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ABSTRACT 

To improve the understanding of the interaction mechanism in trivalent lanthanide and actinide complexes, 
studies with structurally different hard and soft donor ligands are of great interest. For that reason, the 
coordination chemistry of An(III) and Ln(III) with 2,6-bis(5-(tert-butyl)-1H-pyrazol-3-yl)pyridine (C4-
BPP) has been explored. Time-resolved laser fluorescence spectroscopy (TRLFS) studies have revealed the 
formation of [Cm(C4-BPP)n]3+ (n = 1-3) (log β’1 = 7.2 ± 0.4, log β’2 = 10.1 ± 0.5 and log β’3 = 11.8 ± 0.6) 
and [Eu(C4-BPP)m]3+ (m = 1-2) (log β’1 = 4.9 ± 0.2 and log β’2 = 8.0 ± 0.4). The absence of the [Eu(C4-
BPP)3]3+ complex shows a more favorable complexation of Cm(III) over Eu(III). 
Additionally, complementary NMR measurements have been conducted to examine the M(III)-N bond in 
Ln(III) and Am(III) C4-BPP complexes. 15N-NMR data have revealed notable differences in the chemical 
shifts of the coordinating nitrogen atoms between the Am(III) and Ln(III) complexes. In the Am(III) 
complex, the coordinating nitrogen atoms have shown a shift by 260 ppm, indicating a higher fraction of 
covalent bonding in the Am(III)-N bond compared to the Ln(III)-N bond. This observation aligns 
excellently with the differences in stability constants obtained from TRLFS studies. 



INTRODUCTION 

Liquid-liquid extraction represents a widely used and successfully applied method to separate dissolved 
ionic species from each other.[1-4] However, the separation of trivalent actinides (An) and lanthanides (Ln) 
using liquid-liquid extraction is challenging due to their characteristic chemical similarity.[5] However, the 
required selectivity can be achieved with ligands containing soft donor atoms such as sulfur[6, 7] or nitrogen[8, 

9]. While sulfur containing ligands are only of marginal importance due to problems with disposal, mainly 
heterocyclic ligands with nitrogen donor atoms such as bis(triazinyl)pyridines (BTPs) or 
bis(triazinyl)bipyridines (BTBPs) have proven to be highly efficient extractants for the selective 
complexation and extraction of An(III) over Ln(III) (Figure 1).[4, 10-12] For example nPr-BTP shows an 
SFAm/Eu ≈ 100.[8] Additionally, the stability constant of [Cm(nPr-BTP)3]3+ (log β’3 = 17.4 ± 0.4) is nearly 
three orders of magnitude larger than of [Eu(nPr-BTP)3]3+ (log β’3 = 14.7 ± 0.4).[13] The chemical background 
for the observed selectivity of these ligands is not yet well understood.[14, 15] However, it is suggested that 
the selectivity is due to differences in the bonding mode, namely a higher covalent bond fraction, between 
An(III) and ligand compared to Ln(III) and ligand.[14-18] 

Figure 1: General structural motifs of BTP (left), BTBP (center) and BPP (right). 

This difference in the bonding mode is proven by an 15NMR shift up to 360 ppm in the Am(III) complex of 
the coordinating nitrogen atoms in respect to the non-coordinating ones and the corresponding Ln(III) 
complexes. [19] Supplementary to elaborate studies on BTPs and BTBPs, various ligands have been 
investigated to clarify their selectivity by variation of their aromatic backbones systematically.[20-22] For 
instance, replacing the triazinyl groups of the BTP with pyrazolyl rings results in the ligand 2,6-bis(5-(2,2-
dimethylpropyl)-1H-pyrazol-3-yl)pyridine (C5-BPP) (Figure 1).[11] Furthermore the variation of the 
sidechain also results in large deviations of the properties of these ligands. For example the difference 
between the stability constants of [Cm(iPr-BTP)3]3+ (log β3’ = 16.3 ± 0.3) and [Cm(nPr-BTP)3]3+ (log β3’ = 
14.4 ± 0.3) is two orders of magnitude.[23] According to this result, the neopentyl group of C5-BPP was 
exchanged by a tbutyl group (C4-BPP). Then, Ln(III) and An(III) complexes were prepared and 
characterized by various analytical methods to determine the complexation properties of this new ligand in 
comparison to C5-BPP. 



EXPERIMENTAL SECTION 

NMR Sample Preparation. C4-BPP (3.00-6.00 eq), dissolved in 600 µL of deuterated methanol, was 
added to 1.00 eq of the metal triflate (Y, La, Sm, Lu). The obtained solution was transferred into an NMR 
tube. Chemical shifts are given in ppm and coupling constants in Hz. 1H- and 13C-specta were calibrated in 
relation to deuterated solvents. Am sample: 4.7 mg of C4-BPP (14.4 mmol) was dissolved in 600 µL of 
deuterated methanol. This was added to the evaporation residue of the 243Am(OTf)3 solution containing 
1 mg of 243Am(III). The solution was then transferred into a J. Young-type NMR tube.[24-26] 

