the preconditions for the formation of binuclear Pd(II)/R-BTBP
complexes.

As shown in Fig. 4a, the results of 'H NMR spectra of iPr-BTBP
titrated with Pd(NO3); suggested that only one 1:1 Pd(II)/iPr-BTBP
species was formed in solution, since the conversion of NMR sig-
nals aroused from protons H;, H, and Hj3 locating at 8.85ppm,
8.60 ppm and 8.20 ppm to a new species was completed after ad-
dition of 1.0 palladium equivalent. Further increasing the Pd(NO3);
equivalents, these signals kept constant. Similar results were also
found in the titration of ibu-BTBP with Pd(NOs)s; (Fig. 4b). Based
on these results, it is concluded that the bimetallic complex of
Pd(Il) cannot be formed for those R-BTBP with initial OO confor-
mation.

For the solid Pd(II)/R-BTBP complexes, only one 1:1 Pd(II)/iPr-
BTBP complex has been isolated and structurally characterized.
This is the first time that the solid 1:1 Pd(Il) complex with any
R-BTBP type ligands has been successfully characterized by single
X-ray crystallography, although many attempts have been tried by
other researchers using CyMe4-BTBP or tBu-CyMe,4-BTBP as chalets
[32,47]. As presented in Figs. 5a and b, the geometry of Pd(II) ex-
hibits a distorted square-planar with one iPr-BTBP molecular bind-
ing as a quadridentate ligand with central Pd(II). The bond dis-
tances from Pd to N11 and N15 are 2.032(6) A and 2.028(6) A,
respectively, which are longer than those to the pyridine nitrogen
atoms ranging from 1.918(5) A to 1.930(7) A. The almost identical
bond lengths of Pd-N13 to Pd-N12, and Pd-N11 with that of Pd-
N15, are in line with the symmetry feature of the 1:1 Pd(II)/iPr-
BTBP complex as identified in its TH NMR spectra (Fig. 4a). Sim-
ilar bond distances of Pd-N have also been found in Pd(Il)/terpy
[48] and Pd(II)/BTP [49] complexes. Additionally, two nitrate anions
were found in the second coordination player to keep the charge
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Fig. 4. Stacked 'H NMR spectra of (a) iPr-BTBP (10.0mmol/L) and (b) iBu-BTBP
(10.0 mmol/L) titrated with Pd(NO3), in CD3CN at 295K.

Fig. 5. Structure of the Pd(iPr-BTBP)2* moiety in the single crystal of [Pd(iPr-
BTBP)],(NO3)4(H,0),(CH3CN). (a) A front view, (b) a top view, (c¢) hydrogen bonding
interactions in the structure. Selected bond lengths (A): Pd2-N11 2.032(6), Pd2-N12
1.918(5), Pd2-N13 1.930(5), Pd2-N15 2.028(6).
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Table 1
Calculated energy differences AE (kcal/mol) of R-BTBP ligands and their complexes
with Pd(II).

R-BTBP A(Eg-Eoo)?

Ligand 1:1 species® 1:2 species©
nPr-BTBP 1.73 -39.5 -21.1
iPr-BTBP 1.91 —-29.2 —-22.8
iBu-BTBP 1.68 -30.5 -19.0

3 Ey and Egp denotes the calculated energies of Pd(II)/R-BTBP complexes with II
and OO conformation, respectively.

b 1:1 species: Pd?* + R-BTBP — [Pd(R-BTBP)]?+.

¢ 1:2 species: 2Pd?* 4 R-BTBP + 2NO3;~ — [Pd,(R-BTBP)(NO3 ), |*+.

balance via the formation of hydrogen-bonding interactions with
water molecules and ligands (Fig. 5¢).

