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Abstract 

The synthesis, X-ray structure, stability, and photophysical properties of several trivalent lanthanide 
complexes formed from two differing bis-bidentate ligands incorporating either alkyl or alkyl ether 
linkages and featuring the 1-hydroxy-2-pyridinone (1,2-HOPO) chelate group in complex with Eu(III), 
Sm(III) and Gd(III) are reported. The Eu(III) complexes are among some of the best examples, pairing 
highly efficient emission ( Eu

totΦ  ~ 21.5 %,) with high stability (pEu ~ 18.6) in aqueous solution, and are  

excellent candidates for use in biological assays. A comparison of the observed behavior of the 
complexes with differing backbone linkages shows remarkable similarities, both in stability and 
photophysical properties. Low temperature photophysical measurements for a Gd(III) complex were 
also used to gain insight into the electronic structure, and were found to agree with corresponding 
TD-DFT calculations for a model complex. A comparison of the high resolution Eu(III) emission 
spectra in solution and from single crystals also revealed a more symmetric coordination geometry 
about the metal ion in solution due to dynamic rotation of the observed solid state structure. 

Introduction 
The ability to detect analytes such as DNA1, proteins2 or other biologically active molecules3 at small 

concentrations and in the presence of a complicated matrix or even in vivo remains a challenging task. 
Many of these bioassays often rely on lanthanide fluorescence, which can furnish detection limits in the 
nano- and picomolar region.4 Specifically, their sharp ‘atom-like’ emission spectra, large Stokes shift, 
and long lived luminescence makes trivalent lanthanide cations such as Eu(III) very attractive reporters 
for these assays. Using both spectral and temporal discrimination of the luminescent signal from 
background autofluorescence enables highly sensitive assays,5, 6 such as the Dissociation Enhanced 
Lanthanide Fluoro Immuno Assay (DELFIA®) techniques first commercialized by Wallac™, which use 
a polyaminocarboxylate chelate of Eu(III).7 However, the DELFIA® format is heterogeneous and 
suffers from the limitation that the fluorescent signal cannot be traced until the end of the assay, when 
the non-fluorescent Ln(III) chelate is converted to a highly fluorescent form by the addition of a 
sensitizing �-diketonate enhancement solution. Hence, the preparation of efficient lanthanide sensitizers 
which also form very stable complexes in dilute aqueous solution is an active area of research, since 
they can be utilized directly and/or covalently bound to a particular biomolecule for use in a less 
expensive and less time consuming homogenous assays formats. 

Some earlier examples of systems utilized in this manner and which have been very successful were 
based on Eu(III) cryptates originally developed by Lehn.8 However, in these cases, optimum results 
often required the addition of an augmenting agent such as anionic fluoride to displace residual inner 
sphere water molecules, which otherwise strongly quench Eu(III) centered luminescence.9 More 
recently, several relatively stable Ln(III) complexes with a tetrapodal ligand design incorporating four 
picolinate chelating moieties have been prepared, which were found to be quite efficient sensitizers of 
Tb(III), with overall luminescence quantum yield of Tb

totΦ  = 45 % and, to a lesser extent, for Eu(III) 
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( Eu
totΦ  = 7.0 %).10 Conditional stability constant (pM) measurements11 showed that these water soluble 

complexes possessed solution stability that exceeds that of EDTA (pEu = 15.5). However, the observed 
excitation maximum was quite high in energy, with a λmax at 274 nm. For biological applications, it is 
preferably that such complexes allow for sensitization of the metal using the lowest possible energy 
(longer wavelength) in order to minimize autofluorescence and to increase the penetration depth of 
excitation into the sample.12 Another recently described Eu(III) chelate, which has the advantage of red 
shifted excitation at 335 nm, was reported by Matsumoto et. al.13 This compound is a polycarboxylate 
derivative of a terpyridine complex, and, according to preliminary stability assessment by competition 
with EDTA, is several orders of magnitude more stable than the [Eu(EDTA)] complex at pH 8. 
However, the synthesis of the complex is quite lengthy and the intensity of the resulting Eu(III) 
emission remains only moderate, with Eu

totΦ  = 9.1 %. 

Another approach pioneered by Parker has been the covalent attachment of a variety of sensitizing 
chromophores to the macrocyclic DO3A platform, most recently utilizing azaxanthones and 
azathioxanthones as the light absorbing chromophore which has extended the absorption envelope as far 
as ca. 380 nm.14 While stability data were not reported, these DO3A macrocyclic based complexes are 
known to form stable and very kinetically inert complexes with Ln(III) cations,15 and they almost 
certainly possess sufficient stability for biological applications. Despite their long wavelength 
absorbance, these chromophores have a relatively small energy gap between their first excited singlet 
and the lowest energy sensitizing triplet state, which facilitated their use as sensitizer for both Tb(III) 
and Eu(III). However, their luminescence performance is limited by incomplete energy transfer to the 
metal (as evidenced by residual ligand centered emission) and, more importantly, the presence of a 
single water molecule in the first coordination sphere (q = 1). Nonetheless, the observed quantum yields 
with Eu(III) were still very good with Eu

totΦ  = 8.9 %, and for Tb(III), improved values as high as 
Tb
totΦ  = 24 % were reported, remarkably high for a q = 1 complex.  

The sensitization of trivalent lanthanides with the simple 1-hydroxy-2-pyridinone (1,2-HOPO) 
chromophore has been previously reported,16, 17 specifically focusing on the [ML3(H2O)2] or [ML4]

− 
complexes with Tb(III), Dy(III) and Eu(III), which were also characterized by X-ray crystallography. In 
those studies the focus was on Tb(III), which displayed an impressive quantum yield of Tb

totΦ  = 20 % in 

methanol solution, whereas the performance of the Eu(III) complex was much less striking with 
Eu
totΦ = 0.3 %. Recently, we discovered that the 6- amide derivatives of 1,2-HOPO have vastly improved 

performance for Eu(III), and we have reported on their excellent sensitization efficiency.18 The 
tetradentate ligand, 5LIO-1,2-HOPO (H21, Chart 1), is remarkable in that its ML2 complex with Eu(III) 
combines both a very high quantum yield ( Eu

totΦ  = 21.5 %) with exceptionally good aqueous stability 

(pEu = 18.6). Indeed, a comparison of the stability data for Fe(III), Al(III), and Ga(III) complexes of 
1,2-HOPO’s indicates that this group acts as a very strong chelator for Lewis acidic trivalent ions such 
as Ln(III),19, 20 while conversely forming significantly weaker complexes with divalent ions such as 
Cu(II) or Zn(II).21 Furthermore, another important advantage of using the 6-carboxy-1-hydroxy-2-
pyridinone precursor is the facile preparation of multidentate 1,2-HOPO based ligands which are able to 
exploit the chelate effect for higher complex stabilities.22 These ligands also allow a certain measure of 
control over the Ln(III) coordination sphere, by providing steric bulk and helping prevent the 
coordination of inner sphere solvent molecules, when compared to the bidentate analogues. In this paper 
we elaborate on our previous communication18 to include the alkyl linked ligand 5LI-1,2-HOPO (H22, 
Chart 1), in complex with Eu(III) and, as a result of the now completed photophysical characterization 
of the chromophore, we broaden the scope to include the complexes of both ligands with Sm(III).  
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Experimental 
General 

All solvents for reactions were dried using standard methodologies. Thin-layer chromotography 
(TLC) was performed using precoated Kieselgel 60 F254 plates. Flash chromatography was performed 
using EM Science Silica Gel 60 (230- 400 mesh). NMR spectra were obtained using either Bruker AM-
300 or DRX-500 spectrometers operating at 300 (75) MHz and 500 (125) MHz for 1H (or 13C) 
respectively. 1H (or 13C) chemical shifts are reported in ppm relative to the solvent resonances, taken as 
δ 7.26 (δ 77.0) and δ 2.49 (δ 39.5) respectively for CDCl3 and (CD3)2SO while coupling constants (J) 
are reported in Hz. The following standard abbreviations are used for characterization of 1H NMR 
signals:  s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, m = multiplet, dd = doublet of 
doublets. Fast-atom bombardment mass spectra (FABMS) were performed using 3-nitrobenzyl alcohol 
(NBA) or thioglycerol/glycerol (TG/G) as the matrix. Elemental analyses were performed by the 
Microanalytical Laboratory, University of California, Berkeley, CA. 

