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ESI-MS and density functional theory (DFT) methods were combined to understand
the complexation mechanisms of tetradentate phenanthroline amide ligand with
Eu(III), U(VI), and Th(IV) in acetonitrile solution.
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Europium, Uranyl, and Thorium-Phenanthroline Amide Complexes in
Acetonitrile Solution: An ESI-MS and DFT Combined Investigation
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The tetradentate N,N -diethyl-N,N -ditolyl-2,9-diamide-1,10-phenanthroline (Et-Tol-DAPhen) ligand
with hard-soft donor atoms has been demonstrated to be promising for the group separation of actinides
from highly acidic nuclear wastes. To identify its formed complexes with actinides and lanthanides,
electrospray ionization mass spectrometry (ESI-MS) combined with density functional theoretical (DFT)
calculations was used to probe the possible complexation process. The 1:2 Eu-L species ([EuL,(NO;)]*")
can be observed in ESI-MS at low metal-to-ligand ([M]/[L]) ratios whereas 1:1 Eu-L species
([EuL(NOs),]") can be observed when the [M]/[L] ratio is higher than 1.0. However, ((UO,L(NO;)]") is
the only detected species for uranyl complexes. The [ThL,(NO;),]** species can be observed at low
[MJ/[L] ratio; the 1:2 species ([ThL,(NO5)]*") and a new 1:1 species ([ThL(NOs);]") can be detected at
high [M]/[L] ratios. Collision-induced dissociation (CID) results showed that Et-Tol-DAPhen ligands can
coordinate strongly with metal ions and the coordination moieties remain intact under CID conditions.
Natural bond orbital (NBO), molecular electrostatic potential (MEP), electron localization function
(ELF), atoms in molecules (AIM) and molecular orbital (MO) analyses indicated that the metal-ligand

bonds of actinide complexes exhibited more covalent characters than lanthanide complexes. Additionally,

according to thermodynamic analysis, the stable cationic M-L complexes in acetonitrile are found to be in

good agreement with the ESI-MS results.

Introduction

With the rapid development of nuclear energy, the reprocessing
of spent nuclear fuel (SNF) is of great concern. Although the
separation and recovery of U and Pu can considerably reduce the
radiotoxicity of spent fuels, americium (Am) and curium (Cm)
still remain in high level liquid wastes (HLLW) and account for
the principal long-term radiotoxicity. The partitioning and
transmutation (P&T) strategy' ™ may provide a promising solution
to largely minimize the radiotoxicity of headache nuclear wastes
to the level of natural uranium. However, some lanthanides
present in HLLW have high neutron absorption cross sections
and can greatly decrease the transmutation efficiencies. Thus,
actinides must be initially partitioned from lanthanides before
transmutation. However, the separation of minor actinides (MA =
Am, Cm) from lanthanides is quite challenging due to similar
ionic radii and coordination modes of trivalent MA and
lanthanides.*

In the past 15 years, considerable efforts have been made to
develop novel and efficient extractants for the separation of
MA(III) from La(IIT).>"® Extractants containing soft donors (e.g.
sulfur or nitrogen) have been identified to possess better affinities
for MA(III) than for Ln(III)."*'? For example, extractants
containing soft sulfur atoms (e.g. Cyanex 301) gained much
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attention in the past two decades, but the difficulty to completely
incinerate them would result in the generation of secondary
wastes.'™"”  According to the CHON principle (extractants
containing only carbon, hydrogen, oxygen, and nitrogen
elements), 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine  (R-
BTP),?*? 2,6-bis(5,6- dialkyl-1,2,4-triazin-3-yl)-2,2’-bipyridine
(R-BTBP),**?* and 2,9-bis-(5,6-dialkyl-1,2,4- triazin-3-yl)-1,10-
phenanthroline (R-BTPhen)**** ligands have shown promising
results for the separation of Ln(IIT)/MA(II). These heterocyclic
extractants have been tested in the SANEX (Selective ActiNide
EXtraction) process, in which R-BTPhen would be one of the
most competitive ligand for MA(III)/Ln(III) separation in highly
acidic wastes until now™.

GANEX (Group ActiNide EXtraction) process®’ is another
innovative concept, which aims at the recovery of most actinides
(U, Np, Pu, Am, and Cm) from highly acidic liquid wastes. After
the first cycle for the selective separation of uranium,
transuranium elements in various oxidation states are
simultaneously extracted using a multiple extractant system in the
second cycle. The use of one single extractant instead of the
combination of several ligands allows for simplication and
separation efficiency. Miguirditchian et al***' have used a 6,6’
(2,2°:6”,2”’-terpyridine)-diamide ligand for the group separation
of actinides from lanthanides. Other similar ligands were
designed by grafting amide or pyridyl-amide groups onto
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phenanthroline skeleton.*>* Unfortunately, the distribution ratios
and selectivity of these ligands towards actinides were low in
highly acidic solutions. Recently, our group has designed a
tetradentate phenanthroline amide ligand that features a
combination of hard-soft donors, N,N’-diethyl-N,N -ditolyl- 2,9-
diamide-1,10-phenanthroline (Et-Tol-DAPhen, Fig. 1).** Solvent
extraction experiments showed that Et-Tol-DAPhen exhibited
extremely high extractability and excellent selectivity for all
actinides over metals even in the absence of any synergists. This
ligand is one of the most efficient ligands for the group separation
of actinides from fission products in highly acidic solution until
now, which holds tremendous potential applications in the
reprocessing of liquid nuclear wastes. However, the exact
complex structures and complexation behaviours between this
ligand and lanthanides as well as actinides still remain unclear.

.

Fig. 1 Structures of N,N’-diethyl-N,N’-ditolyl-2,9-diamide-1,10-
phenanthroline (Et-Tol- DAPhen, L).

Although the applications of ESI-MS for quantitative
determination of existing species are somewhat controversial®,
this method is still efficient in identifying charged metal-ligand
complexes in solution*>'. In the present work, ESI-MS was used
to explore the chemical speciation of M-L (M = Eu, U, Th; L =
Et-Tol-DAPhen) complexes in acetonitrile solution. In addition,
the possible M-L complexes formed in acetonitrile solution were
also studied using the density functional theory (DFT) calculation
coupled with relativistic small-core pseudopotential. It is
expected that this experimental and theoretical combined
approach would provide insights for the understanding of the
coordination modes and bonding nature between Et-Tol-DAPhen
and the metals studied.

