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Phenanthroline diamide ligands have shown promise as extractants for the selective separation of the An
(m) from the Ln(m) in used nuclear fuel recycling. To enhance the effectiveness of these ligands, a funda-
mental understanding of their interactions with the full Ln(i) series is essential. In this study, the extraction
behavior of the full Ln(i) series, including the typically unavailable Pm(ui), was evaluated using the ligand
N,N',N,N’'-tetraethylphenanthroline-2,9-diamide (TEtDAPhen). Solvent extraction experiments reveal a
general trend of decreasing extraction efficiency from La(i) to Lu(m), which correlates inversely with the
increasing thermodynamic stability constants of the corresponding Ln(TEtDAPhen)(NOsz)s complexes
across the series. The stability constants suggest a lanthanide contraction effect, with stronger interactions
with the increased charge density. Additionally, single-crystal X-ray diffraction analysis of the solid-state
structures of Ln(i) complexes (excluding Pm(in)) provides valuable insight into the coordination environ-
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ment and binding modes of the ligand. Together, these results help establish a structural relationship that
informs the design and optimization of phenanthroline diamide ligands for An(in)/Ln(i) separations. The
inclusion of Pm(i) in this study also offers a rare and comprehensive perspective across the entire lantha-
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1. Introduction

Although nuclear energy continues to emerge as a compelling
source of sustainable global energy, effective long-term nuclear
waste management remains a challenge. One strategy to miti-
gate the radiotoxicity and heat load of used nuclear fuel is
through selective separation of trivalent actinides (An(m)) from
trivalent lanthanides (Ln(m)), which would enable transmuta-
tion of the more radiotoxic actinides and more efficient long-
term storage of the remaining used nuclear fuel raffinate.?
Achieving effective separation of the An(m) from the Ln(m)
remains challenging due to the similar ionic radii and oxi-
dation states of the An(m) and Ln(m).> The development of
selective ligand systems that can exploit subtle differences in
their electronic structures, such as nitrogen donor ligands and
mixed nitrogen and oxygen (N,O-donor) ligands over oxygen
donor ligands, must be explored further to support such
strategies.’®
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N,O-donor ligands have demonstrated improved selectivity
for the An(m) over the Ln(m) compared to purely oxygen-donat-
ing systems. Their favorable coordination chemistry, coupled
with their ability to be fully incinerated reducing secondary
waste, make N,O-donor ligands attractive candidates for use in
solvent extraction processes.'® A promising class of N,0-donor
ligands, phenanthroline diamide (DAPhen) extractants,
combine rigid aromatic frameworks of the phenanthroline
backbone and tuneability of the amide arms.'™ While
DAPhen-based extractants have shown promise in the separ-
ation of Am(m) from Eu(m), comprehensive studies across the
full Ln(m) series remain limited. In particular, there is a lack
of data involving Pm(m), which is often excluded as a result of
its radioactivity and scarcity. This work addresses this gap by
exploring the coordination behavior and extraction efficiency
of the full Ln(m) series, including Pm(m), introducing new per-
spectives with TEtDAPhen, shown in Fig. 1."*™7

The work herein describes the characterization of the
TEtDAPhen extractant in nitrate media with Ln(u) to analyze
the relationship between the extraction selectivity, structural
behavior, and binding strength of the Ln(u)-TEtDAPhen com-
plexes. Selectivity is observed for the early Ln(m) compared to
the late Ln(m) and shifts significantly between Eu(m) and Gd
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Fig. 1 Structure of the TEtDAPhen extractant.

(). The extraction of Pm(m) is reported, representing a size
analogue to Am(m), and follows the trend with the Ln(u)
series. Distortion of the ligand in the crystal structure is
observed across the Ln(m) series as the ligand attempts to
accommodate the decreasing Ln(m) ionic radii. The stability
constants across the Ln(ur) series demonstrate a general trend
of increasing with higher charge density, while reflecting the
one-to-one metal-to-ligand speciation observed in the extrac-
tion and structural studies.

2. Experimental methods
2.1 Materials

Neocuproine hydrate (99%), selenium dioxide (ReagentPlus®,
powder, 99.8% trace metals basis), 1,4-dioxane (ACS reagent,
>99.0%), thionyl chloride (reagent grade, >97%), triethylamine
(>299.5%), diethylamine (>99.5%), and nitrobenzene (ACS
reagent, >99.0%) were purchased from Sigma-Aldrich and
used as received. Nitric acid (ACS grade, 68-70%) used in this
study was obtained from VWR and was diluted with 18 MQ de-
ionized water. Dichloromethane (Certified ACS), diethyl ether
(anhydrous, ACS Grade), hexanes (Certified ACS), and aceto-
nitrile (Optima® LC/MS) were purchased from Fisher
Chemical.