Synthesis 
Detailed synthesis of several relevant precursors (see Scheme 1) including the thiazolide activated 

derivative 1,2-HOPO-Bn-thiaz (6) starting from commercially available 6-bromo-picolinic acid have 
been described elsewhere.23 Similarly, the synthesis of 5LIO-1,2-HOPO (H21) and its’ Eu(III) complex 
as the pyridinium salt, C5H6N[Eu(1)2], have been previously reported.18 A detailed synthesis of 
5LI-1,2-HOPO (H22) and its Eu(III) complex, C5H6N[Eu(2)2], is described below, and corresponding 
complexes of Sm(III) and Gd(III) were prepared using the same procedure. 

5LI-1,2-HOPO-Bn (8) 
To a solution of 1,2-HOPO-Bn-thiaz (6) (1.22 g, 3.52 mmol) in dry CH2Cl2 (30 mL) was added neat 

1,5-pentanediamine (184 mg, 1.8 mmol). The resulting mixture was left to stir overnight, and ensuing 
purification of the reaction mixture was realized by removal of the solvent at reduced pressure and 
subsequent loading of the residue onto a flash silica column. Gradient elution with 2-6 % MeOH in 
CH2Cl2 allowed separation of the benzyl-protected precursor, 5LI-1,2-HOPO-Bn, as a pale yellow oil 
(0.9 g, 92 %). 1H NMR (300 MHz, CDCl3): δ 1.18 (quin, 2H), 1.39 (quin, 4H), 3.17 (q, 4H), 5.26 (s, 
4H), 6.32 (dd, 2H), 6.62 (dd, 2H), 6.78 (t, 2H), 7.26-7.45 (m, 12H). 13C NMR (75 MHz, CDCl3): 
δ 23.4, 27.9, 39.3, 79.1, 105.9, 123.2, 128.4, 129.2, 129.9 133.2, 138.5, 142.9, 158.5, 160.3. 

5LI-1,2-HOPO (H22) 
5LI-1,2-HOPO-Bn (8) (557 mg, 1.0 mmol) was dissolved in a conc. HCl/glacial AcOH mixture 

(20 mL, 1:1 (v/v)), and was stirred at room temperature for 2 days. Filtration followed by removal of 
the solvent yielded a beige residue, which was washed with Et2O to give 5LI-1,2-HOPO as a beige 
powder (344 mg, 74 %). 1H NMR (300 MHz, (CD3)2SO): δ 1.35 (quin, 2H), 1.46 (quin, 4H), 3.18 (q, 
4H), 6.26 (dd, 2H), 6.55 (dd, 2H), 7.37 (dd, 2H), 8.73 (t, 2H). MS (FAB+): 377 (MH+). Elemental 
Analysis for C17H20N4O6·2HCl·H2O (Mr = 467.30 g.mol-1), Calc’d. (Found): 43.69 (43.75), 5.17 
(4.93), 11.98 (11.65). 

 
C5H6N[Eu(5LI-1,2-HOPO)2] (C5H6N[Eu(2)2]) 

A solution of EuCl3·6H2O (37 mg, 0.1 mmol) in MeOH (1 mL) was added to a stirred solution of 
H22 (94 mg, 0.20 mmol) in MeOH (5 mL). The clear solution became turbid after 2 drops of dry 
pyridine was added. The mixture was heated to reflux for 6 hr under nitrogen, during which time the 
complex deposited as a white precipitate. This solid was isolated by filtration, rinsed with cold MeOH, 
and dried to give the pyridinium salt of complex (80 mg, 82 %) as a white solid. Elemental Analysis 
for EuC34H36N8O12⋅C5H6N (Mr = 980.77 g.mol-1)), Calc’d. (Found): C, 47.76 (47.45); H, 4.32 (4.22); 
N, 12.85 (12.67). MS (ES−): 900.1 (M-). Crystals of the complex suitable for X-ray diffraction studies 
were prepared by vapor diffusion of ether into a wet methanol solution of the complex in the presence 
of excess dimethylamine. 
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Physical Methods 
Crystallography 

Crystals suitable for X-ray analysis were mounted on a Kapton loop using Paratone N hydrocarbon oil 
and measured at low temperature using a Siemens SMART CCD24

 area detector with graphite 
monochromated Mo-Kα radiation. Cell constants and orientation matrices were obtained from least-
squares refinement. The resulting data were integrated by the program SAINT25

 and corrected for 
Lorentz and polarization effects. Data were also analyzed for agreement and possible absorption using 
XPREP.26 An empirical absorption correction based on the comparison of redundant and equivalent 
reflections was applied using SADABS.27 Equivalent reflections where appropriate were merged and no 
decay correction was applied. The structures were solved within the WinGX28 package by direct 
methods using SIR9229 and expanded using full-matrix least-squares techniques with SHELXL-9730. 
Hydrogen atoms were positioned geometrically, with C–H = 0.93 Å for CH aromatic, C–H = 0.97 Å for 
CH2 methylene, N–H = 0.89 Å, and C–H = 0.96 Å for CH3 methyl.  Hydrogen atoms were constrained 
to ride on their parent atoms, with Uiso(H) values set at 1.2 times Ueq(C) for all H atoms. Resulting 
drawings of molecules were produced with ORTEP-3.31 

 
Solution Thermodynamics 

Experimental protocols and details of the apparatus closely followed those of a previous study for 
related ligands.32 The 5LI-1,2-HOPO (H22) ligand and corresponding [Eu(2)2]− complex protonation 
constants were examined by potentiometric titrations (pH vs total proton concentration) using 
Hyperquad33. Spectrophotometric titrations (absorbance vs pH) were examined using pHab34 for data 
analysis. Both methods result in identical pKa values within experimental error.  

All experiments were performed at 25°C and with 0.1 M KCl as electrolyte. Each determination 
results from three independent experiments, where each experiment consists of two titrations, first 
against 0.1 M HCl followed by reverse titrations against 0.1 M KOH. Additionally, protonation 
constants of the metal complex at low pH values were measured, where each experiment consists of one 
titration from pH 3 to pH 1.6. A correction of the liquid-liquid junction potential was performed in the 
course of pH electrode calibration, as detailed elsewhere.35 Equilibration times for titrations were 150 s 
and 210 s for ligand only and metal complex titrations respectively. Ligand and metal concentrations 
were in the range of 0.1 to 0.5 mM for potentiometric titrations. For spectrophotometric titrations, the 
ligand and metal complex concentrations were ca. 0.01 µM.  

As a result of the strength of the binding interaction, and the highly acidic nature of the ligand, the 
Eu(III) ML2 complex formation constants with either ligand could not be determined directly. As such, 
for the determination of the ML2 formation constant, β120, spectrophotometric titrations versus the 
known competitor, DTPA, were performed between pH 5 and 9 with competitor concentration ranging 
from 0.01 µM to 0.12 mM. Additional spectrophotometric titrations with differing concentrations of 
Eu(III) and ligand between pH 3 and 1.6 in the absence of the DTPA competitor then allowed the 
determination of the constants β121 and β110 from refinements with fixed β120. 

 
Photophysics 

UV-Visible absorption spectra were recorded on Cary 300 double beam absorption spectrometer 
using quartz cells of 1.0 cm path length. Emission spectra were acquired on a HORIBA Jobin Yvon 
IBH FluoroLog-3 spectrofluorimeter. Spectra were reference corrected for both the excitation light 
source variation (lamp and grating) and the emission spectral response (detector and grating). Quantum 
yields were determined by the optically dilute method36 using the following equation; 
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where A is the absorbance at the excitation wavelength (λ), I is the intensity of the excitation light at the 
same wavelength, η is the refractive index and D is the integrated luminescence intensity. The 
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subscripts ‘x’ and ‘r’ refer to the sample and reference respectively. Quinine sulfate in 1.0 N sulfuric 
acid was used as the reference (Φr = 0.546).36  

Luminescence lifetimes were determined with a HORIBA Jobin Yvon IBH FluoroLog-3 
spectrofluorimeter, adapted for time resolved measurements. A sub-microsecond Xenon flash lamp 
(Jobin Yvon, 5000XeF) was used as the light source, coupled to a double grating excitation 
monochromator for spectral selection. The input pulse energy (100 nF discharge capacitance) was 
ca. 50 mJ, yielding an optical pulse duration of less than 300 ns at FWHM. A thermoelectrically cooled 
single photon detection module (HORIBA Jobin Yvon IBH, TBX-04-D) incorporating fast rise time 
PMT, wide bandwidth pre-amplifier and picosecond constant fraction discriminator was used as the 
detector. Signals were acquired using an IBH DataStation Hub photon counting module and data 
analysis was performed using the commercially available DAS 6 decay analysis software package from 
HORIBA Jobin Yvon IBH. Goodness of fit was assessed by minimizing the reduced chi squared 
function, χ2, and a visual inspection of the weighted residuals. Each trace contained at least 10,000 
points and the reported lifetime values result from at least three independent measurements.   