NMR Titration. For the NMR titration experiments the ligand solution was prepared by dissolving C4-
BPP (6.00 eq, 19.4 mg, 60 µmol) in 360 µL of deuterated methanol thus obtaining a 0.167 M C4-BPP 
solution. 1.00 eq of the metal ion (Y, La, Sm, Lu), as triflate salt, was dissolved in 450 µL of deuterated 
methanol in a separate vial. The metal salt solution was then transferred into an NMR tube. The ligand 
solution was added subsequently in 0.25 eq steps to monitor the progress of the complexation.[24-26] 

NMR Measurements. NMR spectra were recorded at T = 300 K on a Bruker Avance III 400 spectrometer 
operating at a resonance frequency of 400.18 MHz for 1H, 100.6 MHz for 13C, 376.5 MHz for 19F and 
40.6 MHz for 15N. The spectrometer was equipped with a z-gradient observe room temperature probe. 
Chemical shifts were referenced internally to tetramethylsilane (TMS) (δ(TMS) = 0 ppm) by the deuterium 
lock signal of methanol-d4 or CDCl3. 15N shifts are referenced to 15NH4Cl with δ(NH4CL) = 0 ppm. All 1D 
spectra were recorded with 32k data points and were zero filled to 64k points. 15N data were obtained from 
1H, 15N-HMBC spectra. Deuterated solvents were purchased from Euriso-Top GmbH.[2, 11, 24, 26] 

TRLFS Sample Preparation. Stock solutions of C4-BPP were prepared by dissolving 85 mg in 1200 µL 
of methanol containing 1.5 vol.% water (2.2 • 10-1 mol/L). Solutions with lower C4-BPP concentrations 
were obtained through diluting with methanol containing 1.5 vol.% water. TRLFS samples were prepared 
by adding 4.7 µL of a Cm(III) stock solution (2.12 • 10-5 mol/L Cm(ClO4)3 in 0.1 mol/L HClO4; 248Cm: 
89.7 %, 246Cm: 9.4 %, 243Cm: 0.4 %, 244Cm: 0.3 %, 245Cm: 0.1 %, 247Cm: 0.1 %) to 985 µL of methanol and 
10.3 µL water, resulting in an initial Cm(III) concentration of 1 • 10-7 mol/L. Eu(III)-TRLFS samples were 
prepared by adding 9.4 µL of a Eu(III) stock solution (1.07 • 10-3 mol/L Eu(ClO4)3 in 1.0 • 10−2 mol/L 
HClO4 to 985 µL of methanol and 5.6 µL of water, resulting in an initial Eu(III) concentration of 1.0 • 10-5 
mol/L. By adding appropriate volumes of the various ligand solutions the ligand concentration was adjusted. 
The resulting solutions were allowed to equilibrate for 10 min before measurement. Previous kinetic studies 
were performed to confirm, that this time was sufficient to reach equilibrium.[2, 11, 24] 

TRLS Measurements. TRLFS measurements were performed at 293 K using a Nd:YAG (Surelite II laser, 
Continuum) pumped dye laser system (NarrowScan D-R; Radiant Dyes Laser Accessories GmbH). Cm(III) 
was exited at a wavelength of 396.6 nm. Eu(III) was exited at a wavelength of 394.0 nm. A spectrograph 
(Shamrock 303i, ANDOR) with 300, 1199 and 2400 lines per millimeter gratings was used for spectral 
decomposition. The detection of the fluorescence emission was performed using an ICCD camera (iStar 
Gen III; ANDOR). To discriminate short-lived organic fluorescence and light scattering a delaytime of 1 µs 
was set.[2, 11] 

X-ray Crystallographic Studies. Crystals of [Eu(C4-BPP)(H2O)4(DMF)2]Cl3 were obtained from
DMF/diethyl ether recrystallization. The crystal was measured on a Bruker APEX-II Quazar area detector
diffractometer. The structure was resolved by direct or dual space methods (SHELXT-2018/2), and refined
against F2 with a full-matrix least-squares algorithm using SHELXT-2018/3. The hydrogen atom
contributions were calculated but not refined. The residual electron densities was of no chemical
significance.



Crystal Data: C25H39Cl3EuN7O6, Mr = 791.94, orthorhombic, a = 21.488(3) Å, b = 8.1677(9) Å, c = 
10.0164(11) Å, α = 90 °, β = 90 °, γ = 90 °, V = 1758.0(3) Å3, T = 200(2) K, space group Imm2, Z = 2, 
µ(Mo Kα) = 2.057 mm-1, 12067 reflections measured, 2065 independent reflections (Rint = 0.0576). The 
final R1 value was 0.035 (I > 2σ(I)). The final Rw(F2) value was 0.067 (all data). The quality of fit on F2 
was 1.09. 