Experimental section
Reagents

The Et-Tol-DAPhen ligand was synthesized in our laboratory as
reported  previously.**  Chemical  reagents such  as
EU(NO3)3'6H20, UOz(NO3)2'6H20, and Th(NO3)45H20 were of
analytical grade. (Caution: U and Th make radioactive hazards,
which must be handled with care.). Stock solution (5x10* M) of
Et-Tol-DAPhen was prepared by dissolving a weighed amount in
HPLC grade acetonitrile. Stock solutions (1x102 M) of Eu(IIl),
U(V]), and Th(IV) were prepared by dissolution of corresponding
nitrate salts in HPLC grade acetonitrile. All other chemicals were
of analytical grade and were used without further purification.

ESI-MS Methods

Mass spectrometric measurements were recorded in positive ion
mode using an amaZon SL ion trap mass spectrometer (Bruker
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Daltonics, Bremen, Germany) and an electrospray interface as
ionization source. The nebulizer gas pressure was set to 8 psi and
operating nitrogen at 5 L/min was employed as both the drying
and nebulizing gas. The source temperature was set to 200 °C and
the capillary voltage was 3500 V. Spectra were obtained over a
mass range of m/z 200~1000. For MS/MS measurements,
collision-induced dissociation (CID) of cluster ions was
performed with helium. Samples were introduced using a 15 pL
glass syringe with a stainless steel needle (Hamilton Co., Reno,
NV, USA). Solutions for the ESI-MS measurements were
prepared by mixing appropriate volumes of stock solutions of
both ligand and metal nitrate in a 1.5 mL of plastic centrifuge
tube. The ESI-MS spectra were measured at various metal-to-
ligand ratios.

Theoretical Methods

Theoretical calculations were carried out using the density
functional theory (DFT) method with the Gaussian 09 package®.
The functional used is B3LYP, which combines Becke’s three-
parameter functional (B3)* with the Lee-Yang-Parr (LYP)*
correlation functional. Relativistic effects were taken into
consideration with the quasi-relativistic effective core potentials
(RECPs)*> %%, The adopted small-core RECPs replace 60 core
electrons for Th and U, and 28 electrons for Eu. The standard
Pople-style polarized valence triple-& 6-311G(d, p) basis set was
used for the C, H, O, and N atoms.

The structures of all the complexes were optimized in
acetonitrile solution at the B3LYP/6-311G(d, p)/RECP level of
theory with the conductor-like polarizable continuum model
(CPCM)* " with the Klamt atomic radii. The minimum energies
of the optimized structures were checked by frequency analysis at
the same level of theory. The natural atomic charges and Wiberg
bond indices (WBIs)®' were also calculated by natural bond
orbital (NBO) analysis at the B3LYP/6-311G(d, p)/RECP level of
theory. The enthalpy (H) and Gibbs free energy (G) were
calculated including zero-point-energy (ZPE) and thermal
corrections by the same method in acetonitrile solution. The
electron localization function (ELF) and atoms in molecules
(AIM) analyses were carried out with Multiwfn 3.2.1 package.®*

Additional details can be found in our previous studies'® 227 6%
64

Results and discussion
ESI-MS Results of Eu(III) Complexes

ESI-MS results of Eu-L complexes were recorded with a constant
Et-Tol-DAPhen ligand concentration (5x10* M) at 25 °C. The
experiments were carried out in the presence of Eu(IIl) with the
metal-to-ligand concentration ratios ranging from 0 to 1.25. As
shown in Fig. 2 and Table S1, the MS peak of the protonated Et-
Tol-DAPhen ligand ([L+H]", m/z 503) is clearly observed in the
absence of Eu(IIl). For the sample with metal-to-ligand ratio of
0.25, the intensity of the molecular ion peak of Et-Tol-DAPhen
greatly decreases. Meanwhile, a new MS peak occurs at m/z 609,
corresponding to the Eu(Ill) complex [EuL,(NO5)]*". With an
increasing of [Eu(III)]/[L] ratio, the intensity of the ligand
continues to decrease and the abundance of the MS peak at m/z
609 also increases. At a metal-to-ligand ratio of 1.0, the MS peak
of the ligand almost disappears (0.44%) while a new Eu(III)
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complex defined as [EuL(NO;),]" at m/z 777 appears. At even
higher metal-to-ligand ratio, the 1:2 complexes [EuL,(NO;)]*" is
almost all dissociated and recombined into the 1:1 complexes.
The compositions of all the Eu(IlI) complexes mentioned above
were confirmed by the isotopic distributions in MS (Fig. S1).

4 @Eaamn-o [L+H]*
] 503
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Fig. 2 ESI-MS of Eu(lll) complexes at varous [Eu(Il)]/[L] ratio.
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Fig. 3 MS/MS results of Eu(lll) complexes.

900 m/z

To further investigate the coordination modes and stabilities of
various complexes in MS, the CID technique was used to study
the decomposition of parent ions. MS/MS results of molecular
ion peaks at m/z 503, 609, and 777 are presented in Fig. 3 and
Table S2. The fragments of the parent ion at m/z 503 mainly
include MS peaks at m/z 485, 475, 467, 457, 322, and 307,
corresponding to remaining species after elimination of -CH4-H,,
-C,Hs+2H, -2CH4-2H,, -C3;H;-H,, -2C;H;+2H, and -2C;H;-
CH;+2H moieties, respectively. According to fragment analyses,
it can be found that the side alkyl or aryl groups of amide
moieties of the ligand readily decompose. Previous tandem mass
spectrometric investigations showed that CID results can reveal
decomposition behaviors similar to those of radiation-induced
degradation to some extent, which could provide useful
information for identifying radiolysis products**°. The MS/MS
pattern of [EuL,(NO;)]*" at m/z 609 is presented in Fig. 3b.
Similar to the Et-Tol-DAPhen ligand, the side amide moieties of
[EuL,(NO;)]*" complex are also easily lost during the inert gas
collision process. The species at m/z 579, 563, and 416 might
correspond to the loss of two ethyl groups, one tolyl group, and
four ethyl and three tolyl groups, respectively, from
[EuL,(NO3)]*" complex. The MS peak at m/z 336 might stem
from the elimination of one nitric acid molecule, four ethyl

groups, and four tolyl groups from the [EuL,(NO;)]*" complex.
For the [EuL(NOs),]" complex at m/z 777 (Fig. 3c), the

35 fragments still originate from the loss of side groups of amide

4

4

6

6:

K

7:

8

S

@

=

a

S

5

=]

S

S

moieties. The MS/MS peaks at m/z 717, 704, 686, 535, and 509
could be attributed to the elimination of two ethyl groups, two
ethyl and one methyl groups, one tolyl group, two ethyl and two
tolyl groups, and two N-ethyl-p-toluidine molecules from the
[EuL(NO;),]" complex, respectively, from the [EuL(NOs),]"
complex. Nevertheless, Et-Tol-DAPhen ligands can still
coordinate strongly to the Eu(III) cations and neither one single
ligand nor the Eu(IIl) cation are observed lost from intact or
decomposed complexes during the CID experiments.

