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Abstract 

The ligand H3L and its corresponding tris(phenolato) lanthanide complexes L-Tb, L-Gd, L-

Yb and L-Lu were synthesized. The X-Ray crystal structures demonstrated a monocapped 

octahedron environment of the lanthanide ion, with exclusion of all solvent molecules from 

the coordination sphere due to the protection by the tert-butyl groups. The coordination bond 

distances followed the lanthanide contraction, with Ln-O bond lengths in the range 2.148-

2.217 Å and Ln-Nimine bond lengths in the range 2.405-2.535 Å. Each of the complexes 

showed three one-electron oxidation processes. These potentials changed as a function of the 

lanthanide due to the difference in size of the metal ions. Both chemical and electrochemical 

oxidation of these complexes permitted the one-electron oxidised species to be generated. 

They all show a sharp absorption band at around 420 nm in their UV-Vis spectra, which 

demonstrated phenoxyl radical formation. Consistently, the radical species L-Lu
+
 displays a 

resonance at g = 2.001 in its EPR spectrum. The other cations are EPR-silent or difficult to 

detect due to magnetic interactions, confirming the proximity of the phenoxyl radical to the 

metal centre. For both L-Lu
+
 and LYb

+
 DFT calculations predict the radical to be delocalized 

over the three arms. The L-Tb and L-Yb complexes experienced a quenching of the 

luminescence upon oxidation to the radical species whereby the quenching of up to 83 % in 

the visible region and 93 % in the NIR was observed. 

 

Keywords 
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1. Introduction 

Medical imaging has become a significantly important subject with increasing need for more 

specific and selective imaging techniques. [1, 2] Changes in redox activity within cells and 

tissues are associated with some of the most lethal pathologies of the 21th century, including 

cardiac and neurodegenerative diseases, as well as cancers.[3-9] A non-invasive detection and 

imaging of hypoxic regions in tissues could for example allow the more efficient and selective 

detection of tumors. [7, 10-13] The use of lanthanide complexes can permit very selective and 

easy to detect signals. [14-16] However, lanthanide ions cannot inherently be used as 

detectors of redox or hypoxic environments due to their propensity to remain in their (+III) 

oxidation state. The use of a redox sensitive ligand could circumvent these problems and 

confer redox activity on the complex. Very few examples of lanthanide complexes have been 

reported with a redox stimulus or reaction with reactive oxygen species resulting in a change 

in properties of the complex. [17-27] We have recently demonstrated the use of redox active 

lanthanide complexes whereby a redox stimuli resulted in a quenching of the lanthanide 

luminescence. [27, 28] The tripodal ligands were based on para-methoxy substituted 

phenolates (Chart 1) whereby the phenolates demonstrate oxidation which affects the 

luminescence of the complexes.[27]
 
We observed an interesting trend in oxidation potentials 

for a series of complexes (Ln = Nd, Eu, Gd, Tb, Er, Yb, Lu), whereby the larger lanthanide 

complexes show the smaller values, with a decreased E1/2 between each consecutive wave. 

The methoxy group exerts an electron-donating effect that is necessary for stabilizing 

phenoxyl radical species. However it usually results in small E1/2, i.e. a poor separation of 

the consecutive redox processes,[29-36] which may be detrimental for selectivity and 

quantification. The corresponding para tert-butyl derivatives could confer a better separation 

of oxidation potentials, as demonstrated in several d-transition metal complexes,[29, 34, 37] 

while still stabilizing satisfactorily phenoxyl radicals.[38] Herein we present a series of 

lanthanide(III) complexes (Ln = Gd, Tb, Yb, Lu) based on the ligand H3L (Chart 1),[39, 40] 

which harbours three redox-active di-tert-butyl-phenol moieties. We investigated the spectro-

electrochemical properties (voltammetry, UV-vis, EPR) of the complexes and establish that 

the redox activity can be conferred by the redox active ligand coordinated to the metal ions. 

For the Tb(III) and Yb(III) complexes, which feature a visible- and NIR-emitter, respectively, 

we demonstrated that a change in oxidation state of the ligand induces a strong quenching of 

the luminescence (83 % and 93 %, respectively).  
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Chart 1. Structures of (a) the ligand H3L and (b) the lanthanide complexes L-Ln (R = t-Bu) 

and L
OMe

-Ln (R = OMe) 

 

 

2. Experimental  

2.1 Materials and methods 

All chemicals were of reagent grade and were used without purification. NMR spectra were 

recorded on a Bruker AM 300 (
1
H at 300 MHz) spectrometer. Chemical shifts are quoted 

relative to tetramethylsilane (TMS). Mass spectra were recorded on an ESI/QTOF Waters 