Typical sample concentrations for absorption and fluorescence measurements were ca. 10-5 to 10-6 M 
and 1.0 cm cells in quartz suprasil or equivalent were used. Solid state measurements performed for the 
Eu(III) complexes were accomplished by fixing a dispersion of crystalline material to a glass 
microscope slide with Krazy Glue® cyanoacrylate based adhesive. The luminescence spectra and 
lifetimes in this case were measured using front-face excitation at 22.5°. 
 
Computational Studies 

Ground state density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were 
performed at the Molecular Graphics and Computational Facility, College of Chemistry, University of 
California, Berkeley. In both cases, the B3LYP/6-311G++ (d,p) basis set provided in Gaussian’03 was 
used, with simplified input structures derived from a previously reported18 crystal structure. All 
calculations were done in the gas phase and geometry optimizations were performed with no symmetry 
restraints. 

 

Results and Discussion 
Synthesis and Structure  

The first reported synthesis of a 6- amide functionalized 1-hydroxy-2-pyridinone (1,2-HOPO) chelate 
group appeared more than 20 years ago,37 wherein the 1-hydroxy-2-pyridinone-6-carboxylic acid 
(3, Scheme 1) was first activated with phosgene gas, then coupled with an amine backbone to provide 
an amide linked multidentate 1,2-HOPO ligand scaffold. However, this procedure is somewhat 
unattractive since phosgene is highly toxic and, moreover, the yields of these coupling reactions were 
quite low (ca. 15-30 %). Additionally, the separation and purification of the final products are 
sometimes difficult, in most cases requiring purification by HPLC which limits the scale of the 
synthesis. 

A more attractive approach toward the synthesis of 1,2-HOPO derivatives has since been 
developed,18, 23 as illustrated in Scheme 1 for the 5LIO-1,2-HOPO (H21) and 5LI-1,2-HOPO (H22) 
ligands. This procedure relies on the inherently greater acidity of the N-hydroxyl group, when compared 
to the carboxylic acid, which allows for near quantitative and selective benzyl protection. Upon 
treatment with oxalyl chloride, the benzyl protected 1,2-HOPO acid (4) can be easily converted to a 1,2-
HOPO acid chloride (5), which reacts with primary or secondary amines to afford amide linked benzyl 
protected products. 

The intermediate 1,2-HOPO acid chloride (5) is a very reactive species, and should be used 
immediately after preparation in most cases. Alternately, the benzyl protected 1,2-HOPO acid can also 
be activated toward subsequent amide bond formation by various reagents such as NHS, HOBt or 
2-mercaptothiazolide using DCC as the coupling agent and DMAP as a catalyst. The activated NHS 
ester, HOBT ester and thiazolide readily react with a large variety of backbone amines to form the 
desired benzyl-protected 1,2-HOPO intermediates (7, 8), which can be easily purified by flash 



 

6 

chromatography on a preparative scale.  As with the 1,2-HOPO acid chloride (5), the activated NHS and 
HOBT ester are not isolated in pure form, but rather generated and used in situ due to their reactivity. 
The 1,2-HOPO-Bn-thiaz (6) is therefore of particular interest since it can be easily separated and 
purified by flash chromatography and can also be stored since it is not sensitive to water and does not 
decompose. In most case, the 1,2-HOPO-Bn-thiaz (6) selectively reacts with primary amines to afford 
the desired benzyl protected products in excellent yield and the loss of its characteristic yellow color 
can also be used as a visual indicator to determine the end point of the amide coupling reaction. The 
deprotection of the ligands proceeds smoothly under strongly acidic conditions to afford the desired 
products after removal of the solvent at reduced pressure in analytically pure form and in good yield. 

X-ray quality crystals of H21 were obtained via vapor diffusion of diethyl ether into a solution of the 
ligand in methanol. A view of the resulting structure is shown in Figure 1, and crystal data is 
summarized in Table 1. Perhaps the most striking feature of this structure is the unusual geometry 
adopted by the ligand, likely a result of both intra- and intermolecular hydrogen bonding and also to a 
lesser extent π stacking between adjacent 1,2-HOPO rings (vide infra). Both of the individual 1,2-
HOPO rings (defined by C1-C5 and N1, and C12-C16 and N4) are planar, with very small root mean 
square (rms) values (0.0032 and 0.0168 respectively), and the adjacent amide groups (defined by C6, 
O3, N2 and C11, O5, N3) are similarly also planar. As with similar structures reported previously,38 these 
amide groups are not coplanar with the adjacent 1,2-HOPO ring system, instead lying almost orthogonal 
with dihedral angles of ca. 88.8° and 62.2° respectively. The observed short C-O bondlengths between 
the C1-O2 and C16-O7 atoms at 1.26 Å and 1.27 Å respectively indicate the ligand is predominately in 
the ‘keto’ form. Indeed, 1,2-HOPO based ligand systems have previously been referred to as ‘cyclic 
hydroxamic acids’ rather than as the tautomeric conjugated aromatic ring system, based on similarity of 
UV-visible spectra to simpler analogs which cannot undergo this keto-enol tautomerisation.39 

An examination of the crystal packing for H21 reveals a secondary arrangement of two distinct ligands 
to form dimers, which are held together by the π stacking of adjacent 1,2-HOPO ring systems at a 
separation of ca. 3.4 Å and a complex network of intra- and intermolecular hydrogen bonds. For 
example, the protons of the phenolic O1 and O6 atoms form complementary bifurcated intermolecular 
H-bonding interactions with the keto O7 (O1-H1···O7 = 1.75 Å) and neighboring phenolic O6 atom 
(O1-H1···O6 = 2.46 Å), and keto O2 (O6-H6···O2 = 1.57 Å) and neighboring phenolic O1 atoms (O6-
H6···O1 = 2.52 Å) respectively. An additional intermolecular interaction between the amide N3 proton 
and keto O7 atom (N3-H3···O7 = 2.13 Å) was also noted. Lastly, the presence of a single co-crystallized 
solvent water molecule may also have had a significant influence on the observed ligand geometry, 
since this molecule makes a total of three intermolecular H-bonding contacts (N2-H2A···O1W = 2.11 Å, 
O1W-H1W1···O3 = 1.91 Å, O1W-H1W2···O7 = 2.12 Å,) which link adjacent dimer units. 

The complexation of either the 5LIO-1,2-HOPO (H21) or 5LI-1,2-HOPO (H22) ligands with various 
LnCl3·6H2O salts (Ln = Eu, Sm, Gd) has been readily achieved using the appropriate 1:2 metal:ligand 
stoichiometry in the presence of pyridine acting as a base, and using MeOH as the solvent. After a short 
reflux period of ca. 4-6 hours, the desired ML2 complexes can be isolated upon cooling by filtration as 
the pyridinium salts in excellent yield and in analytically pure form. As detailed in the preceding 
communication,18 dissolving the isolated pyridinium salts of these complexes in an organic solvent such 
as MeOH or DMF in the presence of a smaller monocationic species such as tetramethylammonium or 
dimethylammonium followed by vapor diffusion with diethyl ether facilitated ready isolation of X-ray 
quality crystals and we previously reported18 the structure of the C4H12N

+[Eu(1)2]
– complex. Herein, 

X-ray quality crystals were also obtained for the following complexes; C4H12N
+[Sm(1)2]

–·CH3OH·H2O, 
C4H12N

+[Gd(1)2]
–, C2H8N

+[Eu(2)2]
–·(DMF)2, and C2H8N

+[Sm(2)2]
−·(DMF)1.5 where C4H12N

+ and 
C2H8N

+ are the tetramethylammonium or dimethylammonium cations respectively. For completeness, 
the crystal data for the previously reported and new complexes are both summarized in Table 1, and 
corresponding views of these complexes are shown in Figures 2-4. 