2.2 Solvent extraction

The TEtDAPhen extractant was synthesized utilizing the
method obtained from Zhang et al."* TEtDAPhen was verified
to be >99% via GC-MS. TEtDAPhen was dissolved in nitro-
benzene at concentrations of 0.05 M, 0.075 M, 0.1 M and
0.2 M. The organic phase was prepared by measuring the
ligand in a volumetric flask and diluting to volume with nitro-
benzene for each concentration at room temperature. A pre-
equilibration step was performed with the organic phase by
mixing with a 1 M HNO; aqueous phase that contained no
metal using a volume ratio that matched the extraction step.
The samples were prepared in accordance with the proper
phase ratio utilized. The mixture was thoroughly mixed for
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60 minutes at 2000 rpm using a Benchmark shaker table fol-
lowed immediately by centrifugation at room temperature. The
organic phase was isolated for solvent extraction with the
lanthanide metals. The lanthanide metals were prepared in 1
M HNO; and all lanthanide concentrations were less than 10%
of ligand concentration (or less than 0.5 mM). Phase ratios
between 1:1-4:1 organic : aqueous were utilized to drive mea-
surable extraction of the Ln(m). A 1:1 phase ratio was utilized
for the extraction of '*’Pm. The aqueous phase was sampled
(150 pL to 500 pL) using a micropipette and was then prepared
for ICP-OES analysis by mass as the organic phase was unable
to be directly measured. An initial aqueous sample was pre-
pared to quantify the initial metal concentration of the
aqueous phase. The samples were analyzed on a PerkinElmer
Avio 200 ICP-OES. The distribution values (D) are used to
evaluate the extraction performance of the experiment. The
calculation is shown below in eqn (1).

Aj — Ag
f

D= x PhaseRatio (1)

Caution! *Pm (t;,, = 2.6 years) and its daughters are
serious health hazards due to the f emission of this radioiso-
tope. This study was conducted in a laboratory equipped for
radioactive studies and personnel wearing proper dosimetry.
The **’Pm solvent extraction measurements were performed at
room temperature, with equal phase ratio, and in triplicate.
The *’Pm extraction solutions were prepared as described
above. For the **’Pm extraction, 13 000 dpm was added to each
reaction vial to quantify the extraction and 100 pL samples
were taken from the organic and aqueous phases and added to
6 mL of Ultima Gold AB scintillation cocktails. The samples
were counted on a HIDEX 300 SL with data acquisition
windows of 0-1023. The distribution value was obtained using

eqn (2).

D= [M} org

x PhaseRatio. (2)
[ }aq

2.3 Synthesis of N,N',N,N'-tetraethyl-2,9-diamide-1,10-
phenanthroline lanthanide(m) trinitrate; Ln(TEtDAPhen)
(NO3)s

In a fume hood with no attempt to exclude air and moisture, a
100 mL beaker was charged with Ln,O;, where Ln = La(u), Ce
(), Sm(m), Eu(m), Gd(um), Dy(ur), Ho(m), Er(ur), Tm(m), Yb(u).
The solid was dissolved in a minimum amount of HNOjz(,q).
The resulting translucent solutions were heated on a hot plate
until the solution evaporated completely. Then, a minimum
amount of 1 M HNOgz(,q) was added to the solids, separately, to
dissolve completely. These solutions were heated until the
solution evaporated completely. Finally, a minimum amount
of H,O(aq) was added to the solids, separately, to dissolve com-
pletely. Heating was repeated until the solutions evaporated
completely to obtain Ln(NO;);:6H,O. 1-Dram vials were
charged with the Ln(NO3);-6H,0 and dissolved in 0.5 mL of
CH;CN. Meanwhile, separate 1-dram vials were charged with
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TEtDAPhen and dissolved with CH;CN to make a lightly brown
solution. The TEtDAPhen solution was added slowly to the Ln
(NO3)3-6H,0 containing flask. The 1-dram reaction flask was
placed into a 20 mL scintillation vial that contained 3 mL of
diethyl ether and was allowed to vapor diffuse overnight to
form suitable crystals for X-ray diffraction. The mother liquor
was removed by decantation and the complex was isolated by
single crystal X-ray diffraction.

2.3.1 Synthesis of La(TEtDAPhen)(NO;);. La(NOs);-6H,0
was made using the procedure above. For the crystallization,
6.5 mg (0.015 mmol) of La(NO;3);6H,0 and 13 mg
(0.034 mmol) of TEtDAPhen was used (43% yield). NMR
(500 MHz, Acetonitrile-Ds): 5 8.81 (d, 2H), 8.24 (d, 4H), 3.82 (q,
4H), 3.71 (q, 4H), 1.47 (t, 6H), 1.35 (t, 6H). IR: 1598 cm !,
1444 cm™, 1297 ecm™, 1258 cm™', 1141 em™', 716 cm™.
Elemental analysis for C,,H,sN;0O;;La: calculated C, 48.45; H,
4.84; N, 14.24. Found C, 43.23; H, 4.35; N, 14.01.