Xevo G2-S apparatus. The FTIR spectra were recorded using a Nicolet iS10 spectrometer on 

crystalline material (ATR mode). UV/Vis spectra were recorded on a Cary Varian 50 

spectrophotometer equipped with a Hellma immersion probe (1.000 cm path length). The 

temperature in the cell was controlled using a Lauda circulating bath. Luminescence data 

were recorded both at room and low temperature using a modular Fluorolog FL3-22 

spectrometer from Horiba-Jobin Yvon-Spex equipped with a double grating excitation 

monochromator and an iHR320 imaging spectrometer. Hamamatsu R928P and R5509 

photomultipliers were used for visible and NIR measurements, respectively. All spectra were 

corrected for detection and optical spectral response (instrumental functions) of the 

spectrofluorimeters. X-band EPR spectra were recorded on a Bruker EMX Plus spectrometer 

equipped with a Bruker Helium flow cryostat and a dual mode cavity. Stopped Flow 

experiments were performed on a Bio-Logic SFM 20 apparatus, connected to a Tidas J&M 

diode array spectrometer and using a Hammamatsu UV-Vis source. The temperature was set 

at 233 K by using a Haake Phoenix II immersion bath. Electrochemical measurements were 

carried out using a CHI 620 potentiostat. Experiments were performed in a standard three-

electrode cell under argon atmosphere. A glassy carbon disc electrode (3 mm diameter), 

which was polished with 1 mm diamond paste, was used as the working electrode. The 
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auxiliary electrode is a platinum wire, while the reference was an Ag/AgNO3 0.01 M in 

CH3CN. All the potentials are given vs. the Fc
+
/Fc redox couple, which was used as standard.  

 

2.2 Synthesis 

L-Tb. The ligand H3L (0.050 g, 0.063 mmoles, 1 eq.)[39, 40] was dissolved in MeOH (5 mL) 

and heated to 60 C. The salt Tb(NO3)3.6H2O (0.032 g, 0,064 mmoles, 1 eq.) was added and 

stirred at 60 C for 5 minutes. After 5 minutes Et3N (26 uL, 0.190 mmoles, 3 eq.) was added 

to the solution. The complex was stirred for 30 minutes and then cooled to room temperature 

and filtered on a sintered glass funnel. The solid was redissolved in CH3CN/CH2Cl2 whereby 

slow evaporation of the solvent afforded green single crystals of 1-Tb. Yield: 0.035 g (54 %). 

HR-ESIMS: m/z observed 951.5189  for C51H75N4O3Tb, calcd, 951.5171 [M+H]
+
.  Elemental 

Analysis calculated for C54H82Cl2N5O4Tb (M + CH2Cl2 + CH3CN + H2O) C: 59.23 H: 7.55 N: 

6.40 experimental 60.48 H: 7.60 N 6.24.  

 

L-Yb. The complex was prepared in a similar manner than L-Tb to yield yellow crystals 

0.025 g of L-Yb, yield 63 %. HR-MS (Q-TOF): L-Yb, m/z, 966.5313; Calcd: 966.5306  for 

[M+H]
+
. Elemental Analysis, Calculated C: 63.26 H: 7.81, N:6.96 for C51H75N4O3Yb (M+ 

CH3CN), experimental C 61.18 H: 7.77 N: 7.05. 

 

L-Lu. The complex was prepared in a similar manner than L-Tb, isolated as yellow crystals 

0.030 g of L-Lu, with a yield of 61 %. HR-ESIMS: m/z 967.5328; Calcd: 967.5325 for 

[M+H]
+
. 

1
H NMR (CDCl3, 400 MHz) 8.16 (s, 3H), 7.32 (3H, d, J = 2.4 Hz), 6.99 (3H, d, J = 

2.4 Hz), 4.15 (3 H, t, J = 12.2 Hz, CH2), 3.24 (3H, d, J = 12.2 ,CH2), 2.88 (6H, m), 1.30 (27 

H, CH3, tBu), 0.98 (27 H, CH3, tBu). 
13

C NMR (100 MHz, CDCl3): 197.3, 167.9, 165.4, 

139.6, 134.6, 128.6, 127.7, 120.9, 59.9, 57.6, 34.8, 33.8, 31.5, 31.3, 29.2.  Elemental analysis; 

calculated for C54H80Cl2LuN5O3 (M + CH2Cl2 + CH3CN), C: 59.33 H: 7.38, N: 6.41, 

experimental C: 62.04, H: 7.53, N: 6.33. 

 

L-Gd. The complex was prepared in a similar manner than L-Tb, isolated as yellow crystals, 

0.043 g of L-Gd, with a yield of 73 %. HR-ESIMS: m/z L-Gd, m/z, 950.5133; Calcd: 

950.5158 for [M+H]
+
. Elemental Analysis; calculated for C51H77GdN4O4 (+H2O)  C: 63.32 H: 

8.02, N: 5.79, experimental C: 63.80 H: 8.20, N: 5.57.  

