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Garcia,[a,c] Federico Totti,[c] Boris Le Guennic,[a] Guillaume Calvez,[b] Kévin Bernot,*[b] Lucie Norel*[a]  

and Stéphane Rigaut[a] 

 

Abstract: A spiropyran-based switchable ligand isomerizes upon 

reaction with lanthanide(III) precursors to generate complexes with 

unusual N3O5 coordination sphere. The air stable dysprosium(III) 

complex shows a hysteresis loop at 2 K and a very strong axial 

magnetic anisotropy generated by the merocyanine phenolate donor. 

Single molecules as active elements have been considered as 
potential building blocks for future nanoelectronic systems 
because of their advantages in cost, scalability, component 
density, and power consumption.[1] To achieve an efficient 
molecular-based switching operator, a key physical property 
should be modulated by one or more external stimuli, such as 
light or electricity.[2] For instance, conductivity,[3] optical[2] or 
magnetic[4] properties can be modulated with the help of those 
stimuli leading to a reversible transformation between two forms 
displaying different properties. Single Molecule Magnets (SMM), 
which at low temperature behave as tiny magnets at the 
molecular scale, have attracted enormous interest in recent 
years,[5] and the switching of their magnetic caracteristics is also 
raising more and more attention. If few examples of redox 
modulation have been reported so far,[6] a total, robust, and 
reversible photo-switching process remains to be achieved with 
4f-based SMM.[7] 
On the other hand, photo-induced change of the coordination 
environment of lanthanide ions has been demonstrated upon the 
photoisomerization of spiropyran or spirooxazine ligands.[8] Such 
isomerization induces large changes in the relaxivity[9] or the 
luminescence[10] of the complexes. Consequently, lanthanide 
complexes based on spiropyran ligands[11] are ideal candidates 
for the photo-control of slow relaxation of magnetization since 
spiropyran (SP) to merocyanine (MC) isomerization is expected 
to lead to drastic modifications in the lanthanide ion environment 
and in fine, in the related magnetic properties (Scheme 1). 
With this initial aim, we demonstrate herein that the SP moiety is 
a useful precursor for the synthesis of unique lanthanide 

complexes that display SMM properties. Indeed, this strategy 
afforded non-photochromic Y, Yb and Dy complexes that bear a 
merocyanine ligand and display an unprecedented N3O5 
environment. On the basis of ab initio calculations, a very strong 
axial magnetic anisotropy of the dysprosium center can be 
predicted for such environment and explained by the presence 
of a highly charged phenolate oxygen that belongs to the 
merocyanine ligand. We therefore rationalize why this N3O5 
environment lead to a great SMM behavior with a hysteresis 
loop at 2 K and an energy barrier of 216 K.  

 

Scheme 1. Synthesis of LMC-M complexes from the spiropyran (LSP) ligand 
and isomerization towards the merocyanine (LMC) form.  