The [Eu(2)2]
– complex anion is shown in Figure 2, where the striking similarity to the previously 

reported [Eu(1)2]
– structure is also clearly evident. Relevant bond lengths are also summarized in 

Table 2. For both these structures, the oxophilic Eu(III) cation is surrounded by a total of eight oxygen 
donors, four from each of the two bis-bidentate ligands, with average Eu-O bond lengths of ca. 2.40 Å. 
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In both complexes, a commonly observed feature are the strong intramolecular hydrogen bonding 
interactions between the amide proton and the adjacent coordinated N-hydroxyl oxygen atoms, with an 
average distance of 1.93 Å for [Eu(1)2]

– and 1.90 Å for [Eu(2)2]
–. For the latter, only three of the four 

maximum possible interactions of this type were observed, as one of the amide groups in this complex 
lies twisted out of plane to the adjacent 1,2-HOPO ring systems (N6-C23-C22-N5 dihedral angle, 
θ = 84°). Significantly, this seemingly large distortion seems to have had little effect on the overall 
morphology of the final structure. For the [Eu(1)2]

– structure, the central ether oxygen of each ligand 
backbone is also involved in an intramolecular hydrogen bonding interaction with the amide protons. 
Lastly, it is relevant to note the orientation of each of the tetradentate ligands with respect to the other is 
almost identical between the two complexes, as shown in Figure 2. 

The corresponding crystal structures for the ML2 complexes of H21 and H22 with Sm(III) are shown 
in Figure 3 and relevant bond lengths are again summarized in Table 2. As was the case with Eu(III), 
each Sm(III) metal centre is overall eight coordinate in each of the complex anions, with four donor 
atoms provided per ligand. The average Sm-O bond lengths are essentially identical, at ca. 2.41 Å, 
which are slightly larger when compared to the corresponding Eu(III) complexes (as expected due to the 
familiar lanthanide contraction40). A closer analysis of Figure 3 reveals a major and very significant 
difference between the [Sm(1)2]

– and [Sm(2)2]
– structures. In the latter case, the orientation of each of 

the tetradentate ligands with respect to each other is essentially identical to that observed for both 
Eu(III) complexes (see Figure 2) whereas for [Sm(1)2]

–, the orientation of the two bis-bidentate ligands 
are quite different. Hence, for this complex, the two five atom linkages between each 1,2-HOPO chelate 
can be described as being located on the same ‘face’ of the complex (forming a ca. -55° dihedral angle, 
as viewed down an imaginary rotational axis including the metal center and lying perpendicular to the 
page as drawn in Figure 3). By contrast, for the other three complexes discussed thus far, the five atom 
linker between each 1,2-HOPO chelate are offset by ca. 120° such that they lie almost on the opposite 
‘face’ of the complex. As evidenced by the similarity in coordinate bondlengths, however, this striking 
difference in orientation of the ligand backbones has little influence over the final structure of the 
complex. Nonetheless, it does serve to illustrate that each bis-bidentate chelate group is free to rotate 
with respect to the other, and it is likely the complexes will display fluxional behavior in solution. 

Lastly, a view of the structure obtained for the [Gd(1)2]
– complex anion is shown in Figure 4, and 

relevant bond lengths are summarized in Table 2. Unfortunately, the quality of the crystal obtained for 
this complex was quite low, resulting in relatively poor diffraction data compared to the other 
complexes, but nonetheless a tenable solution was obtained. In keeping with the expected lanthanide 
contraction, the smaller Gd(III) metal centre exhibits slightly shorter Gd-O bondlengths, averaging 
2.32 Å. The hydrogen bonding pattern observed for the Eu(III) and Sm(III) complexes between amide 
N-H protons adjacent to the 1,2-HOPO ring system and the coordinated hydroxyl oxygen atom are 
maintained for the Gd(III) complex, as are the intramolecular H bonds to the central ether oxygen of the 
ligand. Lastly, the orientation of each ligand backbone with respect to the other again mimics that seen 
in both the Eu(III) complexes and also the structure of [Sm(2)2]

–, where each of the five atom linkages 
are on opposite faces of the structure, offset by a torsional angle of ca. 125°. 

An important structural parameter which can also be obtained from the crystallographic data is the 
shape measure, SM,41, 42 defined as: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−= ∑

=

m

i
iim

SM
1

2)(1min θδ  

This is a measure of the agreement in the variance of dihedral angles along all edges between the 
polyhedron derived from the crystal structure and the idealized cases. For the eight coordinate 
geometry, the three most common idealized coordination polyhedra are shown in Figure 5, and 
correspond to the bicapped trigonal prismatic (C2v), square antiprismatic (D4d) and trigonal 
dodecahedral (D2d) geometries. The lowest value of SM for the three pairs represents the best fit to the 
closest idealized geometry, and resulting shape measure calculations for the five complexes studied 
herein are summarized in Table 3. It is readily apparent the closest match for most of the complexes was 
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the bicapped trigonal prismatic (C2v) geometry, with all but the [Sm(1)2]
– complex displaying this as the 

closest corresponding ideal coordination polyhedron. Notably, it was for only this complex that the 
orientation of the five atom linkages between 1,2-HOPO chelate groups differed with respect to each 
other (vide supra), and this structural difference is also likely the cause of the differing shape measure 
result. 
 
 

Solution Thermodynamics 
The protonation constants of 5LI-1,2-HOPO (H22) were determined by potentiometry, with resulting 

parameters as summarized in Table 4. These values were also confirmed by spectrophotometric 
titrations, and were subsequently used to determine the calculated molar absorbance of the neutral H22, 
anionic H2−, and dianionic 22− forms of the ligand as shown in Figure 7. These can be compared 
directly to those previously reported18 for 5LIO-1,2-HOPO (H21). As anticipated, the differing five 
carbon atom linkage has only a slight effect on the acidities of the two ligands. 

It has been shown elsewhere43 that the difference between pKa1 and pKa2 of a diprotic ligand can be 
used as a measure of the average separation between protonation sites. Applied to the current situation, 
the difference in pKa values is slightly lower for H22 at 1.13 compared to H21 at 1.60 as shown in 
Table 4. Since both the 5LI- and 5LIO- backbones span approximately the same distance when fully 
elongated, it is reasonable that the differing protonation behavior as expressed by the difference in pKa 
values can be attributed to the presence of the central ether oxygen atom of the latter, resulting in a 
closer intermolecular distance on average between protonation sites. This can be rationalized by the 
presence of an intervening hydrogen bonding network, as drawn in Chart 1, involving the amide protons 
and the central ether oxygen, which ensures the two N-hydroxamate functional groups remain in close 
proximity, and may also preorganize the 5LIO-1,2-HOPO ligand for metal chelation. The presence of 
this hydrogen bonding network for 5LIO-1,2-HOPO may also account for the slight difference in pKa’s 
observed between the two differing ligands.  

From the sum of pKa values (equivalent to the overall ligand acidity), it can be anticipated that H22, as 
the more basic ligand, will form a more stable ML2 complex than H21. Unfortunately, the cumulative 
formation constants with Eu(III) could not be measured directly, since Eu(III) was not released at pH 
values as low as 1.6 under the experimental conditions utilized. Hence, competition titration 
experiments as described elsewhere18 using DTPA as a known competitor were required to 
experimentally determine β120, and this number was then fixed in subsequent refinements of 
potentiometric low pH titration data to obtain β110 and β121, with the resulting parameters as 
summarized in Table 4. While the β120 (and pEu values) are quite similar, a close inspection of this data 
reveals the expected improvement in ML2 complex stability for the H22 ligand was not borne out 
experimentally, instead revealing the H21 ligand forms the more stable ML2 chelate, with 
pEu = 18.65 (10) for [Eu(1)2]

– versus pEu = 18.35 (5) for [Eu(2)2]
–. As a rationale for this apparent 

inconsistency in chelate strengths, again, a consideration of the hydrogen bonding network operant 
between the two 1,2-HOPO units, and hence the rigidity of the backbone is instructive.  

In the present case, hydrogen bonding interactions between the amide protons and the ether oxygen 
were observed crystallographically and it can be assumed that these hydrogen bond interactions will 
persist in solution. The effect of these interactions would be to rigidify the ligand and hence confer a 
slightly improved chelate effect, therefore increasing the stability for the ensuing H21 based complexes. 
For the aminocarboxylate ligands EEDTA and PeDTA (Chart 2), conditional stability measurements 
yielded pM values of 15.73 and 8.07 respectively with Gd(III).35, 44 In this case, it was presumed that the 
ether oxygen atom of EEDTA is also coordinated to the metal ion, which would contribute ca. 1.6 log 
units per oxygen atom coordinated. The remaining difference in stability of ca. 4 log units was 
attributed to the effect of rigidifying the scaffold. In the present case, the less pronounced difference 
observed in Eu(III) complex stability between H21 or H22 is most likely due to a less optimal geometry 
for these intramolecular hydrogen bonding interactions. 