DFT Calculations: DFT calculations were performed with the BP86[27, 28] functional and def2-TZVP[29] 
basis set for the [Cm(C4-BPP)3]3+ complex using TURBOMOLE.[30] Cm(III) was modulated with a 
ECP60MWB[31] pseudo core potential. Vibration modes were calculated to confirm a true minimum of the 
optimized structure.[3] 

VSBS: Vibronic side band detection was performed in a wavelength range of 620 nm to 800 nm with a 
1199 lines per mm grating. The mentioned wavelength range was measured by gradually shifting the 
central wavelength in 10 nm steps, since the maximum detection width of the grating (40 nm) was 
exceeded.[3] 

1,1'-(pyridine-2,6-diyl)bis(4,4-dimethylpentane-1,3-dione). Dimethyl 2,6-pyridinedicarboxylate (2.50 g, 
12.8 mmol) and Sodium tert-butoxide (2.71 g, 28.2 mmol) was dissolved in 40 mL of dry THF. 3,3-
Dimethylbutane-2-one (2.82 g, 28.2 mmol) was added dropwise and the reaction mixture was heated at 
60 °C for 48 h. Subsequently, it was cooled to room temperature, the solvent was removed and water was 
added. The mixture was then acidified with diluted HCl until full precipitation. After filtration and washing 
with water the crude product was purified by flash column chromatography with PE:EA (20:1). A white 
solid was obtained. Yield: 1.68 g (5.1 mmol, 40 %). 1H NMR (400.2 MHz, CDCl3, 300 K): δ 1.30 (s, 18H, 
CH3), 7.12 (s, 2H, CH), 7.99 (dd, 1H, 3J = 8.0 Hz, 3J = 7.7 Hz, Py H), 8.19 (d, 2H, 3J = 7.8 Hz, Py H), 15.88 
(s, 2H, OH) ppm. 

2,6-bis(5-(tert-butyl)-1H-pyrazol-3-yl)pyridine (C4-BPP). 1.68 g of 1,1'-(pyridine-2,6-diyl)bis(4,4-
dimethylpentane-1,3-dione) (5.07 mmol) was suspended in 40 ml of ethanol and 1.6 mL of hydrazine 
hydrate (60 % in H2O, 30 mmol) was added. The reaction mixture was refluxed for 4 h. The solvent was 
removed and the residue washed with pentane. The product was obtained as a white solid. Yield: 1.68 g, 
5.00 mmol, quantitative. 1H NMR (400.2 MHz, CDCl3, 300 K): δ 1.38 (s, 18H, H-13), 6.67 (s, 2H, H-11), 
7.62-7.70 (m, 3H, H-3/5 and H-4), 9.27 (s, 2H, NH) ppm. 1H NMR (400.2 MHz, methanol-d4, 300 K): δ 
1.40 (s, 18H, H-13), 6.79 (s, 2H, H-11), 7.60-7.86 (m, 3H, H-3/5 and H-4) ppm. 1H NMR (400.2 MHz, 
methanol-d4 + HOTf, 300 K): δ 1.46 (s, 18H, H-13), 7.11 (s, 2H, H-11), 8.14 (d, 2H, 3J = 8.0 Hz, H-3/5), 
8.34 (dd, 1H, 3J = 8.0 Hz, H-4) ppm. 19F[[1H]] NMR (376.5 MHz, methanol-d4 + HOTf, 300 K): δ -80.1 
ppm. 13C[[1H]] NMR (100.6 MHz, methanol-d4 + HOTf, 300 K): δ 28.82 (C13), 31.13 (C12), 101.7 (C11), 
121.6 (C5), 143.3 (C4), 144.5 (C6), 146.4 (C7), 157.8 (C10) ppm. 15N NMR (40.6 MHz, methanol-d4 + 
HOTf, 300 K): δ 202 (N9), 230 (N1), 254 (N8) ppm. 

[Y(C4-BPP)3][OTf]3. 1H NMR (400.2 MHz, methanol-d4, 300 K): δ 1.12 (s, 54H, H-13), 6.71 (s, 6H, H-
11), 7.94 (d, 6H, 3J = 7.9 Hz, H-3/5), 8.19 (t, 3H, 3J = 7.9 Hz, H-4) ppm. 19F[[1H]] NMR (376.5 MHz, 
methanol-d4, 300 K): δ -79.9 ppm. 13C[[1H]] NMR (100.6 MHz, methanol-d4, 300 K): δ 28.61 (C13), 30.81 
(C12), 100.8 (C11), 121.6 (C5), 141.6 (C4), 149.0 (C6), 152.2 (C7), 159.1 (C10) ppm. 15N NMR (40.6 MHz, 
methanol-d4, 300 K): δ 200 (N9), 263 (N1), 265 (N8) ppm. 

[La(C4-BPP)3][OTf]3. 1H NMR (400.2 MHz, methanol-d4, 300 K): δ 1.14 (s, 54H, H-13), 6.69 (s, 6H, H-
11), 7.95 (d, 6H, 3J = 7.7 Hz, H-3/5), 8.18 (t, 3H, 3J = 7.7 Hz, H-4) ppm. 19F[[1H]] NMR (376.5 MHz, 
methanol-d4, 300 K): δ -79.9 ppm. 13C[[1H]] NMR (100.6 MHz, methanol-d4, 300 K): δ 28.65 (C13), 30.74 
(C12), 101.1 (C11), 121.9 (C5), 141.6 (C4), 150.5 (C6), 152.4 (C7), 158.2 (C10) ppm. 