 

2.3 X-Ray diffraction  
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Single crystals were coated with a mixture of parafins, picked up with nylon loops and 

mounted in the nitrogen cold stream of the diffractometer. Mo-Kα radiation (λ = 0.71073Å) 

from a Mo-target anode X-ray microfocus source equipped with INCOATEC Quazar Montel 

multilayer optic was used. Final cell constants were obtained from least squares fits of several 

thousand strong reflections. Intensity data were corrected for absorption using intensities of 

redundant reflections with the program SADABS. The structures were solved by charge 

flipping methods and subsequent difference Fourier techniques. The OLEX software was used 

for the refinement.[41] All non-hydrogen atoms were anisotropically refined and hydrogen 

atoms were placed at calculated positions and refined as riding atoms with isotropic 

displacement parameters. CCDC-1858222-1858225 contain the crystallographic data for L-

Ln (Ln = Tb, Gd, Yb and Lu); these data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html. 

 

2.4 Computational details 

The DFT calculations were performed by using the ORCA 3.01 package.[42] The geometry 

optimizations were performed with the B3LYP functional[43, 44] with the approximate 

relativistic scheme ZORA (zeroth order regular approximation)[45] and using the KDIIS and 

RIJCOSX algorithms.[46] The latter treats the Coulomb term via the split-RI-J method and 

the exchange term via seminumerical integration. Segmented all-electron relativistically 

contracted (SARC) basis sets[47] were used for the lanthanide ions, together with TZVP basis 

sets[48] for all the other atoms. Large grids (GridX7 in the Orca formalism) were used for the 

C,H,O,N atoms, with an even larger radial grid on the lanthanide ion (IntAcc = 20 in the Orca 

formalism). 

 

3. Results and Discussion 

3.1 Synthesis of the ligand and complexes  

The tripodal ligand H3L was synthesised in methanol by combining 3 eqs of 3,5-ditert-butyl-

5-salicylaldehyde with 1 eq. of TREN.[39] The synthesis of the complexes L-Gd, L-Tb, L-

Yb and L-Lu was performed using H3L with a stoichiometric amount of the corresponding 

metal nitrate salt and a slight excess of triethylamine. The complexes were recrystallized by 

slow evaporation of a concentrated acetonitrile:dichloromethane solution. Single crystals 

suitable for X-Ray diffraction were obtained by this method. The single crystals were also 

utilised for all spectroscopic measurements. The vibrational spectra show that the C=N stretch 

of the ligand (1632 cm
-1

)[49] shifted to 1616 cm
-1

 for the lanthanide complexes as a result of 

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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coordination of the imine. The 
1
H NMR spectrum of L-Lu shows the imine resonance 8.16 

ppm (singlet), as well as the distinctive resonances of the two Hmeta of the salicylidene 

moieties at 7.32 and 6.99 ppm (doublets). The resonance of the tert-butyl groups are observed 

as two singlets at 1.30 and 0.98 ppm. This 
1
H NMR spectrum supports a C3v symmetry of the 

complex in solution, in agreement with that observed at the solid state (see below). 

 

3.2 X-Ray Crystallography  

For each complex single crystals of X-ray quality were obtained. The crystals of L-Tb, L-Yb 

and L-Lu each demonstrate a P31c space group while that of L-Gd demonstrates a P-1 space 

group. The complexes all display the same coordination sphere whereby the metal ion resided 

in a monocapped octahedron coordination environment (Figure 1).[50] The lanthanide ion in 

each complex was seven-coordinate with the three imines and three oxygens of the 

salicylidene arms, as well as the tertiary bridging amine N4 involved in coordination. The 

complex possessed no coordinated solvent molecules due to protection of the coordination 

sphere by the bulky t-Bu groups in ortho position of the phenolates. For symmetry reasons the 

three Ln-Ophenolate (Ln-O1) are equivalent in L-Tb, L-Yb and L-Lu, similarly to the three Ln-

Nimine (Ln-N1) bond distances. All the coordination bond distances were directly dependent 

on the lanthanide ion size. The Ln-O1 bond distances are 2.198, 2.153 and 2.148 Å for L-Tb, 

L-Yb and L-Lu, respectively, which followed the lanthanide contraction. The same applies 

for both the Ln-N1 bond distances at 2.716, 2.691 and 2.680 Å for L-Tb, L-Yb and L-Lu, 

respectively, and the Ln-N4 bond distances (2.479, 2.416 and 2.405 Å for L-Tb, L-Yb and L-

Lu, respectively). For L-Gd, the coordination sphere is slightly dissymmetric. The Gd-O1, 

Gd-O2 and Gd-O3 bond distances are 2.216, 2.217 and 2.187 Å, respectively (mean value = 

2.207 Å), while the Gd-N1, Gd-N2 and Gd-N3 bond distances (Gd-Nimine) are 2.505, 2.535 

and 2.512 Å (mean value = 2.517 Å), respectively. They represent the largest values within 

the series due to the larger ionic radius of the Gd
III

 ion. Noteworthy, for all the complexes the 

Ln-O1 (and Ln-O2, Ln-O3 for L-Gd) bond lengths compare fairly well with those determined 

for L
OMe

-Ln.[27] The Ln-N1 (and Ln-N2, Ln-N3 for L-Gd) bond lengths are slightly shorter 

in L-Ln, likely due to the lower electron density at the N1 atom. 
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Figure 1. X-Ray crystal structure of L-Tb shown with 30 % thermal ellipsoids 

 