2.3.2 Synthesis of Ce(TEtDAPhen)(NO;);. Ce(NOs);-6H,0
was made using the procedure above. For the crystallization,
52 mg (0.012 mmol) of Ce(NO;);-6H,0 and 6.3 mg
(0.019 mmol) of TEtDAPhen was used (43% yield). NMR
(500 MHz, Acetonitrile-D;): § 10.08 (d, 2H), 9.53 (d, 2H), 8.08
(s, 2H), 7.54 (q, 4H), 5.19 (q, 4H), 3.39 (t, 6H), 2.51 (t, 6H). IR:
1599 cm™, 1444 ecm™, 1273 ecm™, 1258 cm™, 1099 cm™,
716 cm ™. Elemental analysis for C,,H,sN;0;,Ce: calculated C,
37.50; H, 3.72; N, 13.92. Found C, 37.54; H, 3.70; N, 13.95.

2.3.3 Synthesis of Sm(TEtDAPhen)(NO;);. Sm(NO;);-6H,0
was made using the procedure above. For the crystallization,
6.0 mg (0.013 mmol) of Sm(NO;);-6H,0 and 5.9 mg
(0.016 mmol) of TEtDAPhen was used (81% yield). NMR
(500 MHz, Acetonitrile-D;): & 8.94 (d, 2H), 8.60 (d, 2H), 8.27 (s,
2H), 4.39 (q, 4H), 4.09 (q, 4H), 1.68 (m, 12H), 1.70. IR:
1596 cm™', 1469 cm™', 1286 cm ', 1030 cm™', 876 cm™,
735 cm™'. Elemental analysis for C,,H,sN;0;,Sm: calculated
C, 36.96; H, 3.67; N, 13.72. Found C, 36.97; H, 3.63; N, 13.75.

2.3.4 Synthesis of Eu(TEtDAPhen)(NOj3);. Eu(NO;);-6H,0
was made using the procedure above. For the crystallization,
6.3 mg (0.014 mmol) of Eu(NO;);-6H,0 and 6.2 mg
(0.016 mmol) of TEtDAPhen was used (73% yield). NMR is not
reported due to paramagnetism. IR: 1596 cm™', 1459 cm™,
1278 em™, 1031 cm™, 874 cm™*, 712 cm ™. Elemental analysis
for C,,H,6N;O;;Eu: calculated C, 36.88; H, 3.59; N, 13.61.
Found C, 36.86; H, 3.59; N, 13.61.

2.3.5 Synthesis of Gd(TEtDAPhen)(NO;);. Gd(NO;);-6H,0
was made using the procedure above. For the crystallization,
6.2 mg (0.014 mmol) of Gd(NO;);:6H,O0 and 6.1 mg
(0.016 mmol) of TEtDAPhen was used (75% yield). NMR is not
reported due to paramagnetism. IR: 1598 cm™', 1469 cm™*,
1289 cm™, 1031 cm™", 876 cm ™", 713 cm ™. Elemental analysis
for C,,H,¢N,0,,Gd: calculated C, 36.61; H, 3.63; N, 13.59.
Found C, 36.69; H, 3.56; N, 13.57.

2.3.6 Synthesis of Dy(TEtDAPhen)(NO;);. Dy(NO;);-6H,0
was made using the procedure above. For the crystallization,
6.2 mg (0.014 mmol) of Dy(NO;);:6H,0 and 5.9 mg
(0.016 mmol) of TEtDAPhen was used (71% yield). NMR is not
reported due to paramagnetism. IR: 1599 cm™', 1469 cm™*,
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1294 cm™, 1033 em™*, 876 ecm ™', 713 em™". Elemental analysis
for C,,H,¢N,04Dy: calculated C, 36.35; H, 3.61; N, 13.49.
Found C, 36.06; H, 3.46; N, 13.22.

2.3.7 Synthesis of Ho(TEtDAPhen)(NO;);. Ho(NO3);-6H,0
was made using the procedure above. For the crystallization,
7.5 mg (0.016 mmol) of Ho(NO;);:6H,0 and 7.2 mg
(0.019 mmol) of TEtDAPhen was used (70% yield). NMR is not
reported due to paramagnetism. IR: 1599 cm™", 1468 cm ™,
1288 cm™, 1033 cm™*, 875 cm ™', 712 em™". Elemental analysis
for C,,H,6N,0;;Ho: calculated C, 36.23; H, 3.59; N, 13.44.
Found C, 36.43; H, 3.52; N, 13.42.