Lastly, as further evidence of the [Eu(1)2]
– and [Eu(2)2]

– complex stabilities, a comparison with 
ethylenediaminetetraacetic acid (EDTA) can be made. EDTA is a common assay component used in 
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biological samples (usually for the removal of Fe(III) or other interfering metal cations) which also 
forms relatively strong octadentate complexes with the oxophilic Ln(III) cation (eg. pEu = 15.48). It is 
worthy then to note that, under pM conditions, the present [Eu(1)2]

− or [Eu(2)2]
− complexes can tolerate 

as much as a 1000 fold excess of EDTA relative to Eu(III), even though they are only tetradentate 
ligands, with no significant impact on the speciation and consequent luminescence intensity (< 7 % 
decrease) as demonstrated in Figure 6. 
 
Photophysics 

The absorption spectra of the ligand H22 in its various protonation states are shown in Figure 7, 
together with that of the [Eu(2)2]

− complex. Notably, the absorption spectrum of H22 is essentially 
identical to that reported previously for H21.18 Specifically, either ligand with the 5LI- or 5LIO- 
backbones yield a broad electronic envelope in the near UV assigned to a transition with mixed n → π*, 
π → π* parentage (vide infra) with an apparent maxima at ca. 305 nm (ε ~ 12,400 M-1 cm-1). Upon 
deprotonation of either ligand to form the dianionic species, this band shifts to ca. 345 nm and is 
reduced slightly in intensity (ε ~ 8, 900 M-1 cm-1).  

Corresponding electronic structure calculations using TD-DFT were also performed using 
Gaussian’0345 in order to further characterize the excited state of the 1,2-HOPO chromophore. As a 
simplified model, only the 6- methyl amide of 1,2-HOPO was used as the input structure, and this was 
first geometry optimized with no symmetry constraints to give the relaxed output geometry shown in 
Figure 8. The output geometry obtained is reasonable, with all non-H atoms lying essentially in a single 
plane. The calculated structure also reproduced the expected strong H bonding interactions between the 
N-hydroxyl proton and adjacent keto oxygen (O1-H⋅⋅⋅O2 = 1.79 Å) and similarly, between the amide 
proton and the N-hydroxyl oxygen atom (N2-H⋅⋅⋅O1 = 1.89 Å). 

A summary of the electronic structure calculation is given in Table 5 and consideration of these results 
revealed the nature of the first excited singlet state of the 1,2-HOPO chromophore can be described 
principally by a HOMO → LUMO excitation, with a smaller contribution from the HOMO-4 → 
LUMO+1 excitation. Inspection of the relevant Kohn-Sham molecular orbitals also shown in Figure 8 
reveal these transitions to be mixed π-π* and n-π* respectively. Similarly, the nature of the of the lowest 
triplet state (T0) can be described principally by a HOMO → LUMO excitation, i.e. a 3ππ* transition. 

The absorption spectrum of [Eu(2)2]
− is also shown in Figure 7, and is again almost identical to that 

previously observed18 for [Eu(1)2]
− (Table 6). Specifically, the ML2 complexes for either (1) or (2) with 

both Eu(III) or Sm(III) gave essentially identical absorption profiles, with an apparent maxim at 
ca. 330 nm (εmax = 9,200 M-1 cm-1) assigned to a transition with mixed n → π* and π → π* parentage. 

A second TD-DFT calculation was also performed using Gaussian’0345 in order to further characterize 
the excited state of the anionic 1,2-HOPO chromophore in complex with a metal cation. However, rather 
than performing computationally expensive calculations involving a trivalent lanthanide, we have 
adopted an approach analogous to that reported46 previously by Picard et. al., in this case replacing the 
N-hydroxyl proton with a monovalent Na+ cation, and adopting a bidentate chelating mode for the 
oxygen atoms in order to mirror the binding mode of a trivalent Ln(III) cation. While this is 
undoubtedly a crude model, we have found this approach to be quite useful as a tool for understanding 
the electronic structure. It must also be stressed that the goal of this ‘calculation’ is not to determine the 
electronic states of the Ln(III) cation, but rather to approximate the energy for the lowest excited singlet 
and triplet states of the ligand. 

The resulting output geometry shown in Figure 9 where it is evident that all non-H atoms are 
essentially lying in a plane, and also the Na+ cation has retained its bidentate coordination mode upon 
energy minimization. Bond lengths obtained between the sodium and O1 and O2 respectively were 
2.16 Å and 2.14 Å respectively, slightly smaller than those observed with Eu(III) by X-ray 
crystallography. Nonetheless, the geometries are very similar and a common feature of both the Na+ 
model and the Eu(III) X-ray structures is the conserved intramolecular H-bonding interaction between 
the amide proton and N-hydroxyl oxygen atom.  
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The resulting electronic structure calculation is again summarized in Table 5 and relevant Kohn-Sham 
molecular orbitals are shown in Figure 9. Hence, the nature of the lowest energy triplet excited state for 
the Na+ complex of an anionic 1,2-HOPO chromophore can be described principally by a HOMO → 
LUMO excitation, as was the case for the free ligand, with 3ππ* character. Significantly, an inspection 
of the orbitals involved in the lowest energy singlet transition (from HOMO → LUMO) demonstrates 
obvious 1LMCT character. However, the ca. 3.2 eV energy calculated for this transition did not match 
any experimentally observed absorption at ca. 380 nm,  for either of the ligands (1) or (2) deprotonated 
with NaOH, or indeed the absorption spectrum observed for the Eu(III) complexes. It has been noted47 
that TD-DFT calculations using simple exchange correlational (xc) functionals such as the 
B3LYP/6-311G++ (d,p) basis set used here can yield substantial errors when estimating the excitation 
energy of charge transfer (CT) type transitions, due to self-interaction errors within the orbital energies 
of the ground-state DFT calculation. We conclude that it is likely this calculated transition is an artifact, 
and the 1LMCT likely lies at much higher energy. A corresponding configuration interaction singles 
(CIS) calculation which is not subject to the same self-interaction error was also performed using the 
identical input geometry, and the resulting value estimated for the same HOMO-LUMO transition was 
located at significantly higher energy (ca. 4.89 eV, 253.4 nm). For the local valence excited states, the 
results from TD-DFT will be more reliable. Indeed, the estimated S0 → S2 transition calculated using 
this technique at 3.755 eV can be described principally by a HOMO → LUMO+1 excitation, for which 
both Kohn-Sham orbitals are ligand centered (LC) and this transition can be readily assigned π → π* 
character. The calculated position of this absorption at ca. 330 nm is in excellent agreement with those 
observed for both the Eu(III) and Sm(III) complexes of (1) and (2). 

The normalized emission spectra for the [Eu(2)2]
− and [Sm(2)2]

− complexes are shown in Figure 10, 
and relevant photophysical data are summarized in Table 6. The emission spectrum of the Eu(III) 
complex is characteristic of the metal, with well resolved transitions from the metal centered 5D0 excited 
state to 7FJ ground state multiplet readily apparent. Maximum intensities at 593, 612, 652 and 702 nm 
respectively were observed for the J = 1, 2, 3, and 4 transitions and, as was the case for the [Eu(1)2]

− 
complex, the J = 2 so-called ‘hypersensitive’ transition is extremely intense for both the pure alkyl and 
alkyl-ether linked backbones. The resulting luminescence quantum yields for the [Eu(2)2]

− complex in 
0.1 M TRIS buffer at pH 7.4 were determined (relative to quinine sulfate in 1.0 N H2SO4, Φref = 0.546) 
and are comparable with those obtained18 for [Eu(1)2]

−. Evidently, slight structural modification of the 
tetradentate ligand involving replacement of the ether oxygen in the latter with a methylene group in 
[Eu(2)2]

− has little influence over the resulting photophysical behavior, with resulting Φtot values 
essentially identical within experimental error. This is further corroborated by the similarity in radiative 
(kr) and non-radiative (knr) decay rate constants calculated using the method of Werts et. al.48 by 
comparing the integrated intensities of the J = 1 transition to the total integrated area of the corrected 
emission spectrum (Table 6). 