Table 1. Coordination bond distances in L-Ln (in Å) 

Complex  Ln-Ophenolate Ln-Nimine  Ln-Namine 

L-Gd 2.216(2) 

2.217(2) 

2.187(3) 

2.505(2) 

2.535(2) 

2.512(3) 

2.792(2) 

L-Tb 2.198(2) 
[a]

 2.479(3)
 [a]

 2.716(3) 

L-Yb 2.153(2)
 [a]

 2.416(3)
 [a]

 2.691(3) 

L-Lu 2.148(3)
 [a]

 2.405(3)
 [a]

 2.680(3) 

[a]
 The three salicylidene moieties are equivalent. Ln-Ophenolate and Ln-Nimine correspond to Ln-

O1 and Ln-N1, respectively. 

 

3.3 Electrochemistry 

The easily detectable oxidation of the complexes is important for the determination of their 

potential as redox probes. For this reason the complexes were analysed via cyclic 

voltammetry (CV), rotating disk electrode (RDE) and differential potential voltammetry 

(DPV). Their electrochemical behavior was investigated in CH3CN:CH2Cl2 (8:2) solution 

containing tetra-n-butylammonium perchlorate (TBAP) as supporting electrolyte. The CV 

curve of L-Yb (Figure 2), demonstrated three quasi-reversible oxidation events at E
1
1/2 = 0.37 

V, E
2
1/2= 0.64 V, E

3
1/2 = 0.85 V vs. Fc

+
/Fc at 298 K, confirmed to be one-electron oxidations 

by RDE experiments and coulometry. Each of the complexes demonstrated similar redox 

behavior at 298 K. The three one-electron oxidations were assigned to the successive 

oxidation of the phenolate oxygens to the phenoxyl species. Not surprisingly, the oxidation 

waves are anodically shifted in comparison to L
OMe

-Ln [27] due to the lower electron-

donating ability of the tert-butyl groups. [37, 38] The first redox process depends only 
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marginally on the lanthanide ion, the E1/2
1
 values being similar within 0.02 V. The second and 

third redox processes are more dependent on the lanthanide ion, the smaller ions showing the 

higher oxidation potentials. This evolution likely arises from the shorter coordination bonds 

for smaller lanthanides, which bring the positive charge closer to the redox-active phenolate 

moieties. The E1/2
1-2

 was calculated according to E1/2
2
 – E1/2

1
. At room temperature it ranges 

between ca. 0.27 V for the shortest lanthanide ions (L-Lu, L-Yb) and 0.10 V for the biggest 

one (L-Gd), with an intermediate value for L-Tb (0.16 V). The range of E1/2
1-2

 is much 

larger than for the methoxy analogs (0.15-0.22 V for lanthanide varying from Nd
III

 to Lu
III

), 

showing that the electrochemical communication is much more sensitive to the nature of the 

lanthanide in the present series. It is both strengthened for small lanthanides, whereas it is 

diminished for bigger metals in comparison to L
OMe

-Ln. Interestingly, the same 

electrochemical characterization at 233 K show different CV curves. The current intensities 

decrease significantly, with minor shifts in potentials in the case of L-Lu and L-Yb, 

suggesting solubility issues at low temperature or passivation of the electrode. For the 

complexes with the largest lanthanide ions, namely L-Tb and L-Gd, no such decrease is 

observed. Instead, the oxidation potentials, especially E1/2
2
, are significantly cathodically 

shifted (Figure 2). In fact, these two complexes demonstrated a coalescing of the first two 

oxidation waves at 233 K. The temperature dependence of the potentials is depicted in ESI, 

while the potentials at 298 and 233 K are summarized in Table 2. We tentatively interpret this 

singular behaviour by considering an ECE mechanism, which involves an ion-pairing with the 

cations that is favoured for the largest lanthanides and at low temperatures. The association of 

the anion with the oxidized species would indeed contribute to a shielding of the charge, and 

consequently a decrease in E1/2
2
 and E1/2

3
. In an effort to confirm this hypothesis we 

additionally investigated the electrochemical behaviour of the complexes by using PF6
-
 

instead of ClO4
-
. As illustrated in Table 2, both L-Gd and L-Yb exhibit a temperature-

dependence of the redox potentials that is similar to that observed in TBAP, but the potentials 

(especially E1/2
2
 and E1/2

3
) are effectively shifted in TBAPF6. 

 

Table 2. Electrochemical data of L-Ln 
[a]

 

Complex  E1/2
1
 E1/2

2
 E1/2

3
 

L-Gd (298 K) 0.39
[b]

 0.49
[b]

 0.69
[b]

 

L-Gd (233 K) 0.37
[b]

 0.41
[b]

 0.67
[b]

 

L-Tb (298 K) 0.39 0.54 0.73 
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L-Tb (233 K) 0.36 
[c]

 0.70 

L-Yb (298 K) 0.37
[d]

 0.64
[d]

 0.81
[d]

 

L-Yb (233 K) 0.36
[d]

 0.59
[d]

 0.73
[d]

 

L-Lu (298 K) 0.36 0.63 0.76 

L-Lu (233 K) 0.35 0.58 0.69sh 

[a]
 From DPV in CH3CN:CH2Cl2 (8:2) solution containing 0.1 M TBAP. Determined at a 

vitrous carbon electrode by adding half of the pulse amplitude. The potentials are given in V 

and referenced to the redox Fc
+
/Fc redox couple (0.10 V (Ep = 0.11 V) vs. Ag/AgNO3 0.01 

M). 