[Sm(C4-BPP)3][OTf]3. 1H NMR (400.2 MHz, methanol-d4, 300 K): δ 1.19 (s, 54H, H-13), 7.12 (s, 6H, H-
11), 8.44 (d, 6H, 3J = 7.8 Hz, H-3/5), 8.58 (t, 3H, 3J = 7.8 Hz, H-4) ppm. 19F[[1H]] NMR (376.5 MHz, 
methanol-d4, 300 K): δ -79.9 ppm. 13C[[1H]] NMR (100.6 MHz, methanol-d4, 300 K): δ 28.66 (C13), 30.82 
(C12), 101.3 (C11), 121.6 (C5), 142.4 (C4), 153.7 (C6), 155.1 (C7), 158.4 (C10) ppm. 15N NMR (40.6 MHz, 
methanol-d4, 300 K): δ 200 (N9), 218 (N1), 224 (N8) ppm. 

[Lu(C4-BPP)3][OTf]3. 1H NMR (400.2 MHz, methanol-d4, 300 K): δ 1.11 (s, 54H, H-13), 6.73 (s, 6H, H-
11), 7.95 (d, 6H, 3J = 7.9 Hz, H-3/5), 8.20 (t, 3H, 3J = 7.9 Hz, H-4) ppm. 19F[[1H]] NMR (376.5 MHz, 
methanol-d4, 300 K): δ -79.9 ppm.13C[[1H]] NMR (100.6 MHz, methanol-d4, 300 K): δ 28.59 (C13), 30.82 
(C12), 100.9 (C11), 121.6 (C5), 141.6 (C4), 148.7 (C6), 152.4 (C7), 159.4 (C10) ppm. 15N NMR (40.6 MHz, 
methanol-d4, 300 K): δ 200 (N9), 265 (N1), 267 (N8) ppm. 

[Am(C4-BPP)3][OTf]3. 1H NMR (400.2 MHz, methanol-d4, 300 K): δ 1.10 (s, 54H, H-13), 6.09 (s, 6H, H-
11), 7.39 (dd, 3H, 3J = 7.6 Hz, 3J = 7.5 Hz, H-4), 7.95 (d, 6H, 3J = 7.9 Hz, H-3/5) ppm. 19F[[1H]] NMR 
(376.5 MHz, methanol-d4, 300 K): δ -79.9 ppm. 15N NMR (40.6 MHz, methanol-d4, 300 K): δ 210 (N9), -3 
(N1), -6 (N8), 13 (N8 of [Am(C4-BPP)][OTf]3) ppm. 



RESULTS AND DISCUSSION 

Ligand Synthesis. C4-BPP is synthesized in two steps (Figure 2) starting with dimethyl 2,6-
pyridinedicarboxylate (1). In a Claisen condensation the dimethyl ester is treated with 3,3-dimethylbutane-
2-one in the presence of sodium tert-butoxide. This lead to the corresponding β-diketone (2). Addition of
hydrazine-hydrate solution in ethanol results in the desired product C4-BPP with a total yield of 40 %. The
purity of C4-BPP is confirmed by 1H and 13C[[1H]] NMR spectroscopy.

Figure 2: Synthesis of C4-BPP. 

Eu(III) Complex Structure. The resemblance between C4-BPP and C5-BPP raises the question if their 
bonding properties towards An(III) and Ln(III) are the same in comparable complexes. For this reason, 
[Eu(C4-BPP)n]3+ is crystallized and analyzed by x-ray diffraction. The complex is obtained (according to 
Figure 3) as light brown crystals, which contain additionally coordinated water and DMF molecules in the 
first coordination sphere (Figure 4). This indicates the inability of C4-BPP to fully displace the solvent 
molecules under the given conditions, as already observed for C5-BPP. [11] 

Figure 3: Synthesis of [Eu(C4-BPP)(H2O)4(DMF)2]Cl3. 

[Eu(C4-BPP)(H2O)4DMF2]Cl3 crystallizes in an orthorhombic space group Imm2 and has two molecules of 
the complex per unit cell. Eu(III) is nine fold coordinated by four water molecules, two DMF molecules and 
the tridentate C4-BPP forming a square face monocapped antiprism (Supporting Information; Figure 1). 



Comparing the structures of Eu-C5-BPP and Eu-C4-BPP complexes, the most significant characteristics of 
both complexes are represented by their bond lengths between the coordinated nitrogen atoms and the 
central metal ion (N1, N8 and N8’;Figure 4, Table 1). Despite the slight differences regarding the two 
complexes’ inner coordination spheres, the Eu-N bond lengths agree very well within uncertainties. 

Table 1: Selected bond lengths (Å) of [Eu(C4-BPP)(H2O)4DMF2]Cl3 (Figure 4) and 
[Eu(C5-BPP)(η2-NO3)3DMF].[11] 

Eu-N1 [Å] Eu-N8 [Å] Eu-N8‘ [Å] 
[Eu(C4-BPP)(H2O)4DMF2]Cl3 2.622(10) 2.537(8) 2.537 (8) 
[Eu(C5-BPP)(η2-NO3)3DMF] 2.622(4) 2.545(4) 2.541(5) 

Figure 4: Solid state structure of [Eu(C4-BPP)(H2O)4DMF2]Cl3 showing the atom-labelling scheme, 
omitting hydrogen atoms. Thermal ellipsoids show a probability of 50 %. Selected bond lengths (Å) and 
angles (deg): Eu-O1 = 2.457(5), Eu-O2 = 2.457(5), Eu-O3 = 2.457(5), Eu-O4 = 2.457(5), Eu-O5 = 
2.444(8), Eu-O6 = 2.444(8), Eu-N1 = 2.622(10), Eu-N8 = 2.537(8), Eu-N8‘ = 2.537 (8); N1-Eu-N8 = 
61.61(19), N8-Eu-N8‘ = 123.2(4), N1-Eu-N8‘ = 61.61(19). 