Corresponding time-resolved photophysical decay parameters for both complexes are also 
summarized in Table 6, using both H2O and D2O as solvent, which allowed the hydration number, ‘q’ to 
be determined, according to a recently reported49 improvement of the Horrock’s equation;  

)-D-H(' BkkAq =  

where A' and B are empirical constants of 1.11 and 0.31 ms-1 for Eu(III) and kD and kH represent the 
observed luminescence decay rate constants, kobs, in deuterated and non-deuterated solvent respectively. 
The resulting values for ‘q ’ were both essentially zero (0.09 ± 0.1 [Eu(1)2]

− and 0.05 ± 0.1 for [Eu(2)2]
−) 

in accordance with the anticipated eight coordinate geometry and in agreement with the Eu(III) 
structures observed by crystallography. 

Given the availability of crystalline X-ray quality samples for [Eu(1)2]
− and [Eu(2)2]

−, we were also 
able to perform solid state luminescence studies of the complexes, for which the coordination geometry 
is well characterized. Firstly, the metal centered luminescence lifetimes obtained for both [Eu(1)2]

− and 
[Eu(2)2]

− were consistently shorter than the corresponding solution measurements (ca. 630 μsec cf. 730 
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μsec in H2O), which may be attributed to a self-quenching mechanism operant in the closely packed 
solid (Eu···Eu ~ ca. 9 Å) as seen elsewhere for other Ln(III) systems.50 Of considerable more interest, 
however, was a closer inspection of the solid state compared with solution spectra in the region of the 
5D0 → 7F0,1 and 5D0 → 7F2 transitions from 575-600 nm and 600-640 nm respectively.  

Importantly, for both complexes, a single 5D0 → 7F0 transition is observed, indicative of a single 
emitting species present in solution, and enabling site symmetry determination.51 For the 5D0 → 7F1 
transition, crystal field splitting of the J = 1 level results in a maximum of three (2J + 1) peaks in a low 
symmetry environment (eg. C2v) versus only two peaks for the hexagonal, trigonal or tetragonal point 
groups (eg. D2d, D4d). The expected transitions derived from their principal character (either magnetic or 
electrical dipole) are shown in Table 7 for the three most common eight coordinate Ln(III) geometries 
that were shown previously in Figure 5. 

As shown in the inset of Figure 10, three peaks are clearly evident in the 5D0 → 7F1 region of the 
luminescence spectrum for a microcrystalline sample of [Eu(2)2]

−, with maxima at 587.7, 591.6 and 
594.1 nm. While the limited resolution (ca. 0.3 nm) of the fluorescence spectrometer precludes a 
definitive determination of the exact point group of the complex, the data in Table 7 show that for the 
three most common coordination polyhedra, the best match to the observed luminescence spectra is 
obtained for the bicapped trigonal prism (C2v) geometry. It is certainly notable that this result agrees 
with the structure from X-ray crystallography, which shape analysis showed to be closest to C2v 
geometry. 

By contrast, the corresponding emission spectrum from aqueous solution of [Eu(2)2]
− gave only two 

discernable peaks at 587.7 and 593.5 nm, behavior indicative of a solution structure with higher 
symmetry than that observed in the solid state. Again, the data in Table 7 imply D4d or D2d symmetries, 
and further analysis of the band shape for the J = 2 band at ca. 610 nm shows a distinct splitting of this 
band into two components (a smaller shoulder evident to lower energy), suggesting D2d symmetry as the 
closest match between the three idealized coordination polyhedra. Returning to the results from shape 
analysis for the [Sm(1)2]

− complex, it was noted that this complex had the closest match to D2d site 
symmetry, and in this case the ligand scaffolds were located on the same ‘face’ of the complex. As such, 
we may tentatively correlate this change in symmetry upon dissolution to the presence of an ensemble 
of emitting species, most with predominantly D2d symmetry. This differing symmetry when compared to 
the solid state structure can be realized in solution by free rotation of one ligand with respect to the other 
(about the central metal ion), although, given the millisecond lifetime of the Eu(III) luminescence, it is 
not possible to determine whether this change in symmetry occurs prior to or subsequent to formation of 
the excited state. 

Metal centered luminescence was also seen as a faint pink emission upon UV irradiation from the 
Sm(III) complexes of (1) and (2), with several apparent maxima evident at ca. 563, 599, 646, and 
710 nm corresponding to transitions from the 4G5/2 excited state to lower 6FJ and 6HJ levels. As shown in 
Figure 10, the most intense of these was the 4F9/2 → 6H9/2 apparent at ca. 646 nm. As was the case for 
the Eu(III) complexes, the spectra of either complex with (1) or (2) are essentially identical and the 
corresponding luminescence quantum yields and lifetimes are also summarized in Table 6. Notably, the 
Sm(III) spectra are less amenable to structural interpretation due to increased degeneracy of the states 
involved compared with Eu(III), and hence the corresponding solid state experiments were not 
performed. 

The potential for ML2 complexes of (1) and (2) to sensitize other visible emitting lanthanide cations, 
notably Dy(III) and Tb(III), was also evaluated, however, metal centered luminescence was only noted 
for the Eu(III) and Sm(III) complexes. This behavior can be rationalized by a comparison and analysis 
of the room temperature and low temperature (77 K) phosphorescence spectra for the [Gd(1)2]

− complex 
(which lacks a low energy metal centered acceptor level) in a 1:1 EtOH:MeOH (v/v) glassing solvent, 
shown in Figure 11. At room temperature, relative ligand centered emission from the Gd(III) complex is 
very weak, with a faint signal attributed to singlet emission from the ligand apparent at ca. 400 nm. 
However, upon cooling to 77 K, this singlet emission is enhanced and a much more intense band 
appears from 450-600 nm, which can be attributed to phosphorescence from the ligand T0 state. While 
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this band displayed a poorly resolved vibronic progression, the v00 electronic origin could not be 
unambiguously assigned. Rather, the lowest T0 energy was estimated by spectral deconvolution of the 
77 K luminescence signal into several overlapping Gaussian functions to approximate an unresolved 
vibrational progression of ca. 1000-1100 cm-1. The resulting T0 energy was evaluated to be ca. 
21,260 cm-1, which is remarkably similar to the value estimated using TD-DFT methods for the 
[Na(6-MeAmide-1,2-HOPO)] complex of  21,365 cm-1. 

From the experimentally observed triplet energy, the sensitizing properties of the 1,2-HOPO 
chromophore can be readily understood in terms of the so-called energy gap law,52, 53 since the energy of 
this level is located ca. 2230 cm-1 and 3980 cm-1 higher in energy than the potential 5D1 and 5D0 
accepting levels in Eu(III), which facilitates efficient energy transfer. Similarly, for Sm(III), the T0 
energy of the ligand is ca. 3360 cm-1, 2360 cm-1 and 1210 cm-1 higher than the corresponding 4G5/2, 
4F3/2, and 4G7/2 levels. By contrast, the lowest energy Tb(III) and Dy(III) acceptor levels are at 
20,400 cm-1 (5D4) and 21,100 cm-1 (4F9/2), both of which are only slightly lower in energy than the T0 
state, and much less than the ca. 2500 cm-1 energy gap necessary to promote efficient sensitization of 
these metal centres.52, 53 

 
Conclusions 

The 1-hydroxy-2-pyridinone chelate group has proven to be a remarkably efficient sensitizer for 
Eu(III), which also forms extremely stable complexes in aqueous solution. The resistance to 
decomplexation of compounds of the type described herein, despite the presence of strong competitors 
such as EDTA, will be essential for their practical usage in bioanalytical applications. Furthermore, this 
chelate group can now be readily accessed, and the synthetic intermediates outlined herein allow for 
ease of systematic variations in the backbone connecting bis-bidentate ligands, and also allow for the 
preparation of more complex hexa- and octadentate derivatives. 