DFT Calculations of Eu(III) Complexes

572

EuL(NO,),

[EuL(NOy),]* [Eul,(NO,| >

Fig. 4 Optimized structures of Eu(lll) complexes in acetonitrile solution.

To explore the geometrical and electronic structures of the Eu(III)
complexes, the molecular structures of the cationic species
[EuL(NO;),]" and [EuL,(NO;)]*" observed in the mass spectra
have been optimized in acetonitrile solution at the B3LYP level
(Fig. 4). Additionally, the molecular structure of neutral species
EuL(NOs); is also optimized for comparison. For each species,
Et-Tol-DAPhen coordinates with Eu(Ill) in a tetradentate mode
through two nitrogen atoms of the phenanthroline moiety and two
oxygen atoms of the amide moieties while nitrate anions are all
bidentate ligands, forming 8- and 10-fold metal coordination (Fig.
4).

As listed in Table 1, the bond lengths of Eu-N and Eu-O in
[EuL(NO;),]" are shorter than those in EuL(NO;); and
[EuL,(NO;)]*" due to the lower coordination number (CN=8) of
[EuL(NO;),]". For EuL(NO;); and [EuL,(NO;)]** complexes
with same coordination number (CN=10), the [EuL,(NO;)]**
exhibits longer Eu-N and Eu-O bond lengths, resulting from the
steric effects of the Et-Tol-DAPhen ligands. It should be
mentioned that, in each species, the Eu-O(L) bond lengths are
shorter than the Eu-N(L) bond lengths by about 0.16 A. This
large bond length disparity suggests that amide oxygen atoms
have relatively stronger electron-donating abilities toward Eu(III)
compared to the phenanthroline nitrogen atoms. According to the
NBO analysis, the WBIs of the Eu-N and Eu-O bonds for all the
species are within the range of 0.24 to 0.34, indicative of small
degree of covalent character of these bonds. As expected, Eu-
O(L) bonds show higher WBIs values, which is in agreement
with the results of the bond distances. Furthermore, based on the
natural population analysis (NPA), the natural charges on the Eu
atoms are much smaller than those of the free Eu’ ion,
suggesting important ligand-to-metal charge transfer in these
species. Besides, the net charges of amide oxygen atoms are more
negative than those of phenanthroline nitrogen atoms, which also
confirm the stronger electron-donating abilities of the oxygen
atoms.

This journal is © The Royal Society of Chemistry [year]
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Table 1 Average Eu-N and Eu-O Bond Distances (A), Wiberg Bond
Indices (WBIs) of Eu-N and Eu-O Bonds, and Natural Charges on the Eu,
N, and O Atoms in the Eu(Ill) Complexes.

Table 2 Average Electron Density (p), Laplacian (V2p), and Energy
40 Density (H(r)) at Eu-N and Eu-O Bond Critical Points in [EuL(NOs),]"
(All values in a.u.).

Bond Length Wiberg Bond Index Natural Charge Bonds p Vzp H(r)
Complexes

Eu-N(L) Eu-O(L) Eu-N(L) Eu-O(L) Qtu Qv Qow Eu-N(L) 0.0431 0.1465 -0.0009

[EuL(NO;),]" 2.551 2368 0.243 0.331 1.626  -0.492  -0.689 Eu-O(L) 0.0536 0.2302 -0.0001
EuL(NOw, . 2450 0248 0312 1285 045 0654 . To furthe'r investigate the covale.nt character of the metal-
ligand bonding, some molecular orbitals (MOs) referring to the

: +
(BuLNO* 2620 2462 0251 0310 1338 0453 0645 Eu-N and Eu-O bonding of the model complex [EuL(NO;),]" are

o

s

)
S

In order to obtain more insight into the bonding nature of the
Eu(IT) complexes, the molecular electrostatic potential (MEP),
electron localization function (ELF), and atoms in molecules
(AIM) as well as molecular orbital (MO) analyses were also
performed on the model complex of [EuL(NOs),]".

Fig. 5 (a) Molecular electrostatic potential surfaces (The isodensity
contours are 0.0004 electron/bohr) and (b) two-dimensional (2D) plot of
ELF for [EuL(NO3),]".

According to the MEP analysis of [EuL(NOs),]" (Fig. 5a), the
region with relatively less positive charge is primarily
concentrated over the oxygen and nitrogen atoms of the ligands,
where there is a metal-ligand bonding. The ELF theory has been
found to be a useful method for understanding electronic
structures of compounds.®*®” ELF values of 1 and 0 denote
perfect localization and completely delocalized situation,
respectively. Larger ELF values correspond to higher covalent
character of chemical bonds. As shown in Fig. Sb, the ELF values
of the Eu-N and Eu-O bonds are about 0.1, indicative of ionic
character of these bonds.

In the AIM analysis, the electron density (p), the Laplacian of
electron density (V2p), and the energy density (H(r)) at the bond
critical points (BCPs), can be used to predict the bonding
properties of complexes.®® % Generally, p > 0.20 a.u. and V2p <0
corresponds to a covalent bond or an open-shell interaction, while
p < 0.10 au. and V*p > 0 indicates a closed-shell interaction
(ionic, van der Waals, hydrogen, etc.). The magnitude of p can
reflect the strength of chemical bonds. Furthermore, the negative
H(r) value denotes covalent bonding, and positive H(r) value
corresponds to closed-shell bonding. At the Eu-N and Eu-O BCPs
in [EuL(NOs),]", the small values of p and positive values of VZp
suggest the existence of electrostatic interactions in the Eu-N and
Eu-O bonding. However, the slightly negative H(r) values of the
Eu-N(L) and Eu-O(L) bonds suggest that these metal-ligand
bonds may have some covalent characters.