Speciation studies of Cm(III) with C4-BPP. TRLFS is utilized to investigate the speciation of Cm(III) 
and Eu(III) with C4-BPP in solution. Cm(III) is dissolved in methanol containing 1.5 vol.% water and the 
concentration of C4-BPP is gradually increased. The normalized emission spectra resulting from the 
6D′7/2 → 8S′7/2 transition are shown in Figure 5. 
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Figure 5: Normalized fluorescence spectra of Cm(III) in methanol containing 1.5 vol.% water as a function 
of the C4-BPP concentration. [Cm(III)]ini = 1.0 • 10−7 mol/L, [C4-BPP] = (0 - 6.31) • 10−2 mol/L. 

In absence of C4-BPP the solvent spectrum of Cm(III) in methanol containing 1.5 vol.% water shows an 
emission band at 598.9 nm (Figure 5). The spectrum displays a bathochromic shift compared to the Cm(III) 
aquo ion [Cm(H2O)9]3+, located at 593.8 nm.[32, 33] This results from the partial exchange of water molecules 
by methanol molecules in the first coordination sphere. The lifetime of 131 ± 7 µs and the position of the 
emission band are in agreement with the literature (Figure S2).[11] With increasing C4-BPP concentration a 
bathochromic shift of the emission band is observed. This originates from the increased splitting of the 6D′7/2 
state resulting from the complexation of Cm(III) with C4-BPP.[34, 35] Three new emissions bands at 603.0, 
607.3 and 611.7 nm are observed. Due to the resemblance with the emission spectra of C5-BPP, the bands 
are assigned to [Cm(C4-BPP)n]3+ (n = 1-3) respectively[11]. The fluorescence lifetime of the sample with the 
highest ligand concentration – 535 ± 27 µs – further confirms the formation of the [Cm(C4-BPP)3]3+ 
complex (Figure S2). The Cm(III) species distribution is derived by peak deconvolution of the fluorescence 
spectra (Figure 5). The single component spectra (Figure S3) are used to perform the peak deconvolution 
(for further details on peak deconvolution, see references).[2, 3] 
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Figure 6: Relative Cm(III) species concentrations in methanol containing 1.5 vol.% water as a function of 
the free C4-BPP concentration. Symbols denote experimental data, while lines are calculated using log β’1 
= 7.2, log β’2 = 10.1 and log β’3 = 11.8. T = 293 K. 

As shown in Figure 6, the formation of the 1:1 complex, [Cm(C4-BPP)]3+, starts at a C4-BPP concentration 
of less than 10−8 mol/L and is the only species present at C4-BPP concentrations around 10−5 mol/L. The 
1:2 complex, [Cm(C4-BPP)2]3+, starts forming at a C4-BPP concentration of 10−5 mol/L, with a maximum 
share of 65% at a C4-BPP concentration of 5 mmol/L. Finally, for C4-BPP concentrations of 
5.0 • 10−4 mol/L, the formation of the 1:3 complex, [Cm(C4-BPP)3]3+, is observed. Based on the evolution 
of the Cm(III) spectra a stepwise complexation model according to equation (1) is assumed (L = C4-BPP, 
M = Cm). [11] 

(1) 

The correlation between the logarithm of [Cm(C4-BPP)n]3+/[Cm(C4-BPP)n-1]3+ (n = 1-3) and the logarithm 
of the free C4-BPP concentration is depicted in the supporting information (Figure 4). The stepwise 
complexation model assumes a slope of one. According to equation (2) the linear regression yields slopes 



of 1.05 ± 0.05, 0.99 ± 0.06 and 0.94 ± 0.04 for the formation of the [Cm(C4-BPP)n]3+ complexes (n = 1-3), 
respectively. 

log ቆ
[𝑀(𝐿)௡]ଷା

[𝑀(𝐿)௡ିଵ]ଷାቇ = log 𝐾௡
ᇱ + 𝑛 ∙ log ([𝐿]௙௥௘௘) 

(2) 

This verifies the assumed complexation model and the correct assignment of the [Cm(C4-BPP)n] (n =1-3) 
complexes. The conditional stability constants are calculated with equations (3). The values are shown in 
Table 2. 