A thorough investigation of the photophysical properties for these Eu(III) 1,2-HOPO complexes, 
including the location of the lowest energy triplet state, prompted our investigation with Sm(III) and has 
elucidated a more complete understanding of the sensitization process in terms of the energy gap 
between the excited singlet and triplet levels. Similarly, the results gained from TD-DFT calculations 
were advantageous in deciphering the electronic structure, and agreed well with the experimental data, 
despite the obvious simplicity of the model. Indeed, these results may prove useful as a predictive tool 
to guide synthetic efforts, at least in as far as ligand centered transitions can be predicted with a high 
level of accuracy. 
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Chart 1. Tetradentate 1,2-HOPO based ligands for sensitization of Eu(III) and Sm(III). 
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Chart 2. Structural analogues of the ligand scaffolds for the 1,2-HOPO ligands.  
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Scheme 1.  Synthesis of 5LIO-1,2-HOPO (H21) and 5LI-1,2-HOPO (H22) via the readily accessible 
1,2-HOPO-Bn-thiaz (6).  
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Figure 1.  Two views of the crystal structure of (H21) that illustrate the intermolecular hydrogen 
bonding network (dashed lines - atoms labeled in parenthesis are symmetry related) and π stacking 
interactions which link each molecule into dimers in the unit cell packing. Selected H atoms have been 
omitted for clarity and non-H atoms are drawn at the 50 % probability level.  
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Figure 2. A comparison of reported18 crystal structures for C4H12N
+[Eu(1)2]

– (left) with observed 
structure of C2H8N

+[Eu(2)2]
–·(C3H7NO)2 (right). Only the major components of disordered ligand 

backbones are shown. The counter cations, co-crystallized solvent molecules, and selected H atoms 
have been omitted for clarity and non-H atoms are drawn at the 50 % probability level.  
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Figure 3. A comparison of observed structures for the C4H12N
+[Sm(1)2]

–·CH3OH·H2O (left) and 
C2H8N

+[Sm(2)2]
−·(C3H7NO)1.5 (right) complexes. Only the major components of disordered ligand 

backbones are shown. The counter cations, co-crystallized solvent molecules, and selected H atoms 
have been omitted for clarity and non-H atoms are drawn at the 50 % probability level.  
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Figure 4.  The C4H12N
+[Gd(1)2]

– complex structure. The tetramethylammonium counter cation and 
selected H atoms have been omitted for clarity and non-H atoms are drawn at the 50 % probability 
level.  
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Figure 5.  The three differing ideal coordination polyhedra of donor atoms (white spheres) for an eight 
coordinate Ln(III) metal centre (green) are, from left to right, the bicapped trigonal prism (C2v), the 
square antiprism (D4d) and the trigonal dodecahedron (D2d).  
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Figure 6. Speciation diagram for [Eu(2)2]

− under pM conditions (1 μM Eu(III), 10 μM ligand) in the 
presence of 1000 fold excess of EDTA. 
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Figure 7. Absorption spectra for the 5LI-1,2-HOPO ligand, H22 (−⋅−⋅−), its monoanion H21- (−⋅⋅−) and 
dianion 22- (⎯ ⋅⋅) and the corresponding spectra observed for the ([Eu(2)2]

− = ⎯) complex in 0.1 M 
TRIS buffer at pH 7.4. 
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Figure 8. Calculated output geometry obtained from static B3LYP/6-311G++ (d,p) geometry 
optimization and corresponding molecular orbital diagrams from TD-DFT electronic structure 
calculations for a model 6-MeAmide-1,2-HOPO chromophore. 
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Figure 9. Calculated output geometry obtained from static B3LYP/6-311G++ (d,p) geometry 
optimization and corresponding molecular orbital diagrams from TD-DFT electronic structure 
calculations for a model [Na(6-MeAmide-1,2-HOPO)] complex. The metal centered character of the 
LUMO is an artifact of the B3LYP functional calculation (see text). 
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Figure 10. Normalized emission spectra (λex = 330 nm) for 1 × 10-6 M solutions of the Eu(III) (red) and 
Sm(III) (black) ML2 complexes of (2) in 0.1 M TRIS buffer at pH 7.4 (λex = 330 nm). Inset: A 
comparison of solid state (black) and solution (red) emission spectra for the [Eu(2)2]

− complex in the 
5D0 → 7F1 spectral region. 
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Figure 11. Comparison of room temperature (× 100, black) and 77 K (red) emission spectra of the 
[Gd(1)]− complex, with spectral deconvolution (blue) of the latter into a vibronic progression of several 
overlapping Gaussian functions with separations of ca. 1000-1100 cm-1 to determine v00 of the T0 
energy. 
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Table 1. Summary of crystal data obtained for 5LIO-1,2-HOPO (H21) and 5LI-1,2-HOPO (H22) with several Ln(III) complexes. 
 H21·H2O C4H12N[Eu(1)2] 

C4H12N[Sm(1)2]·CH3OH·
H2O C4H12N[Gd(1)2] C2H8N[Eu(2)2] 

·(C3H7NO)2 
C2H8N[Sm(2)2] 

·(C3H7NO)1.5 
empirical formula C16H20N4O8 C36H44N9O14Eu C37H50N9O16Sm C36H44N9O4Gd C42H57N11O14Eu C40.5H54.5N10.5O13.5Sm 
mol. wt. [g.mol-1] 396.36 978.76 1027.21 984.05 1091.95 1054.8 
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic 
space group P21/n P21/n P21/c P21/c P21/n P21/n 
a [Å] 15.272 (13) 10.0579 (16) 8.6048 (5) 10.028 (5) 17.3141 (19) 17.3156 (18) 
b [Å] 6.836 (6) 17.848 (3) 18.4988 (11) 17.771 (5) 13.1648 (14) 13.1786 (14) 
c [Å] 17.852 (15) 22.642 (4) 26.6387 (16) 22.564 (5) 22.461 (2) 22.469 (2) 
α [deg.] 90 90 90 90 90 90 
β [deg.] 108.307 (11) 92.781 (2) 90.6180(5) 111.087 (19) 112.104 (1) 112.105 (1) 
γ [deg.] 90 90 90 90 90 90 
volume [Å3] 1769 (3) 4059.8 (12) 4240.1 (4) 3752.0 (2) 4743.4 (9) 4750.4(9) 
Z 4 4 4 4 4 4 
density, ρ [g cm-3] 1.488 1.601 1.609 1.742 1.529 1.475 
absorption coefficient, μ [mm-1] 0.121 1.623 1.467 1.852 1.399 1.309 
F(000) 832 1992 2100 1996 2244 2146 
crystal size [mm3] 0.18 × 0.14 × 0.03 0.40 × 0.20 × 0.07 0.30 × 0.20 × 0.02 0.18 × 0.14 × 0.02 0.18 × 0.12 × 0.12 0.15 × 0.14 × 0.09 
temperature [C] -145 (2) -138 (2) -155 (2) -145 (2)  -145 (2) -149 (2) 
Wavelength 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
θ range for data collection [deg] 3.29 to 24.71 3.46 to 26.40 2.30 to 26.39 4.08 to 23.26 3.25 to 26.36 3.42 to 25.35 

limiting indices -17 < h < 15, -8 < k < 6, 
-20 < l < 20 

-12 < h < 12, -22 < k < 12, 
-27 < l < 27 

10 < h < 10, -21 < k < 21, 
-33 < l < 30 

-11 < h < 11, -19 < k < 16, 
-25 < l < 19 

-21 < h < 15, -16 < k < 14, 
-27 < l < 27 

-17 < h < 20, -15 < k < 15, 
-27 < l < 17 

measured reflections 7387 19141 23946 14912 22425 20540 
independent reflections 2962 (Rint = 0.0372) 7783 (Rint = 0.0208) 8544 (Rint = 0.0339) 5335 (Rint = 0.0908) 9029 (Rint = 0.0199) 8466 (Rint = 0.0265) 
completeness to θ 98.6 93.3 98.4 99.0 93.1 97.5 

refinement method full-matrix least-squares 
on F2 

full-matrix least-squares 
on F2 

full-matrix least-squares 
on F2 

full-matrix least-squares 
on F2 

full-matrix least-squares 
on F2 

full-matrix least-squares 
on F2 

data / restraints / parameters 2962 / 0 / 265 7783 / 4 / 565 8544 / 0 / 577 5335 / 0 / 541 9029 / 0 / 611 8466 / 0 / 645 
goodness-of-fit on F2 1.000 1.137 1.0036 1.149 1.023 1.055 

final R indices [I>2ρ(I)] R1 = 0.0314, wR2 = 
0.0497 

R1 = 0.0366, wR2 = 
0.0843 

R1 = 0.0342, wR2 = 
0.0710 

R1 = 0.0776, wR2 = 
0.1715 

R1 = 0.0322, wR2 = 
0.0773 

R1 = 0.0359, wR2 = 
0.0916 

R indices (all data) R1 = 0.0575, wR2 = 
0.0518 

R1 = 0.0437, wR2 = 
0.0867 

R1 = 0.0502, wR2 = 
0.0752 

R1 = 0.1396, wR2 = 
0.1899 

R1 = 0.0458, wR2 = 
0.0832  

R1 = 0.0489, wR2 = 
0.0968 

largest diff. peak and hole [eÅ-3] 0.165 and –0.185 0.985 and –0.542 0.739 and –0.713   2.101 and -0.771 0.929 and –0.586 1.116 and –0.531   
   a) Data taken from Ref. 18. 
 