2.3.8 Synthesis of Er(TEtDAPhen)(NO;);. Er(NO;);-6H,0
was made using the procedure above. For the crystallization,
7.1 mg (0.016 mmol) of Er(NO;);:6H,O and 7.0 mg
(0.018 mmol) of TEtDAPhen was used (66% yield). NMR is not
reported due to paramagnetism. IR: 1600 cm™", 1468 cm™,
1289 cm™, 1034 cm™*, 875 ecm ™', 712 cm™". Elemental analysis
for C,,H,¢N;O,Er: calculated C, 36.11; H, 3.58; N, 13.40.
Found C, 35.54; H, 3.45; N, 12.96.

2.3.9 Synthesis of Tm(TEtDAPhen)(NO3);. Tm(NO3);-6H,0
was made using the procedure above. For the crystallization,
8.0 mg (0.018 mmol) of Tm(NO;);:6H,0 and 7.5 mg
(0.020 mmol) of TEtDAPhen was used (54% yield). NMR is not
reported due to paramagnetism. IR: 1600 cm™", 1466 cm™,
1289 cm™', 1034 cm™*, 875 ecm ™', 712 em™". Elemental analysis
for C,,H,6N,0;;Tm: calculated C, 36.03; H, 3.57; N, 13.37.
Found C, 35.89; H, 3.47; N, 13.21.

2.3.10 Synthesis of Yb(TEtDAPhen)(NO;);. Yb(NO3);-6H,0
was made using the procedure above. For the crystallization,
6.2 mg (0.014 mmol) of Yb(NO;);:6H,0 and 6.0 mg
(0.016 mmol) of TEtDAPhen was used (46% yield). NMR
(500 MHz, Acetonitrile-D;): 6 2.26 (broad). IR: 1600 cm™*,
1462 cm™', 1289 ecm™', 1030 cm™', 879 cm™', 712 cm .
Elemental analysis for C,,H,¢N,04,Yb: calculated C, 35.83; H,
3.55; N, 13.29. Found C, 35.44; H, 3.44; N, 12.93.

2.4 X-ray crystallography

Single crystals of Ln(TEtDAPhen)(NO;); (Ln: Ce, Sm, Eu, Gd,
Dy, Ho, Er, Tm, Yb) suitable for X-ray diffraction were obtained
as described in the synthetic procedures reported above. The
Ln(TEtDAPhen)(NO;); crystals were individually submerged in
mineral oil and mounted on a MiTeGen mount for data collec-
tion. The crystals were optically aligned on a Bruker D8
Venture X-ray diffractometer using a builtsin
Preliminary measurements were performed using an I-p-S
X-ray source (Ag Ka, 4 = 0.56086 A) with high-brilliance and
high-performance focusing quest multilayer optics. Data were
collected, reflections were indexed and processed, and the
files were scaled and corrected for absorption using APEX5.
The reflection’s intensities of a sphere were collected by a
mixture of four sets of frames. Each set had a different omega
angle for the crystal, and each exposure covered a range of
0.50 in w, totaling 1464 frames. The frames were collected
with an exposure time of 5. The space groups were assigned,
and the structures were solved by direct methods using
Olex2-1.5.

camera.
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2.5 UV-Visible spectrophotometry

UV-Vis-NIR spectroscopy was carried out on a Varian Cary300
at room temperature. A 0.015 mM solution of TEtDAPhen was
prepared by dissolving TEtDAPhen in acetonitrile. Meanwhile,
0.28 mM solutions of La(NOj3);:6H,0, Pr(NOs);-6H,O, Nd
(NO3);-6H,0, Sm(NO3);-6H,0, Eu(NO;);-6H,0, and Ho
(NO3);-6H,O were prepared in acetonitrile from the nitrate
salts prepared previously. The 0.14 mM Lu(NO;)3-5H,0 solu-
tion was prepared from a 0.712 M Lu(NOj)3-5H,0 stock solu-
tion in acetonitrile. A 1-dram vial was initially charged with
2 mL of the 0.015 mM TEtDAPhen solution and subsequent
5 pL additions of Ln(NOj3);:XH,0 were added to the 1-dram
vial and stirred for 1 minute to ensure homogeneity. For each
scan, an 800 pL aliquot of the reaction vial was transferred to a
quartz cuvette (1 cm pathlength) and this solution was assayed
by UV-Vis spectroscopy. This process was repeated 30 or more
times per metal solution, which transferred a total of 150 pL of
each metal solution to the reaction vial in each titration case.
Note, at the end of the titration a total of 2 Ln(NOj3);-XH,O
equivalents were added to 1 equivalent of TEtDAPhen. All
UV-Vis measurements were made from 240-380 nm with a
scan rate of 600 nm min~" and interval of 1 nm. Data acqui-
sition persisted until no change occurred in the spectral fea-
tures. Stability constants and factor analysis were calculated
and obtained in HypSpec2014 accounting for dilution of metal
and ligand solutions.