45 illustrated in Fig. 6. The occupied molecular orbitals displayed in
Fig. 6a-6d and 6f correspond to the Eu-O(L) and Eu-O(NOy’) o-
bonding, respectively, which mainly results from 2p orbitals of
the oxygen and nitrogen atoms and 5d, 4f orbitals of the
europium atoms. The Eu-O(L), Eu-N(L) o-bonding orbital (Fig.

so 6e) originates from the interactions of O, N 2p and Eu 4f orbitals.

Fig. 6 Main molecular orbitals of [EuL(NOs),]" referring to metal-ligand
bonding.

Table 3 Changes in Enthalpy (AH), Entropy (7AS) and Gibbs Free

55 Energy (AG) (kcal/mol) Including Zero-Point Energy (ZPE) and Thermal
Corrections for the Complexation Reactions of Et-Tol-DAPhen and
[Eu(CH;CN)g]* or [Eu(NO3)(CH3CN)]**, Eu(NO53)(CH;CN),]", and
Eu(NO;);(CH;CN), in Acetonitrile Solution.

Reactions AH TAS AG

[Eu(CH;CN)s]* + L+ 2NOy >
[EuL(NO3),]" + 8CH;CN

[Eu(CH;CN)s]*" + L + 3NO3 >

-50.1 38.2 -88.2

-71.6 26.3 -97.9

EuL(NOs); + 8CH3CN
[Eu(CHsCN)s]* + 2L + NO5™ >
[BuLa(NOs)[2* + SCH,CN -49.1 322 81.3
2+ -
[Eu(NO3)(CH;CN)e]* + L+ NO; > 328 284 612

[EuL(NO3),]" + 6CH;CN

[Eu(NO3)(CH3CN)¢J*" + L+ 2NO3y >
EuL(NO3); + 6CH;CN

[Eu(NO3)(CH3;CN)g > + 2L >
[BuLo(NOs))** + 6CH:CN

[Eu(NO3)2(CH3CN)4]" + L © [EuL(NOs),]"
+ 4CH;CN

[Eu(NO3)2(CH;CN)4]" + L+ NOs >
EuL(NO3); + 4CH;CN

[Eu(NO3)»(CH;CN),]" + 2L >
[EuLy(NO3)]*" + 4CH;CN + NO3™

Eu(NO;3)3(CH;CN), + L © [EuL(NO;),]"

-54.4 16.4 -70.9

-31.9 224 -54.2

-16.8 223 -39.1

-38.3 10.4 -48.7

-15.8 16.3 -32.1

+2CH;CN + NOy' 2 129 184
EH(NO3)3(CH3CN)2 +L > EHL(NO3)3 +

2CH:CN -27.1 1.0 -28.1

Eu(NOs)3(CH;CN), + 2L > [EuLz(NOQ]z‘ 4.6 6.9 114

+ 2CH3CN + 2NOs3”

4 | Journal Name, [year], [vol], 00—00
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Given that stock solution of Eu(IIl) was prepared by dissolution
of corresponding nitrates in acetonitrile solution, we considered
that the Eu(III) nitrates solvated with acetonitrile rather than the
“free” metal ion as the substrate, i.c., Eu®* ions, nitrate ions and
CH;CN may coexist in the substrate. To explore the possible
species in  acetonitrile  solution, the complexes of
[Eu(CH;CN)s]**, [Eu(CH5CN)o]** and [Eu(CH;CN);]*" were
optimized at the same level, and our calculations (Table S5) show
that the eight-coordinated complex is more favorable than the
nine- and ten-coordinated species. Therefore, [Eu(CH;CN)g]*"
was used as the reactant for the complexation reactions of Eu(III)
with Et-Tol-DAPhen. In addition, the 8-fold-coordinated nitrate
complexes with different number of bidentate nitrate ions in the
first coordination sphere [Eu(NO3)(CH;CN)]*,
Eu(NO;),(CH;CN),]", and Eu(NO;);(CH;CN), were also
considered in the complexing reactions. Table 3 shows the
changes in enthalpy (AH), entropy (TAS) and Gibbs free energy
(AG) for these reactions. For all the reactions, the AH values are
between -4.6 and -71.6 kcal/mol, and the TAS values are all
positive, resulting the AG values are in the range of -11.4 to -97.9
kcal/mol. This indicates that these reactions are exothermic in
acetonitrile solution and these complexation processes can occur
spontaneously at room temperature. For the reactions with
[Eu(NO3)(CH3CN)g]*, Eu(NO3),(CH;CN),]", and
Eu(NO3);(CH3CN), as reactants, the absolute values of AH, TAS
and AG are significantly smaller than those with [Eu(CH;CN),]*".
Hence, the reactions of [Eu(CH;CN)g]*" are preferable in
acetonitrile solution. Besides, there are relatively large entropy
contributions to the formation of [EuL(NOs),]" and
[EuL,(NO;)]*, but small entropy contributions for forming
EuL(NOs);. This indicates that the former reactions are mainly
driven by entropy, while the latters are favorable in enthalpy.
Compared with the absolute values of AG for all the reactions,
the stabilities of these complexes follow the order of EuL(NOs);
> [EuL(NO;),]" > [EuLy(NO;)]*". Therefore, the two cationic
complexes [EuL(NO;),]" and [EuL,(NO;)]*" are the most
probable ESI-MS species in positive ion mode.

ESI-MS Results of U(VI) Complexes

(a) U(VD/L=0 [L+H]"

503

(b) U(VD/L=0.5
[L+UO,+NO, |

[L+Na]* 834
525

(0) U(VD/L=1.0

Intensity, %

(d) U(VD/L=2.0

s b b b b b s b L

LI s e
300 400

— T T
500 600 700 800 900 miz

0
2
3

Fig. 7 ESI-MS results of U(VI) complexes at various [U(VI)]/[L] ratios.