𝛽௡
ᇱ =

[𝑀(𝐿)௡]ଷା

[𝑀]ଷା ∙  [𝐿]௙௥௘௘
௡

(3) 

Table 2: Stability constants of C4-BPP and C5-BPP for Cm(III) in methanol containing 1.5 vol.% water.[11] 

log β’1 (Cm(III)) log β’2 (Cm(III)) log β’3 (Cm(III)) 
C4-BPP 7.2 ± 0.4 10.1 ± 0.5 11.8 ± 0.6 
C5-BPP 6.9 ± 0.2 11.2 ± 0.3 14.8 ± 0.4 

Comparing the conditional stability constants of C5-BPP and C4-BPP shows an increasing deviation with 
increasing number of complexed ligands. The stability constants of the 1:1 complexes agree within the 
uncertainties. These results are in good agreement with the solid-state structures of the C4-BPP and C5-BPP 
1:1 complexes with Eu(III), which show no difference in the bond lengths. The stability constants of the 1:2 
and 1:3 complexes differ by one and three orders of magnitude, respectively. C4-BPP features a directly 
attached tBu group in comparison to C5-BPP (neopentyl group). The alkyl moieties are far away from the 
coordinating centre, excluding an electronic effect as a possible explanation for the observed differences in 
complex stabilities. These differences rather originate from a greater steric straining within the complex 
which is caused by the steric demand and limited flexibility of the tBu moieties. With increasing 
coordination number, the steric hindrance of the C4-BPP molecules increases significantly, diminishing the 
overall stability of the resulting complex species. In case of C5-BPP, this effect is cushioned by the 
additional CH2 groups which provide a flexible tool to decrease the spatial demand of the tBu moieties. 



Vibronic Side-band Spectroscopy of [Cm(C4-BPP)3]3+. To gain additional information on the complex 
structure vibronic side-band spectroscopy (VBS) is performed at the highest C4-BPP concentration of the 
titration series with [Cm(C4-BPP)3] being the dominating species. With this method functional groups 
coordinated to the central metal ion can be made visible through their characteristic vibrations. The obtained 
spectrum contains the zero phonon line, herein referred as ZPL, which originates from the Cm(III) 6D′7/2 → 
8S′7/2 transition and the related side bands. Side bands occur due to changes in the dipole moment of the 
ligand field resulting from the excitation of the vibrational states of the examined metal ion.[36-39] The energy 
of the vibration is calculated relative to the ZPL according to equation (4). 

𝐸(𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛) = 𝐸(𝑍𝑃𝐿) − 𝐸(𝑣𝑖𝑏𝑟𝑜𝑛𝑖𝑐 𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑) 

(4) 

The vibronic side bands of the [Cm(C4-BPP3]3+ complex species are depicted in Figure 7 (black). The ZPL 
is located at 611.7 nm. Two sidebands, at 970 cm-1 and 1420 cm-1 are obtained, which can be assigned to 
aromatic vibrations of the ligand. To assign the remaining bands, the structure of [Cm(C4-BPP3]3+ is 
optimized by DFT calculations and the vibronic side bands are calculated. The calculation (red, Figure 7) 
shows a band at 3374 cm-1.[40, 41] This marks the N-H stretching vibration of the non-coordinated nitrogen 
atom. Unfortunately this bonds is too far away from the central metal ion to be detected. Furthermore the 
spectrum shows the absence of water in the first sphere of coordination due to the absence of a O-H 
stretching vibration located at around 3600 cm-1.[40, 41] This emphasizes the dominating share of the [Cm(C4-
BPP)3]3+ complex. 
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Figure 7: Comparison of the experimental and calculated VSB spectra of [Cm(C4-BPP)3]3+. [Cm]ini = 
1.0 • 10−7 mol/L. [C4-BPP] = 5.0 • 10-2 mol/L. 



Speciation studies of Eu(III) with C4-BPP. With respect to the differences in binding properties of 4f- and 
5f-elements it is of interest to study Eu(III) in comparison to Cm (III). Eu(III) is dissolved in methanol 
containing 1.5 vol.% water and the concentration of C4-BPP is gradually increased. The normalized 
emission spectra resulting from the 5D0 → 7F1 and 5D0 → 7F2 transition are shown in Figure 8. 
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Figure 8: Normalized fluorescence spectra of Eu(III) in methanol containing 1.5 vol.% water as a function 
of the C4-BPP concentration. [Eu(III)]ini = 1.0 • 10−6 mol/L, [C4-BPP] = (0 - 1.00) • 10−2 mol/L. 

In absence of C4-BPP the solvent spectrum of Eu(III) in methanol containing 1.5 vol.% water is 
characterized by two emission bands at 589.2 (5D0 → 7F1) and 616.9 nm (5D0 → 7F2) (Figure 8) and a 
lifetime of 212 ± 11 µs. In addition the solvent spectrum shows an I(5D0 → 7F2)/I(5D0 → 7F1) ratio, herein 
after referred to as 7F2/7F1 ratio, of 1. Increasing the C4-BPP concentration yields to a significant change of 
the 5D0 → 7F2 transition with a new maximum at 617.2 nm. The 7F2/7F1 ratio of 2.7 indicates the formation 
of a species with reduced symmetry in respect to the solvents species. Additional increase of the ligand 
concentration yields to further changes in intensity and shift of the emission bands (591.7 nm (5D0 → 7F1) 
and 617.5 nm (5D0 → 7F2)). The Eu(III) species distribution is performed, by peak deconvolution of the 
fluorescence spectra using the single component spectra (Figure S5) (for further details on peak 
deconvolution, see references).[2, 3] 
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Figure 9: Relative Eu(III) species concentrations in methanol containing 1.5 vol.% water as a function of 
the free C4-BPP concentration. Symbols denote experimental data, while lines are calculated using log β’1 
= 4.9 and log β’2 = 8.0. T = 293 K. 