[b]
 The E1/2 values in TBAPF6 are 0.41, 0.51 and 0.71 V at high temperature and 0.36, 0.39 

and 0.70 at low temperature. 

[c]
 The two successive monoelectronic processes could not be satisfactorily differentiated 

neither by DPV, not by CV. 

[d]
 The E1/2 values in TBAPF6 are 0.35, 0.58, 0.75 V at high temperature and 0.35, 0.61 and 

0.77 at low temperature. 
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Figure 2. Electrochemical behavior of the lanthanide complexes L-Ln (0.5 mM) in CH3CN : 

CH2Cl2  (8:2) containing 0.1 M TBAP examined by (a,c) cyclic voltammetry and (b,d) 

differential pulse voltammetry. (a,b) L-Yb; (c,d) L-Gd. Scan rate of the CV =  0.1 V / s; 

Pulse amplitude = 0.05 V. All the potentials are referenced to the Fc
+
/Fc redox couple. 

 

 

3.3 UV-vis spectroscopy  

The electronic spectrum of the complexes is dominated by an absorption band at around 370 

nm. Both its high intensity (  > 8000 M
-1

 cm
-1

) and position suggest that it corresponds to a 

-* transition involving the salicylidene moieties.[51, 52] The addition of cerium 

ammonium nitrate (CAN), a strong one-electron oxidant, to the complexes resulted in a green 

colour change. It showed the gradual growth of a sharp and intense band at ca. 420 nm, 

reaching a plateau at 1 eq. whereby the one-electron oxidized species was formed.[53] An 

isosbestic is observed in every case at around 395 nm, confirming the clean conversion of L-

Ln to L-Ln
+
. The new band in the 400-450 nm range is the hallmark of phenoxyl radical 

species, supporting a ligand-centered oxidation of the complexes.[38] According to literature 

this band corresponds to the * transition of the phenoxyl moieties [51, 52, 54-56] and it is 

blue-shifted in the L-Ln
+
 radical complexes when compared to their methoxy derivatives.[38] 

Interestingly, the addition of over-stoichiometric amounts of CAN did not produce further 

growth of the phenoxyl band, presumably due to fast decomposition of the over-oxidized 

radical species.[27] The consumption of Ce
IV

 above 1 eq. added is indeed confirmed by the 

decrease of the salicylidene band around 370 nm. In the case of L-Gd the addition of more 

than one molar equivalent of CAN even promotes decomposition of the radical species, as 

verified by the decrease in intensity of the band at 422 nm. These titrations show that the 

monooxidized species are accessible via CAN oxidation, which supports the hypothesis that 

the counter-ion and electrolyte play an important role in stabilizing the monoradical species 

against disproportionation. Such behaviour was previously reported in d-transition metal 

complexes.[57, 58] We will therefore focus our discussion only on the neutral and 

monocation in the next sections. 
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Figure 3. UV vis absorption spectra of the lanthanide complexes (a) L-Lu and (b) L-Gd (0.1 

mM) in CH3CN : CH2Cl2 (8:2) upon the addition of the one-electron oxidizing agent cerium 

ammonium nitrate (CAN). Inset: Absorption at given wavelengths upon addition of CAN. T = 

233 K; l = 1.000 cm. 

 

 

Table 3. UV-Vis data of L-Ln  

Complex λ [nm] ( [M
-1

·cm
-1

]) Complex λ [nm] ( [M
-1

·cm
-1

]) 

L-Lu 
[a]

 374 (8100) L-Lu
+
 
[b]

 422 (2600) 

L-Yb 
[a]

 376 (11000) L-Yb
+ [b]

 420 (4600) 

L-Gd 
[a]

 376 (9100) L-Gd
+[b]

 422 (3100) 

L-Tb 
[a]

 376 (9200) L-Tb
+ [b]

 426  (4606) 

 

[a]
 In CH3CN:CH2Cl2 (8:2) solution at 298 K. 

[b]
 Generated by addition of one eq. of cerium ammonium nitrate (CAN) at 233 K. In 

CH3CN:CH2Cl2 (8:2) solution. 

 

 

 

3.4 Electron Paramagnetic Resonance (EPR) spectroscopy 

 

The spectrum of the cation L-Lu
+
 is the most straightforward to analyze due to the 

diamagnetism of the metal center. It consists of a single isotropic resonance at g = 2.001, with 

a peak-to-peak linewidth of 1.1 mT (Figure 4a). This signal is reminiscent of organic radicals, 

indicating that L-Lu
+
 is a Lu

III
-phenoxyl radical complex. The fact that the giso value is 

slightly lower than that typically observed for free phenoxyl species (2.005) suggests that the 

radical is coordinated to the lanthanide ion in L-Lu
+
. The other complexes L-Tb, L-Gd and 
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L-Yb are paramagnetic species under their neutral forms, and could be characterized by EPR 

spectroscopy before oxidation. 