ESI-MS measurements of U(VI) complexes were recorded after
adding 0.01 M U(VI]) into 1 mL of Et-Tol-DAPhen solution
(5%10™* M) in acetonitrile. The experiments were carried out with
metal-to-ligand ratio varying from 0 to 2.0. As shown in Fig. 7
and Table S3, a ligand solution contacted with 0.25 equivalent of
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U(VI]) leads to a significant decrease of the signal intensity of the
protonated Et-Tol-DAPhen ligand ([L+H]’, m/z 503). At the
same time, a new U(VI) species identified as [UO,L(NO5)]" (Fig.
S2) appears at m/z 834. Additionally, the MS peak at m/z 525 is
attributed to the sodium ion adduct of the ligand ([L+Na]"). With
the increase of U(VI) concentration, the molecular ion peak of the
ligand disappears gradually. When the [U(VI)]/[L] ratio is 1.0,
the abundance of the protonated ligand is 0.45%. Furthermore,
the molecular ion peak of the ligand disappears completely when
the [U(VD]/[L] ratio is 2.0. Correspondingly, only 1:1 U(VI)
complex ([UO,L(NO;5)]") is observed in MS whereas no other
complexes with higher ligand-to-metal ratio are observed in this
experimental conditions. The maximum coordination number of
uranium is normally eight. For tetradentate Et-Tol-DAPhen
ligand, it can provide four coordination sites. On account of two
axial oxygen atoms in the uranyl ion, it is impossible for U(VI) to
form the U(VI) complexes with high ligand-to-metal ratio.

The MS/MS results of [UO,L(NO;)]" complex at m/z 834
complex are displayed in Fig. 8 and Table S4. Similarly, the
coordination of U(VI) with Et-Tol-DAPhen is so strong that
fragments are eliminated only from the ligand molecules. The MS
peaks at m/z 787, 774, 760, 742, and 641 in Fig. 8 might be
attributed to the loss of -2CH4-CH3, -2C2H6, -2C2H5-CH4, -C7Hg,
and -2C;H;-CHj; fragments, respectively.

- 42 MS/MS (834)

. 834

760

787
4|
v T

800

Intensity, %

400 500

Fig. 8 MS/MS results of U(VI) complex.

T
200 300 900 m/z

DFT Calculations of U(VI) Complexes

[UO,L(NO3)I"

Fig. 9 Optimized structures of [UO,L(NO3)]" in acetonitrile solution.

As shown in Fig. 9, the structure of [UO,L(NO;)]" is optimized in
acetonitrile solution at the B3LYP/6-311G(d,p)/RECP level of
theory. Et-Tol-DAPhen and the nitrate anions are tetradentate and
bidentate ligands, respectively, leading to six-membered chelate
rings in the uranyl equatorial plane. U-N(L) bond lengths in
[UO,L(NO5)]" are 2.644 A (Table S6), which are much longer
than those of U-O(L) bonds (2.417 A). Accordingly, the WBIs of
U-O bonds are slightly larger than those of U-N bonds and the
amide oxygen atoms exhibit higher net charges, suggesting a
larger donation from the amide oxygen atoms to uranium. In

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5

Page 6 of 11



Page 7 of 11

Dalton Transactions

addition, the small values for the WBIs of U-N and U-O bonds
imply small covalent character of these bonding. It should be
noted that since the geometrical structures of the U(VI)
complexes we studied here were optimized in acetonitrile
solution, the calculation results such as bond lengths and WBIs
values from current work are different from those we reported
previously*, in which the corresponding structures were
calculated in the gas phase. The metal net charge in
[UO,L(NO5)]" (1.439) is significantly smaller than that in the free
UO,>" cation (2.928), confirming significant ligand-to-metal
donation in [UO,L(NO;)]" complex.

o

>

Table 4 Changes in Enthalpy (AH), Entropy (7AS) and Gibbs Free
Energy (AG) (kcal/mol) Including ZPE and Thermal Corrections for the
Complexation Reactions of Et-Tol-DAPhen and [UO,(CH;CN);]** or
[UO,(NO3)(CH3CN);]" and UO»(NO3),(CH;CN) in Acetonitrile Solution.

o

Reactions AH TAS AG
[UOy(CH;CN)s]** + L+ NOs >
[UOSL(NO)]' + SCH:CN -45.0 215 -66.5
[UO2(NO3)(CH3CN)s] "+ L >
[UO,L(NO3)]" + 3CH:CN -28.8 133 421
UO,(NO3),(CH;CN) + L > 165 57 200

[UO,L(NO3)]" + CHsCN + NOy”

MEP analyses for [UO,L(NO;)]" (Fig. 10a) show that a
relatively lower positive charged region is localized around the O
and N atoms of the ligands. As shown in Fig. 10b, the U-N and

20 U-O bonds are predominantly ionic according to the ELF
analysis. On the basis of the AIM analysis (Table S7), the values
of p are smaller than 0.1 a.u. and the V?p values are about 0.2 a.u.
indicating closed-shell interactions of the U-N and U-O bonds,
while these bonds show negative H(r) values. Thus, the metal-

»s ligand bonds may have partial covalent characters. Besides, some

MOs contributing to the U-N and U-O bonding are shown in Fig.

11. The U-N(L) (Fig. 11a, b), U-O(L) (Fig. 11c, d) and U-O(NO;

) (Fig. 1le, f) o-bonding orbitals mainly originate from 2p

orbitals of N, O and 6d, 5f orbitals of U. Thermodynamic values
for complexation reactions of U(VI) with Et-Tol-DAPhen were

also calculated. Since the common coordination numbers are 5

and 6 in the uranyl equatorial plane, [UO,(CH;CN)s]*" and

[UO,(CH;CN)¢]*" were considered as the U(VI) solvated

complexes in acetonitrile solution. As shown in Table S5, it was

;s found that [UO,(CH;CN)s]** are more stable than

[UOL(CH;CN)]*". This indicates that pentacoordination is more

favorable for the uranyl ions in acetonitrile solution. Thus, the
five-coordinated complex [UO,(CH;CN)s]*" as well as the nitrate
complex UO,(NOs),(CH;CN) were also considered in the

complexation reactions of UO,>" with Et-Tol-DAPhen (Table 4).

On the basis of reactions with [UO,(CH;CN)s]*,

[UO,(NO3)(CH;CN);]", and UO,(NO;),(CH;CN) as reactants,

the calculated AH, AG values are all negative and the TAS values
are all positve, indicating that these reactions are exothermic and

45 can be spontaneous in acetonitrile solution at room temperature.
Similar to the Eu(Ill) complexes, formation of [UO,L(NO;)]"
with [UO,(CH;CN);s]** exhibits more negative AG values than
those with |:l_J02(I\]O3)(CI‘I3CI\])3]Jr and UOz(NO3)2(CH3CN),
suggesting the preference of the former reaction in

so thermodynamics. Besides, the entropy contributions to the free

w
=3

4

=

energies of these reactions are relatively low.