3. Results and discussion

3.1 Solvent extraction

Trivalent lanthanide distribution with TEtDAPhen must be
assessed to further evaluate the effective separation of An(u)
from Ln(u) using DAPhen extractants and where the selectivity
arises. These data can be used to compare and predict the be-
havior of other DAPhen extractants. The extraction experi-
ments were completed using nitrobenzene as the organic
diluent to facilitate comparison to the literature and to over-
come the limited solubility of TEtDAPhen in aliphatic diluents.
The extraction trend is reported in Fig. 2, which shows decreas-
ing extraction across the Ln(u) series. This trend is consistent
with what has been observed in the literature across the Ln(im)
series."®'® Pm(m) distribution was characterized for this
system and it was observed that for higher concentrations of
TEtDAPhen, the Pm(m) distribution ratio was higher than that
of Nd(m) and Sm(m) (the adjacent Ln(m)). The Pm(ur) extraction
trend followed the trend closer to its adjacent Ln(w) with lower
concentrations of TEtDAPhen. The extraction of Pm(u) has
previously been observed to be higher than that of the adjacent
early Ln(m).>° The increase in distribution value at Nd(m) and
Pm(mr) compared to La(m), Ce(m) and Pr(m) suggests that the
ionic radii of Nd(m) and Pm(u) represent a good size match
for the binding motif of TEtDAPhen. A steep decrease in the
distribution ratio is consistently observed between Eu(ur) and
Gd(ur) with varying [TEtDAPhen]. This relationship has pre-
viously been observed in the literature.?" Low error distribution
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Fig. 2 Distribution values with respect to the Ln(m) series. Extractions
performed at 1 M HNOs in the aqueous phase and nitrobenzene as the
organic diluent.

ratios were more difficult to obtain traversing across the Ln(ir)
as the distribution values decreased. At relatively low
[TEtDAPhen], below 0.1 M TEtDAPhen, measurable distri-
bution past Tb was not feasible, even with adjusted phase
ratios, as a result of low extraction resulting in large error
values.

Solvent extraction serves not only as a separation method
but also as a tool for investigating M-L coordination chem-
istry. The efficiency and selectivity of extraction reflect the
nature and strength of M-L interactions, offering an indirect
yet powerful method for assessing complex formation across a
series of metal ions. For this determination, ligand depen-
dence experiments, where the aqueous phase conditions are
held constant while varying the TEtDAPhen concentration in
the organic phase, are conducted. From the ligand depen-
dence solvent extraction experiments (Fig. S5-S14), slope ana-
lysis can be used to determine the M:L stoichiometry under
these extraction conditions. The slope values range from 0.87
+ 0.06 to 1.21 + 0.04 (10) indicating a one-to-one relationship
between the Ln(m) and TEtDAPhen. This slope analysis in
nitrobenzene is similar to that of a system using the tetrabutyl-
ated DAPhen (TBuDAPhen) in F-3 (3-nitrobenzotrifluoride),
which showed slope numbers of 1.1 + 0.1-1.5 + 0.1.>> These
slope analysis results in F-3 or nitrobenzene have been
observed in other systems, such as the tetradodecylated
DAPhen (TDoDecDAPhen) and pyrrole and methylpyrrole sub-
stituted DAPhens (Pyr-DAPhen and MePyr-DAPhen).>*** This
indicates that these systems form primarily one-to-one com-
plexes in these polar and polar fluorinated diluents.

3.2 Crystallography

To explain the selectivity observed across the Ln(m) series by
structural differences, a series of crystals were grown using
vapor diffusion of diethyl ether into a reaction flask consisting
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of acetonitrile. Suitable crystals for X-ray diffraction studies
were grown within hours and evaluated by the ShelX suite
software.”>?® The crystallographic tables for: La(u), Ce(m), Sm
(1), Eu(ur), Gd(ur), Dy(ur), Ho(i), Er(ur), Tm(m), and Yb(ur) are
shown in Tables S1-S10. The La(m) structure revealed an
11-coordinate geometry in which bonding occurs in a tetraden-
tate fashion with one TEtDAPhen through the two nitrogen
atoms on the phenanthroline, two oxygen atoms on the amide
arms, an oxygen atom from a second TEtDAPhen, and in a
bidentate fashion through six oxygen atoms from three nitrate
anions, shown in Fig. 3. From Ce(m)-Tm(w), ten-coordinate
structures were observed where bonding occurs in a tetraden-
tate fashion with one TEtDAPhen through the two nitrogen
atoms on the phenanthroline, two oxygen atoms on the amide
arms, and in a bidentate fashion through six oxygen atoms
from the three nitrate anions, Fig. 3. The Yb(TEtDAPhen)
(NO3); structure resulted in a nine-coordinate geometry as a
result of a monodentate coordination to a nitrate anion due to
the smaller ionic size of Yb(ur) compared to the other Ln(im)
ions, Fig. 3. This was the same result observed for Lu(u) as
seen previously.>” These complexes reveal a one-to-one metal-
to-ligand complex that is also observed in the solvent extrac-
tion slope analysis. The bond lengths are reported in Tables 1
and 2. The M-O, M-N, and M-Oyo, are all comparable to the

tetrabutyl-DAPhen (TBuDAPhen) reported
28,29

system
previously.