The complex L-Yb shows resonances at g = 3.9, 3.2 and 2.8 (shoulder), which correspond to 

the parallel features of the Yb
III

 ion (S = ½). The main central line is associated to the even 

isotopes, while the peripheral ones are assigned to the odd isotopes 
171

Yb
III

 and 
173

Yb
III

. This 

spectrum (Figure 4b) resembles that measured for L
OMe

-Yb, [27] with a small shift in g 

values due to the slightly different electronics of the ligand. As for the methoxy analog the 

line broadening does not allow for the observation of the Tb hyperfine splitting in the case of 

the odd isotopes. The one-electron oxidation of L-Yb into L-Yb
+
 results in a total quenching 

of the lanthanide-associated resonances (Figure 4b). A sharp line of very low intensity can be 

detected at around g = 2, which is assigned to a minor (S = ½) radical decomposition product. 

These results indicate that L-Yb
+
 is either hard to detect at the X-Band frequency, or EPR-

silent due to magnetic interactions between the radical and the metal spins. 

The complex L-Gd displays a set of resonances that easily saturate at the geff values of 1.6, 2 

and 2.5, as expected for S-state (4f
7
) metal ions. As for the ytterbium complex the overall 

shape of the spectrum roughly matches that of the methoxy analog, with a slight shift of the g 

values. Given the absence of crystal structure for L
OMe

-Gd, [27] the present data therefore 

supports a similar environment of the metal center. Additional resonances of much lower 

intensity are observed in the low field region (Figure 4c), as expected for this (S = 7/2) spin 

system. The oxidation is demonstrated by a quenching of the main resonances, with shifts in 

the low field region. Both suggest that a magnetic coupling is operating between the ligand 

radical and the metal center, as for L-Yb
+
. The spectrum recorded in parallel polarization 

shows a multi-line pattern in the 0-600 mT region, which confirms the formation of an integer 

spin system upon oxidation, and therefore the removal of a single electron. The lack of 

additional HF-EPR and magnetic data (due to the instability of the radical) precludes going 

further in the analysis of this complicated spectrum. [59] 
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Figure 4. X-Band EPR spectra of 0.5 mM solutions of the lanthanide complexes in frozen 

CH2Cl2:CH3CN (2:8) before (black) and after (red) oxidation. The blue line is the spectrum in 

parallel mode, the other are recorded in perpendicular mode. (a) L-Lu, (b) L-Yb, (c) L-Gd. 

Microwave Freq. 9.63 GHz (9.36 GHz in parallel mode); Mod. Freq. 100 KHz; Mod. Amp. 

(a) 0.2 mT, (b-c) 0.4 mT (or 0.7 mT in parallel mode); Microwave power, (a,c) 2 mW or (b 

and c in parallel mode) 20 mW. T = 7 K. 
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The EPR spectrum L-Tb was proved to be difficult to observe. At 7 K it shows a very broad 

anisotropic signal at around g = 3.2, whose resolution could not be improved by adding 

supporting electrolyte. The main resonance resembles that reported for the Tb
III

 complex of 

the 3-hydroxypicolinamide,[60] but cannot be further interpreted owing to the poor resolution 

and exceedingly large linewidth. The spectrum of the one-electron oxidized L-Tb
+
 was 

strikingly different, but remains of low intensity. It shows two components. The first one is a 

sharp isotropic line of low intensity at g = 2.00, i.e. in a region where the phenoxyl resonance 

is expected to be found. The second signal appears at fields lower than 100 mT, where the 

Tb
III

 resonances are expected to be found. This latter assignment is further supported by the 

observation of the Tb
III

 hyperfine splitting at ATb = 27 mT and the enhancement of the signal 

under parallel polarization. The simultaneous presence of both signals suggests that either the 

terbium is surprisingly uncoupled to the radical in the cation, or that L-Tb
+
 is difficult to 

detect and that the present spectrum is the sum of two decomposition products (Tb
III

 complex 

and free radical). We investigated the response to power of the spectra and observed that the 

signal at g = 2.00 saturates much more easily than the Tb
III

 signal, which argues for the 

second hypothesis. 

Altogether these EPR data support phenoxyl radical generation upon oxidation, and 

demonstrate that the radical remains close to the metal center whatever the lanthanide. 