) (b)

Fig. 10 (a) Molecular electrostatic potential surfaces (The isodensity
contours are 0.0004 electron/bohr) and (b) two-dimensional (2D) plot of
55 ELF for [UO,L(NO3)]".

Fig. 11 Main molecular orbitals of [UO,L(NO3)]" referring to metal-ligand
bonding.

ESI-MS Results of Th(IV) Complexes
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Fig. 12 ESI-MS results of Th(IV) complexes at various [Th(IV)]/[L] ratios.
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Mass spectra of Th(IV) complexes were recorded with varying
metal-to-ligand ratio from 0 to 2.0. As shown in Fig. 12 and
Table S8, the MS of the protonated Et-Tol-DAPhen ligand
os ((L+H]", m/z 503) is reduced to 7.16% for a metal-to-ligand
solution of 0.25. Meanwhile, a new MS peak at m/z 680
identified as [ThL,(NOs),]*" complex occurs. Two trace species
at m/z 525 and 541 are attributed to [L+Na]" and [L+K]",
respectively. With an increasing of metal-to-ligand ratio, the
70 molecular ion peak of the ligand disappears gradually and the
intensity of [ThL,(NOs),]*" species increases. At the metal-to-
ligand ratio of 1.0, the MS peak of ligand is hardly observed. At
higher Th(IV) concentration, two new MS peaks are observed at
m/z 432 and 920, corresponding to [ThL,(NO3)J** and
75 [ThL(NO;)5]", respectively. Unlike the rapid disappearance of 1:2
Eu(Ill) species at higher ratios, the
[ThL,(NO;),]*" species can still be observed even at the
[Th(IV)]/[L] ratio of 2.0 (Table S5). The experimental isotopic
distributions of all Th(IV) complexes identified in MS are quite

metal-to-ligand
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consistent with simulated ones (Fig. S3).
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Fig. 13 MS/MS results of Th(IV) complexes.

MS/MS results of [ThLy(NO3)*" (m/z 433), [ThL,(NO5),]**
s (m/z 680), and [ThL(NOs);]" (m/z 920) are presented in Fig. 13
and Table S9. The CID fragments of [ThL,(NO3)]*" (Fig. 9a)
mainly include MS peaks at m/z 412, 402, and 373, which can be
attributed to remnant fragments after loss of —HNO;, -HNOs-
2CH;+2H, and -2C,H,42H moieties from [ThL,(NO5)]**
10 complex, respectively. Similarly, the peaks in the MS/MS pattern
of [ThL,(NO;),]*" (Fig. 13b) might be due to the elimination of
nitric acid molecule or the side groups of amide in the ligand,
such as MS peaks at m/z 648 (-HNO;), 635 (-HNO;-2CH;+2H),
612 (-HNO;-4CH;-CH,), 590 (-2C;H;), and 544 (-2C,H;,-2C2HS-
15 2CH;). Additionally, for [ThL(NOs);]" complex (Fig. 13c), the
fragments in the MS/MS are still resulted from the loss of side
groups of the ligand. MS peaks at m/z 873, 846, 829, 800, 737,
667, and 622 might be attributed to the elimination of -2CH,-
CH;, -2C,Hs-CH,, -C;H,;, -C;H;-2CH;+H, -2C,H; -2C;H;-
20 2C,Hs-N, and -2C;H;-2C,H;s-2NO from [ThL(NOs);]" complex,
respectively. In a word, the Et-Tol-DAPhen ligands bind Th(IV)
ions so strongly that neither one single ligand molecule nor free
Th(IV) ion is dissociated from the complexes. Only the side alkyl
or aryl groups of amides in the ligand are eliminated during the
25 CID experiments.

DFT Calculations of Th(IV) Complexes

[ThL,(NO,)P* [ThL,(NOs), >

Fig. 14 Optimized structures of Th(IV) complexes in acetonitrile solution.

Four possible Th(IV) complexes including three cationic
30 complexes observed in the mass spectrum and the neutral
complex ThL(NO3)4 were optimized in acetonitrile solution at
the B3LYP/6-311G(d,p)/RECP level of theory (Fig. 14). Similar
to the Eu(Ill) and U(VI) complexes, the Et-Tol-DAPhen ligands
are also coordinated as tetradentate ligands and most of the nitrate
35 ions are bidentate ligands in these Th(IV) species, which results
in 10- to 12-fold-coordinated complexes. As listed in Table 5, the
Th-O(L) bond lengths are invariably significantly shorter than the
corresponding Th-N(L) bonds. Th-O(L) bonds show larger WBIs
values and the calculated natural charges of the amide oxygen
40 atoms are higher compared to those of the phenanthroline
nitrogen atoms. This confirms the relatively strong bonds
between the thorium atoms and the amide oxygen atoms.
Furthermore, the net charges on the Th atoms are much lower
than that of free Th(IV) cations, giving another evidence of
important charge transfer from the ligands toward the metal
atoms.

4

o

Table 5 Average Th-N and Th-O Bond Distances (A), Wiberg Bond
Indices (WBIs), and Natural Charges on the Th, N, and O Atoms in the
Th(IV) Complexes.

Page 8 of 11

Bond Length Wiberg Bond Index Natural Charge
Complexes
TRNL)  ThOL)  ThNL) ThOM)  Qn  Quw Qo
[ThL(NO3),]" 2.663 2.404 0.315 0.461 1.581 -0.479 -0.672
ThL(NO;), 2.711 2.474 0.329 0.454 1.044 -0.446 -0.629
[ThL,(NO3)J*" 2.689 2.434 0.322 0.455 1.610 -0.464 -0.652
[ThL,(NO5),]* 2.790 2.476 0.314 0.450 1.298 -0.430 -0.630

Fig. 15 (a) Molecular electrostatic potential surfaces (The isodensity
contours are 0.0004 electron/bohr) and (b) two-dimensional (2D) plot of
ELF for [ThL(NO3)s]".

Table 6 Average Electron Density (p), Laplacian (V*p), and Energy
ss Density (H(r)) at Th-N and Th -O Bond Critical Points in [ThL(NO3);]"
(All values in a.u.).