At low ligand concentrations the solvent species is the dominant species. The formation of [Eu(C4-BPP)]3+ 
starts at 3.0 • 10−7 mol/L C4-BPP and gradually increases until it evolves as the dominant species at 
1.3• 10−5 mol/L ligand concentration. Above 4.0• 10−5 mol/L ligand, the [Eu(C4-BPP)2]3+ complex forms 
and is the prevailing species at 8.0• 10−4 mol/L. A lifetime of 2415 ± 120 µs is observed. According to 
equation (3) the conditional stability constants are calculated: β‘1 = 4.9 ± 0.2 and β‘2 = 8.0 ± 0.4. These 
values are significantly smaller than those for the Cm(III) 1:1 and 1:2 complexes (β‘1 = 7.2 ± 0.4, β‘2 = 10.1 
± 0.5). Additionally, the absence of a [Eu(C4-BPP)3]3+ complex shows the favored complexation of Cm(III) 
over Eu(III) under the given conditions. Since there are no reported values for Eu(III) and C5-BPP a 
comparison is not possible. Plotting the logarithm of ([Eu(C4-BPP)n]3+/[Eu(C4-BPP)n−1] 3+) as a function of 
the logarithm of the free C4-BPP concentration (Supporting Information, Figure 6) and applying equation 
(2) results in slopes of 1.00 ± 0.10 and 1.00 ± 0.01 for the [Eu(C4-BPP)n]3+ complexes (n = 1-2)
respectively. This is in good agreement with the postulated complexation model and allocation of the
complex species.



NMR Ln(III) complexes with C4-BPP. To get further insights into the interaction of C4-BPP with Ln(III) 
and An(III), various complexes are studied via NMR spectroscopy. In order to determine the NMR 
speciation, we firstly conducted NMR titration experiments for M(III) = Lu, Sm, La, Y with C4-BPP. An 
example is given in Figure 10, which displays the progression of the proton NMR at different Lu:L ratios. 
In total, the formation of three distinct complex species is observed. Additionally, the spectrum at Lu:L 1:4 
shows the proton signals of the uncomplexed ligand, indicating the completion of the complexation. 
Consequently, we assume a stepwise complexation model from which each observed complex species can 
be assigned as [Lu(C4-BPP)n]3+ (n =1-3). Notably, the uncomplexed ligand shows substantial line 
broadening which is caused by an aggregation of the C4-BPP ligand molecules. As later studies indicate, 
the aggregation is suppressed in the presence of H+ in the solution. 

In the case of the metal ions, Y, La and Sm, a similar speciation is obtained (Figure S7-S9). However, a 
slight difference is observed in the stability of the complexes: La(III) requires at least 5.0 eq C4-BPP to 
form exclusively the [La(C4-BPP)3]3+ species; whereas [Lu(C4-BPP)3]3+ is dominantly present at 3.0 eq C4-
BPP. This shows a clear correlation between the ionic radii and the complex stabilities along the Ln(III) 
series. With increasing ionic radius the stability decreases. 

Using the acquired speciation data, [M(C4-BPP)3]3+ (M = Y, Sm, Lu, La) complexes are prepared and 
characterized using 1D (Figure S10-S13) and 2D NMR methods (S14-S16). Figure 11 displays the 1H/15N 
HMQC spectra of the 1:3 complexes in comparison to the uncomplexed ligand. All three chemically 
different nitrogen atoms are observed, which show long distance coupling with either H-11 or H-3/5. The 

Figure 10: 1H NMR spectra of the aromatic protons of C4-BPP at different Lu(III)-to-ligand ratios 
(Lu:L) in CD3OD. 



coordinated nitrogen atoms are found within a shift range of 35 ppm (N-1) and 30 ppm (N-8) in respect to 
the uncomplexed ligand. In contrast, the coordination impact is almost negligible for the non-coordinating 
N-9 nitrogen atom (Table 3). 

It has to be noted, that the 1H/15N spectrum of the uncomplexed ligand is obtained in the presence of HOTf 
due to the ligand’s aggregation in pure deuterated methanol. Nonetheless, the obtained chemical shifts fall 
within the range of literature known data of structurally related N-donor ligands. [14, 15, 19, 24, 26] 

Am complex with C4-BPP. As a representative of the trivalent An ions, the complexation of Am(III) with 
C4-BPP are studied using 1D and 2D NMR methods. Figure 12 shows the proton NMR spectrum of the Am 
complex at a M:L ratio of 1:3.5. The NMR spectrum exhibits in total four signals sets of which one can be 
assigned to the uncomplexed ligand. In comparison to the spectrum displayed in Figure 10, the signal set of 
the uncomplexed ligand differs significantly. This originates from an increased H+ concentration in solution 
which inhibits the ligand aggregation. This effect can be reproduced by just adding HOTf to a solution 
containing C4-BPP in deuterated methanol (Figure 12, lower spectrum). The presence of H+ ions can be 
traced back to residual HOTf from the Am(OTf)3 stock solution which is carried over during the sample 
preparation. The residual H+ ions have a decisive impact on the complex speciation as Figure 12 highlights. 
Against our expectation, three complex species are present in solution. These are identified by the singlet 
signals of the corresponding aromatic proton H-11 between 7.0 and 6.0 ppm. Based on a stepwise 