La(TEtDAPhen)(NO,),

Gd(TEtDAPhen)(NO,),

View Article Online
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Table 2 Reported bond lengths for the La(TEtDAPhen)(NOs)s isomers.
Bond lengths are reported in A

Bond Length (A) Bond Length (A)
La-O1 2.505(3) La-O14 2.555(3)
La-02 2.560(3) La-015 2.504(3)
La-012 2.542(3) La-025 2.560(3)
La-N2 2.731(4) La-N13 2.732(4)
La-N3 2.736(4) La-N14 2.739(4)
La-O3(no,) 2.651(3) La-O16(no,) 2.632(3)
La-O4no,) 2.638(3) La-017(no,) 2.647(3)
La-O6(no,) 2.611(3) La-019(no,) 2.696(3)
La-O7no,) 2.699(3) La-020(no,) 2.601(4)
La-O9o,) 2.700(4) La-022(no,) 2.701(4)
La-010(vo,) 2.761(4) La-023(no,) 2.738(4)

There is noticeable asymmetry in the lengths of the M-Oy,
bonds from Ce(ir)-Tm(u) where one bond is shorter than the
other by ~0.06 A with the exception of Pr(m), which has a
difference of 0.01 A. Similar asymmetry is observed in the M-N
bond lengths from Ce(ur)-Tm(m) with the exception of Pr(m)
which has a difference of 0.002 A. The small differences
between the Pr(u)-O;, and Pr(u)-N bond lengths results in
nearly symmetric bonding for the Pr(m) structure. The asym-
metry in the M-Op, and M-N bond lengths describes the distor-
tion that the ligand undergoes for complexation with the
Ln(m).

Yb(TEtDAPhen)(NO;),

Fig. 3 Coordination modes of the M(TEtDAPhen)(NOs)3 system with M = La, Gd, and Yb representing the 11-, 10-, and 9-coordinate complexes and
visualization of the distortion along the phenanthroline plane for the various coordination modes in the crystal structures.

Table 1 Reported bond lengths of the M(TEtDAPhen)(NO3)s complexes where M = Ce, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb. Bond lengths are reported in

A
Bond 1-Ce 1-Sm 1-Eu 1-Gd 1-Dy 1-Ho 1-Er 1-Tm 1-Yb
M-01 2.4421(12) 2.4521(16) 2.3777(13) 2.3782(15) 2.3493(14) 2.411(2) 2.342(3) 2.388(3) 2.289(2)
M-02 2.5014(11) 2.3905(17) 2.4337(13) 2.4345(14) 2.4103(13) 2.353(2) 2.399(2) 2.334(3) 2.321(2)
M-N2 2.7107(12) 2.587(2) 2.6241(15) 2.6250(17) 2.5955(16) 2.531(3) 2.573(3) 2.509(3) 2.470(2)
M-N3 2.6542(13) 2.6444(19) 2.5656(15) 2.5657(17) 2.5366(16) 2.594(3) 2.519(3) 2.568(3) 2.442(2)
M-03xo,) 2.5809(12) 2.4870(16) 2.4615(13) 2.4894(16) 2.4603(15) 2.511(3) 2.448(3) 2.495(3) 2.482(2)
M-04xo,) 2.6259(12) 2.5105(17) 2.4853(14) 2.5408(16) 2.5205(15) 2.462(3) 2.498(3) 2.438(3) 2.385(2)
M-O6no 2.5783(12 2.5003(17 2.5207(14 2.5218(15 2.5004(15 2.454(3 2.492(3 2.431(3 2.368(2
(NO,)
M-07(no,) 2.5702(12) 2.5307(18) 2.4780(14) 2.4765(15) 2.4502(14) 2.501(3) 2.438(3) 2.490(3) 2.394(2)
M-09o0,) 2.5729(12) 2.5104(18) 2.5374(14) 2.4884(15) 2.4649(14) 2.456(3) 2.449(3) 2.442(3) 2.258(9)
M-010(o,) 2.5602(11) 2.5644(18) 2.4859(15) 2.4636(14) 2.4337(14) 2.426(2) 2.403(2) 2.394(3) —
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The Yb(TEtDAPhen)(NO;); and Lu(TEtDAPhen)(NO;); M-Oy,
and M-N bond lengths show less asymmetry than the rest of
the Ln(u) series which is an artifact of less steric hinderance
of the nine-coordinate structure compared to the 10-coor-
diante structure of the rest of the Ce(u)-Tm(m). The M-Oy, and
M-N bond lengths in the Yb(m) and Lu(m) system differ only
by ~0.03 A which is less than that of the Ce(m)-Tm(u) struc-
tures. The distortion of the phenanthroline plane across the
Ln(w) is shown in Fig. 4. This figure shows that both of the M-
Oy, bonds of the Ce(ur)-(Tm) structures remain above the phe-
nanthroline plane until Yb(ui). The extent to which the M-Oy,
bonds extend above the phenanthroline plane vary slightly
from Ce(m)-Tm(ur). The distances of the M-OL bonds above
the phenanthroline plane have consistent deviation in planar-
ity across the Ln(u) series with the exception of the Pr(ur) struc-
ture, published previously, where the two M-OL bonds had
nearly symmetric distances from the phenanthroline back-
bone.”” At Yb(m), the coordination shifts to 9-coordinate and
the phenanthroline backbone bends to allow for one M-Oy,
bond to be above and the other below the phenanthroline
plane. Similar observations have been made for the Lu(m)
structure as well.”” These results highlight the extreme extent
that the DAPhen scaffold can distort to accommodate bonding
to the smaller f-element ions. The late coordination shift from
10- to 9-coordinate marks an interesting place to observe a
coordination number change in the Ln(m) series as this is
often noticed earlier in the series. The distortion of the phe-
nanthroline plane was observed earlier in the Ln(ur) series in
the TBuDAPhen system at Ho(m) where the M-OL bonds
changed from being above the phenanthroline plane to above
and below the phenanthroline plane.*®