Bonds p v H(r)
Th-N(L) 0.0459 0.1119 -0.0039
Th-O(L) 0.0648 0.2137 -0.0063

Th-O(NOs) 0.0496 0.1461 -0.0031

To explore the metal-ligand bonding nature of these
complexes, the MEP, ELF, AIM and MO analyses have been
carried out with [ThL(NO;);]" as the model species. As it can be

o seen (Fig. 15), the O and N atoms of the ligands mainly exist in
the region of relatively lower positive charge, and the small ELF
values indicate the ionic bonding between the metal atoms and

This journal is © The Royal Society of Chemistry [year]
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the ligands. Although the values of p are smaller than 0.10 a.u. at
the Th-N and Th-O BCPs and V?p are all positive values, these
bonds exhibit negative H(r) values (Table 6). Thus, it appears that
the metal-ligand bonds have some degree of covalent character,

s which is similar to those of the Eu(Ill) and U(VI) species.
According to the MO analysis (Fig. 16), the 2p nitrogen and
oxygen orbitals and the 6d, 5f thorium orbitals mainly contribute
to the Th-N and Th-O o-bonding orbitals.

10 Fig. 16 Main molecular orbitals of [ThL(NO;)s]" referring to metal-ligand
bonding.

Table 7 Changes of Enthalpy (AH) and Gibbs Free Energy (AG)
(kcal/mol) Including ZPE and Thermal Corrections for the Complexation
Reaction of Et-Tol-DAPhen and [Th(CH;CN)o]* or

15 [Th(NOs)(CH;CN)s]*", [Th(NO;)2(CH;CN)s]**, [Th(NO3)s(CH;CN)s]
and Th(NOs)4(CH;CN) in acetonitrile solution.

Reactions AH TAS AG
[Th(CH;CN)o]** + L + 3NO;” = [ThL(NO;)5]" + 9CH;CN -933 37.9 -131.2
[Th(CH;CN)o]*" + L + 4NO;™ > ThL(NO;), + 9CH;CN -114.7 23.1 -137.8
[Th(CH;CN)o]** + 2L + NO;™ = [ThL,(NO3)** + 9CH;CN -71.4 43.0 -114.4
[Th(CH;CN)o]* + 2L + 2NO;3” > [ThL,(NO3),J** + 9CH;CN -87.1 334 -120.6
[Th(NO3)(CH;CN);** + L+ 2NO5 = [ThL(NO;);]" + 7CH;CN -71.0 30.2 -101.2
[Th(NO3)(CH;CN);** + L + 3NO;y=> ThL(NO;),+ 7CH;CN -92.5 15.4 -107.8
[Th(NO3)(CH;CN);** + 2L = [ThL,(NO3)]** +7CH;CN -49.1 353 -84.4
[Th(NO;)(CH;CN) ™ 4; é; ;C EO:{ > [ThL,(NOy),J* + 649 257 906
[Th(NO3),(CH;CN)s]*" + L+ NO3 = [ThL(NOs);]” + SCH;CN -51.0 21.0 -72.0
[Th(NO3),(CH;CN)s]*" + L + 2NO; = ThL(NO5), + 5CH;CN -712.4 6.2 -78.6
[Th(NO3),(CH;CN)s]*" + 2L -)V[Tth(NOJ)]J+ +5CH;CN + 29.0 26.1 552
NO;
[Th(NO3),(CH;CN)s]*" + 2L = [ThLy(NO3),]*" + 5SCH;CN -44.8 16.6 -61.4
[Th(NO3);(CH3CN);]" + L = [ThL(NOs);]” + 3CH;CN -33.7 13.1 -46.7
[Th(NO3);(CH;CN);]" + L +NOy=> ThL(NO;);+ 3CH;CN -55.1 -1.8 -53.3
[Th(NO3);(CH;CN);]" + ZIE]\? EThLZ(NOS)]3*+ 3CH;CN + 118 181 299
[Th(NOs);(CH;CN);]" + 2L > [ThLZ(N03)2]2*+ 3CH;CN + 275 3.6 36.1
3

Th(NO;)4(CH;CN) + L = [ThL(NO;);]" + CH3CN + NO;y -18.3 5.5 -23.8
Th(NO;3)4(CH3CN) + L - ThL(NO;),+ CH;CN -39.8 -9.3 -30.4

Th(NO3)4(CH;CN) + 2L = [ThL,(NO3)** + CH;CN + 3NO5~ 3.6 10.6 -7.0
Th(NO3)4(CH;CN) + 2L = [ThL,(NO3),]*" + CH;CN + 2NO5” -12.2 1.0 -13.2

The nine- to twelve-coordinated Th(IV) complexes were
considered as the acetonitrile solvated species (Table S5), and the
9-fold-coordinated complex [Th(CH;CN),]** was found to be the

20 most stable species (Table S5). To estimate the stability of the
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Th(IV) complexes with Et-Tol-DAPhen, the complexation
reactions with the nine-coordinated species [Th(CH;CN)o]** and
[Th(NO3)(CH,CN); 1™, [Th(NO5),(CH;CN)s T,
[Th(NO;);(CH;CN)5]", Th(NO5)4(CH;CN) as the reactants were
investigated by the B3LYP method. As shown in Table 7, for the
reactions with [Th(CH;CN)o]** as reactant, the large negative AH
and AG values indicate that these reactions are obviously
exothermic and can occur spontaneously in acetonitrile solution.
The absolute values of AH and AG significantly decrease with
nitrate complexes [Th(NO;)(CH;CN),]**,
[Th(NO;),(CH;CN)s]*, [Th(NO;)3(CH;CN),]", and
Th(NO3)4(CH;CN) as reactants, especially for the formation of
[ThL,(NO;)]*", in which the AH value is become positive with
Th(NO3)4(CH;CN) as reactant. In addition to the reactions of
[Th(NO3)3(CH;CN);]" + 2L = [ThL,(NO3)]*" + 3CH;CN +
2NO5 and Th(NO3)4(CH;CN) + 2L > [ThL,(NO3)]*" + CH;CN +
3NOy, all the reactions are predominantly driven by enthalpy.
Besides, the neutral complex ThL(NOs), seems to be the most
stable species according to the AH and AG values for all the
reactions.