 
 

Table 2. Table of selected bond lengths for Ln(III) complexes of 5LIO-1,2-HOPO (H21) and 5LI-1,2-HOPO (H22). 
[Eu(1)2]

–     Eu-O1 (hydroxyl) 2.457 Eu-O2 (keto) 2.385 O1A-H2AB (Amide) 1.926 
 Eu-O7A(hydroxyl) 2.371 Eu-O6A (keto) 2.394 O1B-H2B1 (Amide) 1.917 
 Eu-O1B (hydroxyl) 2.372 Eu-O2B (keto) 2.383 O7A-H3AA (Amide) 1.934 
 Eu-O7B (hydroxyl) 2.434 Eu-O6B (keto) 2.380 O7B-H3BA (Amide) 1.938 
 
[Eu(2)2]

–    Eu-O1 (hydroxyl) 2.400 Eu-O2 (keto) 2.387 O1-H4 (amide) 1.893 
 Eu-O6 (hydroxyl) 2.373 Eu-O5 (keto) 2.413 O7-H22 (amide) 3.189 
 Eu-O7 (hydroxyl) 2.422 Eu-O8 (keto) 2.382 O6-H15 (amide) 1.882 
 Eu-O12 (hydroxyl) 2.375 Eu-O11 (keto) 2.380 O12-H41 (amide) 1.926 
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[Sm(1)2]
–    Sm-O1A (hydroxyl) 2.429 Sm-O2A (keto) 2.423 O1-H104 (amide) 1.982 

 Sm-O7A (hydroxyl) 2.368 Sm-O6A (keto) 2.427 O1B-H204 1.917 
 Sm-O1B (hydroxyl) 2.435 Sm-O2B (keto) 2.381 O7A-H113 (amide) 1.904 
 Sm-O7B (hydroxyl) 2.394 Sm-O6B (keto) 2.421 O7B-H213 2.011 
 
[Sm(2)2]

–   Sm-O1A (hydroxyl) 2.387 Sm-O2A (keto) 2.427 O1A-H104 (amide) 1.874 
 Sm-O6A (hydroxyl) 2.405 Sm-O5A (keto) 2.398 O1B-H204 (amide) 3.253 
 Sm-O1B (hydroxyl) 2.432 Sm-O2B (keto) 2.398 O6A-H115 (amide) 1.895 
 Sm-O6B (hydroxyl) 2.383 Sm-O5B (keto) 2.396 O6B-H223 (amide) 1.926 
 
[Gd(1)2]

–     Gd-O1A (hydroxyl) 2.343 Gd-O2A (keto) 2.268 O1A-H4 (amide) 1.896 
 Gd-O7A (hydroxyl) 2.332 Gd-O6A (keto) 2.331 O1B-H2 (amide) 1.961 
 Gd-O1B (hydroxyl) 2.328 Gd-O2B (keto) 2.295 O7A-H5 (amide) 1.825 
 Gd-O7B (hydroxyl) 2.327 Gd-O6B (keto) 2.318 O7B-H3 (amide) 1.875 
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Table 3. Shape measure analyses of Ln(III) complexes with 5LIO-1,2-HOPO (H21) and 
5LI-1,2-HOPO (H22). 
 
Comple

x 

square antiprism  
(D4d)  

bicapped trigonal 
prism (C2v) 

trigonal 
dodecahedron (D2d) 

[Eu(1)2]
– 19.21 17.24 20.37 

[Eu(2)2]
– 17.79 11.53 14.06 

[Sm(1)2]
– 28.43 27.82 24.73 

[Sm(2)2]
– 17.83 11.48 14.22 

[Gd(1)2]
– 18.24 13.60 19.06 

 
 
 
 

Table 4. Summary of pKa values and Eu(III) binding constants for tetradentate 1,2-HOPO ligands. 

 5LIO-1,2-HOPO* (H21) 5LI-1,2-HOPO (H22) 

pKa1 4.19 (3) 4.52 (3) 

pKa2 5.79 (1) 5.65 (1) 

ΣpKa 9.98 10.17 

pKa2 – pKa1 1.60 1.13 

log10β110 12.46 (2) 12.33 (1) 

log10β120 22.85 (10) 22.56 (5) 

log10β121 25.21 (3) 25.40 (1) 

pEu† 18.64 (10) 18.35 (5) 

† At pH = 7.4, [L] = 10-5 M, [Eu] = 10-6 M. * Data taken from Ref. 18.  
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Table 5. Summary of electronic structure calculations for 1,2-HOPO chromophore and Na+ complex. 

 
 

Excited 
State 

 
Multiplicit
y 

Energ
y  

(eV) 

Wavelengt
h 

(nm) 

Oscillator 
Strength 

Orbital(s) 
Involved 
(n → n') 

Transition 
Coefficient 

1 T0 2.542 487.72 0.0000 44 → 45 0.7764 

2 T1 3.529 351.37 0.0000 
43 → 45 
43 → 46 
43 → 52 

0.7083 
-0.1733 
-0.2036 

3 T2 3.706 334.55 0.0000 

41 → 45 
42 → 45 
42 → 46 
42 → 52 

0.1085 
0.6903 
-0.1149 
-0.1241 

4 T3 3.708 334.38 0.0000 
40 → 45 
44 → 46 
44 → 52 

0.4211 
0.6292 
-0.1300 

 
6-MeAmide-1,2-
HOPO 

5 S1 3.8185 324.69 0.1395 40 → 46 
44 → 45 

-0.1235 
0.6385 

1 T0 2.649 468.05 0.0000 49 → 51 0.7643 
2 T1 3.186 389.15 0.0000 49 → 50 0.7035 
3 S1 3.205 386.85 0.0060 49 → 50 0.7039 

4 T2 3.2404 382.62 0.0000 

47 → 51 
48 → 51 
49 → 53 
49 → 55 

0.2295 
0.6406 
-0.1884 
0.3529 

 
[Na(6-MeAmide-1,2-
HOPO)] 

5 S2 3.755 330.18 0.1066 48 → 55 
49 → 51 

-0.1331 
0.6356 
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Table 6. Summary of photophysical data for complexes of tetradentate 1,2-HOPO ligands. 

 
Complex 

λmax  
(nm) 

ε  
(M-1cm-1) 

Φtot 
(%) 

τ     
(μsec) 

kr (calc’d)‡ 
(ms-1) 

knr (calc’d)‡ 
(ms-1) 

[Eu(5LIO-1,2-HOPO)2]
−* 332.7 19,250 21.5 727 (1012)† 0.61 0.81 

[Eu(5LI-1,2-HOPO)2]
− 331.4 18,800 20.7 737 

(996.2)† 0.62 0.74 

[Sm(5LIO-1,2-HOPO)2]
− 333.0 19,200 0.44 13.4 N/A N/A 

[Sm(5LI-1,2-HOPO)2]
− 331.3 19,400 0.44 10.7 N/A N/A 

Data taken from Ref. 18. † Corresponding value obtained with D2O as solvent. ‡ Calculated from the ratio of the integrated area for the J = 1 
transition compared to the total integrated area as per the method described in Ref. 48. 

 
 

 

 

 

Table 7. Analysis of crystal field splitting under various site symmetries for the most common eight 
co-ordinate Ln(III) geometries, and separation into corresponding symmetry allowed electronic 
transitions. ED and MD in parenthesis indicate the principal character and hence selection rules used for 
each transition, which are either induced electrical dipole or magnetic dipole respectively.  
 

 
CN = 8 

 
Site 

Symmetry 

5D0→7F0 
(ED) 

5D0→7F1 
(MD) 

5D0→7F2 
(ED) 

Bicapped Trigonal Prism C2v A1 A2, B1, B2 2A1, B1, B2 
Square Antiprism D4d none A2, E3 E1 
Trigonal Dodecahedron D2d none A2, E B2, E 
 

 