 

3.5 DFT calculations  

The electronic structure of the lutetium complex has been investigated by theoretical 

calculations. We used a full-electron approach that includes relativistic effects through the 

ZORA Hamiltonian. The computational cost of this methodology makes that this 

investigation is restricted to the lowest spin systems, e.g. the lutetium and ytterbium 

complexes. Full geometry optimization shows that neutral L-Lu exhibits a C3v symmetry, in 

agreement with the X-Ray diffraction and solution NMR data. The Lu-O1 and Lu-N1 bond 

distances are reasonably well predicted, with calculated values of 2.163 and 2.451 Å, 

respectively, vs. 2.148 and 2.405 Å, experimentally. Similarly, the optimized L-Yb shows a 

symmetrical coordination sphere with longer Ln-O1 and Ln-N1 bonds (2.176 and 2.463 Å, 

respectively), due to the largest ionic radius of the metal ion. The Lu-N4 bond is much 

weaker, which explains the larger deviation from experiment (2.901 and 2.895 Å for L-Lu 

and L-Yb, respectively). Such behavior was already reported for the methoxy derivatives.[27] 

The geometry optimized cations L-Lu
+
 and L-Yb

+
 both show a C3v symmetry, similarly to 

the neutral precursors. In other terms, oxidation is not preferentially localized on one 
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phenolate ring, in contrast to the methoxy derivatives. This trend is in line with that reported 

for one-electron oxidized Ni
II
 salen complexes, which are symmetrical (full delocalization of 

the SOMO) with a tert-butyl para substituent[30, 34, 37] but dissymmetrical (localized 

phenoxyl) with a methoxy para substituent.[32, 34, 37] Detailed examination of the metrical 

parameters shows that the Ln-O1 bonds undergo an elongation of ca. 0.02 Å upon oxidation 

(2.185 and 2.197-2.200 Å for L-Lu
+
 and L-Yb

+
, respectively), indicative of a weaker 

donating ability of the phenoxyl ring in comparison to a phenolate. Conversely, the Ln-N1 

bond shortens by 0.02 Å (2.434 and 2.445 Å for L-Lu
+
 and L-Yb

+
, respectively) and the Ln-

N4 one by 0.10 Å (2.807 and 2.800 Å for L-Lu
+
 and L-Yb

+
, respectively). A slight but 

sizeable quinoidal redistribution of bond distances is observed in each peripheral ring, with a 

shortening of the C1-O1 bond by 0.01 Å. It is less than expected for the formation of a 

phenoxyl radical due to delocalization of the radical SOMO over the three arms of the ligand. 

The Mulliken spin population on selected atoms is listed in Table 4 and compared to that 

calculated at the same level of theory for the methoxy derivatives.[27] The data show that 

apart from full delocalization over the three arms, the methoxy to tert-butyl substitution 

induces spin redistribution in each ring, with increased spin population at the C2, C4 and C6 

atoms, at the expense of the C1 atom and the para (methoxy) substituent. It also shows that 

the nature of the lanthanide does not influence significantly the spin population on the ligand. 

Figure 5. Top and side views of the spin density plot of L-Lu
+
 

(B3LYP/TZVP/SARC(Lu)/ZORA) 

 

 

Table 4. Mulliken spin population on selected atoms in the complexes L-Ln
+
 
[a]

 

Ln R O1 C1 C2 C4 C6 

Lu t-Bu
[b]

 0.09 0.03 0.06 0.11 0.06 

Lu OMe
[c]

 0.12 

0.07 

0.06 

0.04 

0.06 

0.04 

0.10 

0.06 

0.04 

0.02 
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0.06 

Mean: 

0.083 

0.04 

Mean: 

0.047 

0.03 

Mean: 

0.043 

0.05 

Mean: 0.07 

0.02 

Mean: 

0.027 

Yb t-Bu
[b]

 0.09 0.03 0.06 0.11 0.06 

Yb OMe
[c]

 0.13 

0.08 

0.07 

Mean: 

0.093 

0.06 

0.04 

0.04 

Mean: 

0.047 

0.07 

0.04 

0.04 

Mean: 0.05 

0.10 

0.06 

0.06 

Mean: 

0.073 

0.04 

0.02 

0.02 

Mean: 

0.027 

 
[a] From a B3LYP/TZVP/SARC(Lu)/ZORA calculation. The atom numbering is indicated 

above. 

[b] The three phenol-based units are equivalent. 

[c] From ref. The three phenol-based units are inequivalent. 

 

3.6 Luminescence  

The lanthanide ions in particular have been chosen for their exceptional photophysical 

properties. The optical properties of the complexes L-Ln (Ln = Tb
III

, Nd
III

, Yb
III

, Gd
III

) are 

shown in Figure 6 at 298 K and 233 K. At room temperature the emission spectrum of L-Gd  

under excitation in the ππ* and n π* absorption band revealed in the UV-vis spectrum 

results in a ligand-centred emission as one intense and broad band at 440 nm whose intensity 

quickly diminishes when a short delay (0.05 µs) is enforced and therefore has been attributed 

to the 
1
ππ* ligand state. At low temperature this band can no longer be detected but another 

band at 530 nm appears with a single-exponential time decay of 1.87(5) ms and is therefore 

assigned to the 
3
ππ* state. The L-Lu complex confirmed the position of the triplet energy 

level with a lifetime of 19.1(1) ms. For the emissive L-Tb and L-Tb complexes, the two 
1
ππ* 

and 
3
ππ* ligand levels were quenched due to population of the lowest lying lanthanide energy 

level. At 298 K the visible Tb emission of L-Tb cannot be observed due to quenching by the 

low-lying 
3
ππ* state triplet state with respect to the Tb(

5
D4) excited state. However, at low 

temperature (77 K), the emission spectrum displays 
5
D4  

7
FJ for J = 6-0 and is dominated by 

the transition to 
7
F5. This is indicative of sensitization via a ligand-to-metal energy transfer 

and as a result of the energy of the 0-phonon transition we thus conclude the Tb(
5
D4) excited 

emission is most efficiently sensitized by the singlet state, as previously observed in Tb
III