Furthermore, the bidentate coordination of the nitrate
anions in the Ce(u)-Tm(m) systems with TEtDAPhen result in
bicapped square antiprism geometries, shown in Fig. 3. The
average Ln-Ono,) bond lengths are reflected in Tables 1 and 2.
These ranges show a steady decrease in the bond lengths
across the Ln(m) series from Ce(m)-Tm(m) with a steeper
decrease at Yb(ur). The M-nitrate bond lengths reported in this

/@emﬁ

0.779 A 0.257A 0.810 A

0.280 A

0.873A
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system are consistent with those of other systems prepared
with Ln(NO,);.%°

To examine the significance of the bond length changes
across the Ln(m) series, the average bond lengths were plotted
against the nine-coordinate ionic radii from Shannon et al. in
Fig. 5 and compared with the previously obtained Am(ui)
structure.”’ " In this plot, it can be observed that the bond
lengths decrease as ionic size decreases. However, there is a
distinct shift in shorter bond lengths at Yb(m) and Lu(u)
which is where the bidentate coordination of the three nitrate
anions shifts to one monodentate nitrate anion and two biden-
tate nitrate anions. The shorter bond lengths at Yb(u) and Lu
() are a reflection of decreasing steric bulk from the change
of the bidentate to monodentate nitrate coordination. This
represents a unique place in the Ln(m) series to observe this
ionic radius induced shift in coordination. In the TBuDAPhen

2.8
La m  M-O_ Average
° ® M-N Average
274 N E)e B A M-Op3 Average
® o AmMSm
< ©
Lo ° Eu GdTb Bk
%) A YHO,
< " ° 0 EI'Tm
[e)) - A A
c
o) A
—1 2.5 A A A YbLu
'g " = A A A
] n u A°®,
[a1] [ ]
2.4 - LI
LI . . Aa
2.3 4 LI |
T T T T
1.2 1.15 1.1 1.05
Radii (A)

Fig. 5 Average bond lengths of the M—O, M—N, and M-Ono,) bond
lengths in the Ln(m) series with respect to the nine-coordinate ionic radii
reported in Shannon et al.3* The Pr(in), Nd(i), Tb(m), and Lu(i) structures
are reported previously.?’

0.259A 0.272A 0.821A

0.373A 0.694 A

Fig. 4 Visualization of the distortion along the phenanthroline plane (with nitrate anions and ethyl groups omitted for clarity) for the reported Ln(i)

crystal structures.
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system, a coordination break from CN =10 to CN =9 happened
at Ho(w) in the Ln(u) series which is a more common place
for this to happen, although the TBuDAPhen is more bulky
with the butyl chains on the amide arms.***°

3.3 Stability constant determination

The speciation and complexation were further explored
through UV-Visible spectrophotometric titrations in aceto-
nitrile with titrations shown in Fig. 6. The stability constants
of the Ln(m) complexes with TEtDAPhen were determined
using HypSpec2014.>® A wavelength range of 240-380 nm
was isolated for analysis, which represents the ligand absorp-
tion band and is comparable to the literature.'”****3> Across
the Ln(m) series, the stability constants increase from La(u)
through Nd(m), decrease at Sm(m), then increase through Lu
(), Table 3. The observation of increasing stability constants
across the Ln(m) series coupled with the decreasing extraction
ability across the Ln(m) series has been observed in studies
where both forms of analysis were completed.>* The increasing
stability constants have been attributed to the increasing
charge density of the Ln(u) across the series and demonstrates
the electrostatic interactions as the driving force of complexa-
tion. The decreasing distribution values across the series
demonstrates the restriction of the size of the binding center.