Comparison between ESI-MS and DFT Results

According to the above ESI-MS results, the complexation
behaviors of Et-Tol-DAPhen ligand with Eu(Ill), U(VI), and
Th(IV) have been disclosed. U(VI) forms only one [UO,L(NO;)]"
complex, while Eu(Ill) and Th(IV) favor the formation of 1:1
complexes at higher [M]/[L] ratio and 1:2 complexes at lower
[MJ/[L] ratio with Et-Tol-DAPhen ligand. Furthermore, Th(IV)
can form two 1:2 complexes, [ThL,(NO5),]*" and [ThL,(NO5)]*",
depending on the [M]/[L] ratios added. It is worth mentioning
that all the species detected by ESI-MS spectra contain nitrate
anion, indicating that the nitrate anion is a strong ligand to bind
with metal ion in a nitrate-rich media. Generally, the nitrate-
coordinated species are dominant and bare positive species, such
as [UOZL]2+, [EuL]3+ and [ThL2]4+, are hardly formed under this
condition. This result agrees well with those obtained from
solvent extraction, single crystal structure, and optical spectrum
for most tetradentate ligands®***. With respect to forming
different complexes with Et-Tol-DAPhen ligand for different
actinide ions, it is probable due to the disparity of their oxidation
states and coordination numbers. Compared to our previous
results*, this work demonstrates the formation of new 1:2
complexes for Eu(Ill) and Th(IV) with Et-Tol-DAPhen in
addition to 1:1 complexes. This finding gives an indication that
1:2 complexes might be formed during the solvent extraction of
Eu(Ill) and Th(IV) with Et-Tol-DAPhen, which is worth of
further exploring.

What is more, we used DFT calculation to confirm the
presence of species detected in ESI-MS spectra and further help
to understand their chemical structures and bonding natures. For
the thermodynamic analysis of the Eu(IIl), U(VI), and Th(IV)
complexes, considering that the actinide nitrates were used for
preparing corresponding stock solution in acetonitrile, the
actinide cations may coexist with nitrate ions and CH;CN in the
substrate, and various complexing reactions with different
complexes as reactants may take place in solution. Here, we
mainly focus on two types of representative reactants with and
without nitrate ions for the complexation reactions to explore the
effects of CH;CN and nitrate ions on the real reactions and probe
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the possible complexation process. It should be noted that the
coordination modes of nitrate ions might be versatile in actual
reaction process, and different coordination modes of the nitrate
ions would result in different thermodynamic values. In the
present work, the inner-sphere coordination complexes are
mainly considered as representatives, in which nitrate ions
coordinated in bidentate fashion to metal cations for the
thermodynamic analysis. According to our calculations, all the
complexing reactions with [Eu(CH;CN)s]*", [UO,(CH;CN)s]*,
and [Th(CH;CN)e]*" as the reactants could be occurred
spontaneously with negative enthalpy and positive entropy, and
these reactions seem to be preferable in thermodynamics than
those with nitrate complexes, e. g, Eu(NO3);(CH;CN),,
UO,(NO3),(CH3;CN), and Th(NO;)4(CH;CN). Besides, for
reactions with nitrate complexes as reactants, the absolute values
of AH and AG decrease with the number of nitrate ions increase.
Therefore, we can deduce that the existence of CH;CN in
solution can promote the formation of Eu(IIl), U(VI), and Th(IV)
complexes. Additionally, for all the complexing reactions,
[EuL(NOs),]", [EuL,(NO3)]** and [UO,L(NO;)]" are the
relatively stable cationic complexes for Eu(Ill) and U(VI),
respectively. While for the Th(IV) complexes, [ThL(NOs);]",
[ThL,(NO;)]*", and [ThL,(NOs),]*" are predicted to be the
possible cationic species. All these results are found to be in good
agreement with the experimental data. For each of the Eu(IIl),
U(VI) and Th(IV) complexes, the average M-O bond distances
are found to be shorter than the M-N bonds, but the M-O bonds
have higher WBIs values than M-N bonds. This indicates that the
M-O bonds show higher covalent character compared to the M-N
bonds, i.e., the amide oxygen atoms in Et-Tol-DAPhen ligand
have stronger coordination ability to the metal ions. Additionally,
the M-O and M-N bond in the U(VI) and Th(IV) species exhibit
higher WBIs values than the Eu(Ill) species, suggesting higher
covalent character of these bonds in the actinide complexes,
which may be the main reason for the preference of the actinide
ions with the Et-Tol-DAPhen ligand. For all the complexes, MO
analysis confirms the covalent interaction of the metal-ligand
bonding. According to the AIM analysis, the values of electron
density and energy density at the M-O and M-N BCPs increase
with the order of Eu(Ill) < U(VI) < Th(IV), which is indicative of
the order of the bond strengths. The WBI and AIM results clearly
demonstrate that the Et-Tol-DAPhen ligand favors actinides more
than lanthanides, which is quite consistent with our previous
results of solvent extraction**.

Conclusions

To further elucidate the complexation of Et-Tol-DAPhen with
actinides and lanthanides, the speciation of Eu(IIl), U(VI), and
Th(IV) with Et-Tol-DAPhen in acetonitrile solution were
investigated by using ESI-MS technique. The M-L complexes (M
= Eu(IIl), U(VI), and Th(IV); L = Et-Tol-DAPhen) in ESI-MS
spectra vary as a function of metal-to-ligand ratios. The MS
peaks were dominated by 1:2 M-L species at low [M]/[L] ratios
whereas the abundance of 1:1 M-L species increased with
increasing metal-to-ligand ratio. However, regardless of the
[MJ/[L] ratios, only 1:1 U(VI) complex was observed in MS
spectra. Nitrate-coordinated species are dominant and bare
positive species, such as [UO,L]*", [EuL]*" and [ThL,]*', are not
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detected. CID reactions of all the M-L complexes showed that Et-
Tol-DAPhen ligands can coordinate so strongly to the metal ions
that only the side alkyl or aryl groups of amides in the ligands
were eliminated from the complexes. The geometrical structure
and bonding nature as well as thermodynamic stabilities of the
M-L complexes were explored by DFT calculations. A higher
degree of covalent character was found for the metal-ligand
bonding in the actinide species. The predicted stable cationic M-
L species in acetonitrile solution were consistent with the ESI-
MS results. In fact, the results obtained in acetonitrile solution
cannot be exactly the same as those obtained in real solvent
extraction (Figs. S4-S6). Nevertheless, they provide quite similar
data, which is beneficial to explore the complexation behaviour
between metal ions and ligands.
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