Further, the light yellow powders of the 1:1 and 2:1 Pd(Il)/subt-
BTBP complexes (Fig. S14 in Supporting information) were pre-
pared and characterized by elemental analysis and 'H NMR
spectrum. The measured elemental contents in the 2:1 Pd(II)/subt-
BTBP complex are 39.10, 4.29 and 17.10 for C, H amd N elements,
which can be assigned to a chemical formula of [Pd;(NO3)4-(subt-
BTBP)]-H,O (theoretical contents are 38.75, 4.21 and 16.82 for
C, H and N, respectively). For 1:1 Pd(Il)/subt-BTBP complex, the
measured elemental contents are 41.57, 4.87 and 17.91 for C, H
amd N elements, which could be assigned to a chemical formula
of [Pd(NOs3),(subt-BTBP)]-2HNO3-2H,0 (theoretical contents are
41.27, 18.05 and 5.16 for C, H and N, respectively). These results
demonstrate that both 1:1 and 2:1 Pd(II)/R-BTBP species can be
present in solid state. Also the 'H NMR spetra of the solid 2:1
and 1:1 Pd(II)/subt-BTBP complexes in CD3CN was shown in Fig.
S15b (Supporting information), for 1:1 species, two new signals
(labeled with @) found at 8.50 ppm and 8.65ppm were ascribed
to Hy3 and H, (Fig. S15a in Supporting information) based on
their peak area and patterns. In addition, two new multiple-peaks
at around 3.40ppm relating to Hy and H, become overlapped
in the 1:1 Pd(II)/subt-BTBP complex. These results agree well
with the above 'H NMR spectral features of the 1:1 Pd(II)/R-BTBP
species (Fig. S12a in Supporting information). Notably, another two
new peaks (labeled with M, Fig. S15c in Supporting information)
appearing at 8.45 ppm and 8.05 ppm are assigned to protons of 2:1
Pd(1I)/subt-BTBP complex. Additionally, the coexistence of signals
corresponding to the protons of 1:1 species (labeled with ®, Fig.
S15¢) indicated that the 2:1 species is less stable than the 1:1
species and it can transform to 1:1 species in solution.

To further understand the effect of ligand initial conformation
on the complexation behaviors of R-BTBP with Pd(II), the struc-
tures of nPr-BTBP, iPr-BTBP, iBu-BTBP as well as their 1:1 and 2:1
Pd(II) complexes with Il and OO conformation were optimized at
B3LYP lever in gas phase. Based on the structures of 1:1 Pd(II)/iPr-
BTBP (Fig. 5) and previously reported 2:1 Pd(II)/R-BTBP binuclear
complexes [30,43], the optimized structures of three ligands and
their 1:1 and 2:1 complexes with Pd(Il) were shown in Figs. S16
and S17 (Supporting information). The results showed that nPr-
BTBP, iPr-BTBP and iBu-BTBP with OO conformation are all more
stable than their corresponding Il conformers by 1.70-2.0 kcal/mol
(Table 1), indicating that R-BTBP type ligands are inclined to be ex-
ist as OO conformation in gas phase and similar results have also
been found for R-BTP type ligands [49]. But once these R-BTBP/R-
BTP ligands interacted with solvent molecules like water or ace-
tonitrile, they would change their conformations to obtain a more
stable state. In this case, nPr-BTBP and subt-BTBP adopt the initial
II conformation, while iPr-BTBP and iBu-BTBP hold the OO confor-
mation as confirmed by single X-ray crystallography.
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Fig. 6. (A) Three dihedral angles (b) N1-C2-C3-N4, (c) N5-C6-C7-N8 and (d) N1’-
C2'-C3’-N4’ defined for the rotational energy calculations. Relative potential energy
curves of iPr-BTBP (B) from initial OO to the final 10 conformation, (C) from initial
00 to the final coordinated OO conformation, (D) from initial II to the final coordi-
nated II conformation.

Nevertheless, the binding energy calculations (Table 1) showed
that all the 2:1 and 1:1 Pd(II)/R-BTBP complexes with II confor-
mation are much more stable than their corresponding OO confor-
mation by 20-40kcal/mol. The noteworthy average shorter bond
distances of Pd-N bonds in II conformation than those with OO
conformation (Table S3 in Supporting information) found in both
1:1 and 2:1 Pd(II)/R-BTBP complexes could also support this con-
clusion. These results demonstrated that all R-BTBP ligands in
Pd(II)/R-BTBP complexes have the II conformation, which agrees
well with the results of single crystal X-ray diffraction study. It
means that the coordinated iPr-BTBP and iBu-BTBP molecules in
their Pd(II) complexes hold different conformations with their free
ligands. In other words, these two ligands have an initial OO con-
formation, which is unfavorable to form the 2:1 Pd(II)/R-BTBP bin-
uclear complexes and thus the conformational changes of free R-
BTBP ligands from OO to II type is necessary prior to coordinating
with Pd(II).