 

complexes with Schiff-base ligands.[61, 62]  
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Since the ligand possesses a low-energy triplet, it appears that it would be suited for 

sensitization of Yb
III

. The emission spectrum of the corresponding complex L-Yb consists of 

an intense set of emission lines assigned to the 
2
F5/2

2
F7/2 transition with a total quenching of 

the ligand emissive states, which was dominated by narrow line like emission bands with four 

main crystal field components in the range 960-1200 nm. Measurements at different 

temperatures show that the overall shape of the Yb
III

 spectrum remains the same, except for a 

slight broadening and a more intense peak appearing at 940 nm from a thermally populated 

2
F5/2 state. The excitation spectrum of the complex L-Yb clearly demonstrated the antenna 

effect of the ligand. The population of the excited states of the metal via the ligand is 

demonstrated by the excitation spectra which display two components between 320 and 395 

nm (Figure 7), matching perfectly the low-energy absorption band of the UV spectra (Figure 

4). 

The emission of the Tb
III 

and Yb
III

 complexes permitted the detection of distinct 

changes between the neutral and oxidised phenoxyl complexes. The formation of the 

one-electron oxidised product L-Ln
+ 

can be evidenced
 
by a strong quenching of the 

metal-centred luminescence. Figure 7 illustrates the change in the luminescence upon 

addition of the chemical oxidant CAN to CH3CN : CH2Cl2 (8:2) solutions of the L-Ln 

(Tb, Yb). A very substantial decrease in the luminescence signal was observed. The 

extent of quenching observed was 83 and 93 % respectively for the L-Tb
+
 and L-Yb

+
. 

This very intense intramolecular quenching indicates that the lanthanides complexes L-

Ln are extremely sensitive to the oxidation state of the ligand. Noteworthy, the 

quenching is slightly more efficient than for the L
OMe

-Yb complex (83 %), while for 

L
OMe

-Tb no emission was observed neither before or after oxidation. This shows that 

these complexes could be very promising as redox-sensitive luminescent probes both in the 

visible and NIR regions.  
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Figure 6. Normalized emission (λex = 375 nm) and excitation spectra (λan = 520, 520, 550 and 

976 nm for Gd, Lu, Tb and Yb, respectively) of L-Ln (Ln = Gd, Lu, Tb and Yb). The spectra 

were recorded at 0.5 mM in acetonitrile. T = 77 K (pink lines), 298 K (black lines). 
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Figure 7. Emission spectra (λex = 375 nm) of (a) L-Tb and (b) L-Yb before (black lines) and 

after (red lines) oxidation with CAN (1 eq.) at 0.5 mM in acetonitrile at 77 K. 

 

 

4. Conclusion 

We reported a series of four complexes L-Ln, (Ln = Gd
III

, Tb
III

, Yb
III

, Lu
III

), wherein the 

metal resides in a monocapped octahedron environment. They all demonstrated a 3-electron 

oxidation behavior. As expected from the lower electron donating ability of the tert-butyl 

substituent the potentials are higher than for the methoxy analogs. The potential of the 1
st
 

oxidation event does not differ significantly in the series, in contrast to the 2
nd

 and 3
rd

 redox 

processes. They follow the lanthanide contraction and exhibit a unique temperature-dependent 

behavior for the largest lanthanides. We establish that the smaller the cation, the higher the 
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oxidation potential and the larger the separation between the 1
st
 and 2

nd
 oxidation waves. The 

presence of the characteristic * transition at 420 nm in the UV-Vis spectrum of the cations 

confirms that the oxidation products are phenoxyl radical species. This assignment is 

corroborated by EPR spectroscopy, which shows a resonance at g = 2.001 for L-Lu
+
. The 

other cations show mostly a quenching of the EPR signal, supporting a magnetic coupling 

between the phenoxyl moiety and the metal ion. For both L-Lu
+
 and LYb

+
 DFT calculations 

predict the radical to be delocalized over the three arms. Finally, L-Tb and L-Yb are 

luminescent, but demonstrated a dramatic quenching of the luminescence of the lanthanide 

upon oxidation. This proves redox active probes with a luminescent response.  
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Highlights 

- Tris(phenolato) lanthanide complexes (Gd, Tb, Yb, Lu) were crystallized. 

- Oxidation affords phenoxyl radical species. 

- The tris(phenolato) terbium and ytterbium complexes are luminescent 

- The luminescence is quenched upon oxidation 

 
 



  