Figure 11: Overlay of 1H, 15N HMQC spectra of [M(C4-BPP)3](OTf)3 complexes (M = Y, Sm, Lu) 
and C4-BPP in CD3OD. 



complexation model, we assign the observed complex species to [Am(C4-BPP)n]3+ (n = 1-3). DOSY 
measurements proofs the presence of three distinct complexes (Figure S17). Furthermore, a titration 
experiment shows that the proton signal at 6.76 ppm corresponds to the 1:1, the signal at 6.50 ppm to the 
1:2 and the signal at 6.09 ppm to the 1:3 complex (Figure S18). Additional NMR experiments involving the 
Ln(III) complex speciation in presence of HOTf confirm the strong impact of H+ ions on the complexation 
(Figure S19). 

The complex mixture is further characterized by 1H 15N-HMQC measurement (see Figure 13). 15N signals 
are found between -10 to +10 ppm for the coordinating nitrogen atoms N-8 and N-1 and around 210 ppm 
for the non-coordinating nitrogen atom N-9. In comparison to the 15N shifts of the respective Ln(III) 
complexes, Am(III) shows a pronounced upfield shift of about 270 – 280 ppm for the coordinating nitrogen 
donor atoms (Table 3). These strong shifts can not only be attributed to the paramagnetism of Am(III) 
because Sm(III), which is comparable in paramagnetism, shows similar shifts as the diamagnetic Lu(III) 
and Y(III). Therefore, this pronounced shift is related to a difference in the M(III)-N interaction. The 
interaction between Ln(III) ions and ligands is generally considered to be driven mainly by electrostatic 
forces. Consequently, a change of the coordination mode includes a higher fraction of covalence in the 
Am(III)-N interaction. This is in good agreement with literature data where shifts up to 300 ppm of Am(III) 
complexes of other N-donor ligands in respect to the Ln(III) complexes were observed.[14, 15, 19, 24] 
Furthermore it must be highlighted that the chemical shifts of the coordinated nitrogen atoms are almost 

Figure 12: 1H NMR Spectrum of the aromatic region of C4-BPP in presence of Am(OTf)3 (upper 
spectrum) and HOTf (lower spectrum) in CD3OD. 



identical for the 1:1 and 1:3 complex, which resembles that the observed shifts are independent of the 
complex structure as well as the complex stoichiometry. The small deviation may be a result from slightly 
different bond lengths and bond angle. 

Table 3: Chemical shifts of the nitrogen atoms in M(C4-BPP)n(OTf)3 (n =3) complexes and in the 
uncomplexed ligand. 

Metal N-1 N-8 N-9
none 230[a] 254[a] 202[a] 
Y3+ 263 265 200 

Sm3+ 218 224 200 
Lu3+ 265 267 200 

Am3+ (1:3) -3 -6 212 
Am3+ (1:2) - - 207 
Am3+ (1:1) - 13 207 

[a] Labeled values are taken from spectra with 1.5 mol/L HOTf.

Figure 13: 1H, 15N HMQC spectrum of the [Am(C4-BPP)n]3+ (n = 1-3) complexes in CD3OD. The 
highlighted red box shows the range of chemical shifts observed for the Ln(III) complexes. 



Conclusion 

The present work aims to deepen the understanding of the bonding properties of An(III) and Ln(III) with 
N-donor ligands like C4-BPP.  

Speciation studies using TRLFS show the formation of [Cm(C4-BPP)n]3+ (n = 1-3) and [Eu(C4-BPP)n]3+ (n 
= 1-2) in methanol containing 1.5 vol.% water. Stability constants of the Cm(III) complexes are by two 
orders of magnitude larger (β’1 = 7.2, log β’2 = 10.1, log β’3 = 11.8 ) than Eu(III) complexes (log β’1 = 4.9; 
log β’2 = 8.0). Additionally, a 1:3 Eu(III) complex is not observed under the given conditions. This indicates 
a stronger ligand-metal ion interaction in the An(III) complex compared to the respective Ln(III) complex. 
Cm values are lower in the current system compared to previously studied C5-BPP ligand because of the 
steric demand of the tBu moieties comparing to the neopentyl groups. 

NMR studies show the formation of [M(C4-BPP)n]3+ (n = 1-3) for Am(III) and Ln(III) ions. Additionally, 
the speciation is dependent on the concentration of H+ in solution. 1H/15N HMQC analysis provided insights 
into the metal ion- nitrogen interaction. The data analysis suggests a different bonding mode in the Am(III) 
complex in respect to comparable Ln(III) complexes.[14, 15] Consequently, we conclude a higher fraction of 
covalence in the Am(III)-N interaction. This is consistent with existing literature data.[14, 15, 19, 24]  

Supporting Information 

CCDC 2328668 contains the supplementary crystallographic data for this paper. The data can be obtained 
free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. 
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