To reveal the complexation mechanism of Pd(Il) with R-BTBP
as confirmed in 'H NMR studies, the rotational energies of free
R-BTBPs transformation from initial OO or Il conformation to the
final coordinated conformation were calculated. To make the cal-
culation easier, iPr-BTBP with relatively simple structure was se-
lected as a model molecule for R-BTBP. As discussed above, the
iPr-BTBP molecule with initial OO configuration, can only form the
1:1 II type complex with Pd(Il). To simulate its conformation ex-
change from OO to II type to complexation with Pd(Il), two steps
of rotation of C-C bonds that link the pyridine and triazine rings
as well as two pyridine rings are needed. Therefore, two dihedral
angles N1-C2-C3-N4 (Fig. 6A, part b) and N5-C6-C7-N8 (Fig. 6A,
part c) varying from 0° to 206° with an interval of 7° were set
to calculate these two steps of rotational energy barriers of iPr-
BTBP transformation from initial OO to the final coordinated II type
conformation, respectively. The calculation results showed that the
largest rotational energy barrier for one triazine ring of iPr-BTBP
was around 10.9 kcal/mol (Fig. 6B) and for one pyridine ring and
triazine ring as a whole was around 11.3 kcal/mol (Fig. 6C). There-
fore, it could be predicted that the largest rotational energy barrier
for whole molecule was up to 21.8-22.6 kcal/mol, which are much
lower than the energy difference (29.2 kcal/mol, Table 1) between
the II and OO conformers for 1:1 Pd(II)/iPr-BTBP complex and are
close to that (22.8 kcal/mol, Table 1) of the 2:1 Pd(Il)/iPr-BTBP
complex.
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On the other hand, compared with two steps rotation of OO
type iBu-BTBP, one step of the rotation of C-C bond that links the
two pyridine rings (Fig. 6A, part d) is also needed to form the
1:1 complexes for nPr-BTBP and subt-BTBP with initial II confor-
mation. By rotation of the dihedral angle N1’-C2’-C3’-N4’ (Fig. 6A,
part d) from 0° to 206° with an interval of 7°, the largest rota-
tional energy barrier was calculated to be 11.6 kcal/mol. This en-
ergy barrier is significantly lower than that of the energy differ-
ence between the Il and OO conformers of the 1:1 Pd(Il)/iPr-BTBP
complex (29.2 kcal/mol, Table 1). This energy barrier could not pre-
vent those 00 type R-BTBP ligands to form the 1:1 Pd(II)/R-BTBP
complex. Notably, the nPr-BTBP and subt-BTBP type ligands with
initial II type conformations are very facilitated to form the 2:1
Pd(II)/R-BTBP complex (Fig. 6A) without needing any conforma-
tional change. However, for those R-BTBP with initial OO confor-
mation, they must overcome a significant rotational energy barrier
of 21.8 kcal/mol to achieve a Il conformation that is need to form
the 2:1 Pd(II)/R-BTBP complex. Such a high energy barrier must
have restricted the iPr-BTBP or iBu-BTBP ligands to form the 2:1
species.

In summary, R-BTBP type ligands were found to have two differ-
ent initial conformations, which exhibit significant effect on their
complexation behaviors with Pd(II). It was found that both the 1:1
and 2:1 binuclear complexes could be formed between Pd(II) and
R-BTBP with initial II conformation in the presence of nitrate an-
ions, while without nitrate anions only one 1:1 species could be
formed. For those R-BTBP with initial OO conformation, only the
1:1 type Pd(Il) complexes were formed. The solid structure of the
1:1 iPr-BTBP/Pd(II) complex has been firstly characterized by X-ray
crystallography and it has the typical 4-coordinate square-planar
geometry. The results of DFT calculation studies demonstrated that
the all R-BTBP molecules in these Pd(Il) complexes adopt the stable
Il conformation. Therefore, a significant large rotational energy bar-
rier of 21.8-22.6 kcal/mol has restricted them to form the II type
2:1 Pd(II) complex for those OO type ligands. For those R-BTBP
with initial II type conformations, they are easy to form the 2:1
Pd(II)/R-BTBP binuclear complex without needing conformational
change. The results obtained in this work provide some new in-
sights into the complexation behaviors of fission palladium with
R-BTBP ligands, which can help us to better understand the physic-
ochemical changes occurred in the macroscopic actinides separa-
tion process using R-BTBP type ligands and improve the separation
efficiency.
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