View Article Online
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Table 3 Measured stability constants in CHsCN with TEtDAPhen

reported at the 95% confidence level

Reaction log j

TEtDAPhen + La(NO;); = La(TEtDAPhen)(NOs); 6.11 +0.05
TEtDAPhen + Pr(NO;); = Pr(TEtDAPhen)(NO;); 6.17 +0.03
TEtDAPhen + Nd(NO;); = Nd(TEtDAPhen)(NO;); 6.48 +0.03
TEtDAPhen + Sm(NO;); = Sm(TEtDAPhen)(NO;), 5.99 + 0.04
TEtDAPhen + Ho(NO;); = Ho(TEtDAPhen)(NO;); 6.25 + 0.05
TEtDAPhen + Lu(NO;); = Lu(TEtDAPhen)(NO;); 6.55 + 0.06

Throughout the analysis of the spectrophotometric titration
data, a one-to-one M:L complex was determined to be the
primary species using principal component analysis. The 1:1
log p; values obtained for this system in CH;CN are higher
than the pyrrolidinated DAPhen (Pyr-DAPhen) for La(m) by
~0.14 log units, ~0.47 log units for Nd(uu), and ~0.48 log units
for Lu(m).>* The trend remains the same between the
TEtDAPhen and Pyr-DAPhen systems and within the same
order of magnitude."” The Sm(m) stability constant from this
work is within the same order of magnitude as the stability
constant obtained for the TEtDAPhen system providing good
comparison.

Comparing the stability constant, crystallographic, and
extraction results, the data would suggest there may be an opti-

La(lll) Pr(1l1) Nd(li) Sm(lll) Ho(lll) Lu(lry
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Fig. 6

T T T T
0.5 1.0 0.5 1.0
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(Top) UV-Visible spectrophotometric titrations of La(NOs)z, Pr(NOs)s, Nd(NOs)3, Sm(NO3)3, Ho(NO3)3, and Lu(NOg3)s in CH3CN. [TEtDAPhen]

= 0.015 mM, [La(NOs)s] = 0.28 mM, [Pr(NOs)s] = 0.28 mM, [Nd(NOs)s] = 0.28 mM, [Sm(NO3)s] = 0.28 mM, [Ho(NOs)s] = 0.28 mM, [Lu(NOs)s] =
0.14 mM, V; = 2 mL of TEtDAPhen solution with 5 pL additions of La(NOsz)s, Pr(NOs)s, Nd(NOs)s, Sm(NO3)3, Ho(NOz)s, and Lu(NOs)s, respectively.
(Middle) Molar absorptivity of the free TEtDAPhen and M(TEtDAPhen)(NOs)s; complex. (Bottom) Speciation diagram of the formation of the
M(TEtDAPhen)(NOs)s; complexes with free metal (green dash), free ligand (blue dash), and complex (purple) plotted.
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mized size match between Pr(m) and Pm(m) which can be
observed in the extraction data by the higher distribution
value of Pm(m) comparatively, in the stability constant deter-
mination with Nd(um) having a larger stability constant than
the adjacent Ln(w), and in the symmetry observed in the Pr(im)
crystal structure. Similar findings have been observed in the
2,9-di(pyrid-2-yl)-1,10-phenanthroline system which found
increased thermodynamic stability at Sm(w) indicating strong
size selectivity for that range of ionic size.>®

4. Conclusions

The characterization and quantification of bonding inter-
actions of the TEtDAPhen ligand with the whole Ln(i) series
has highlighted interesting behavior across the series.
Through the comprehensive analysis of this system using
solvent extraction, X-ray crystallography, and spectrophoto-
metric titrations, the interactions between the Ln(m) and
TEtDAPhen have shown insights into DAPhen complexation
and separation affinity and the interplay of the different
bonding interactions contributing to the system. This work
has shown the extraction behavior of Pm(m) with TEtDAPhen
in the context of the full Ln(m) series. The decreasing affinity
observed in solvent extraction studies across the Ln(m) series
could allow for size-based targeting of different An(m) or Ln
(m) in creative separations designs. Observing the Ln(im)
structures with TEtDAPhen through crystallographic means
has provided insight into the bonding distortion of the
DAPhen moiety which is complementary to the systems in
which crystal structures cannot be obtained. The comparison
of the distribution values of the Ln(m) in a biphasic extrac-
tion system with the stability constants determined in a
monophasic system, the size and electronically driven inter-
actions, respectively, can be isolated. These characterization
methods can inform further ligand design for targeting the
lighter or heavier lanthanides for rare earth element separ-
ations, or for optimization of the separation of An(m) from
the Ln ().
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