In order to provide a strong coordination towards Ln(III) ions, the 
chelating SP ligand LSP has been synthesized from 8-
(iodomethyl)spirobenzopyran[12] and bis(2-pyridinemethyl)amine 
and fully characterized (see SI). Reaction of LSP with one 
equivalent of M(hfac)3·2H2O (M = Dy, Yb, Y; hfac- = 
hexafluoroacetylacetonate) in the presence of sodium iodide 
give rise to a coordination-induced isomerization of LSP into LMC, 
the merocyanine analogue (Scheme 1). The monometallic 
complex LMC-M that is formed is obtained as single crystals (in 
17 % yield for LMC-Dy, 40 % for LMC-Y and 42 % for LMC-Yb) and 
its composition is established as [M(hfac)2(LMC)]I where the 
iodide anion provides neutrality to the crystal packing. The Dy 
analogue (LMC-Dy) crystallizes in the monoclinic P21/c space 
group. The MC form is clearly identified (Figure 1). LMC acts as a 
tetradentate ligand towards the dysprosium center since the 
three nitrogen atoms of the bis(2-pyridinemethyl)amine moiety 
and the phenolate oxygen atoms are involved in coordination 
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bonds. To accommodate the tetradentate MC ligand, one hfac- 
ligand has been released by the DyIII center, a process which is 
not unprecedented.[13] Four oxygen atoms from the two hfac- 
ligands complete the coordination sphere and the DyIII ion is thus 
octa-coordinated. The Dy-O bonds lengths are between 2.31 
and 2.38 Å for the oxygen of the hfac ligands and 2.219(3) Å for 
the phenolate oxygen whereas Dy-N bonds are longer than 2.50 
Å. The resulting coordination geometry is close to a triangular 
dodecahedron (D2d) as shown by SHAPE analysis (see SI).[14] 
The shortest intermolecular Dy-Dy distance is 9.50 Å. YbIII and 
YIII derivatives are found isostructural (Table S1) with the DyIII 
one, even if full crystal structure solving has not been possible 
on the latter. It is worth to note that the standard thermal 
equilibrium between MC and SP isomers is totally shifted toward 
the MC form by the formation of the phenolate-lanthanide bond. 
This phenomenon has been described in solution for a variety of 
spiropyran derivatives with various 3d[15] or 4f metal ions.[11, 16] 
However, this is the first time that a MC-lanthanide complex is 
structurally characterized.  

 
 
 
 

 

Figure 1. Left. Schematic representation of LMC-Dy (fluorine, hydrogen and 
iodine atom omitted for clarity). Right: Coordination polyhedron with calculated 
magnetic anisotropy axis. Bond lengths (Å) are Dy – O5 = 2.219(3), Dy - O1 = 
2.386(3), Dy – O2 = 2.315(3), Dy – O3 = 2.336(3), Dy – O4 = 2.384(3), Dy – 
N1 = 2.516(3), Dy – N2 = 2.550(3), Dy – N3 = 2.523(3). For Yb, the bond 
lengths (Å) are Yb – O5 = 2.186(3), Yb - O1 = 2.337(4), Yb – O2 = 2.263(4), 
Yb – O3 = 2.294(4), Yb – O4 = 2.347(4), Yb – N1 = 2.467(4), Yb – N2 = 
2.507(4), Yb – N3 = 2.482(4).  

Further studies in solution by NMR, absorption and emission 
spectroscopies could demonstrate the robustness of the LMC-M 
complexes upon dissolution and the completeness of the 
coordination-induced isomerization process. In CD3CN, the 1H 
NMR spectrum of diamagnetic LMC-Y shows a single set of 
resonances (Figure S3). The MC isomer is clearly evidenced 
with the two double bond protons signals at 8.37 and 7.18 ppm 
with J = 16.0 Hz, typical of trans coupling. Moreover, 
coordination of the bis(2-pyridinemethyl)amine part is proven by 
the broadening of the pyridine rings signals at 8.54, 7.84 and 
7.35 ppm and from the changes of the signals of the N-CH2-
pyridine group : observed as a sharp singlet at 2.70 ppm in free 
SP (Figure S1), this signal experiences a large shift and a 
splitting as a set of strongly coupled doublets integrating 4H (for 
two equivalent AB systems) upon coordination to YIII. The 
absorption spectra of LMC-M complexes (the behavior of LMC-Y is 

shown on Figure 2 as an example) notably show an absorption 
in the visible range, centered at 468 nm ( = 21500 mol-1.L.cm-1), 
assigned to a MC centered charge transfer transition that is 
markedly blue shifted as compared to free LMC (max = 554 nm) 
because of the decreased donor ability of the phenolate once 
coordinated. Upon excitation in this band (450 nm), all LMC-M 
(M = Y, Yb, Dy) compounds show the same broad emission 
band centered at 570 nm, typical of merocyanine 
chromophores[17] (Figures S4-S6). This red emission is usually 
enhanced and blue shifted in metal complexes of merocyanine 
involving the phenolate in comparison with free merocyanines.[18]  

Figure 2. Electronic absorption spectra in acetonitrile of LMC-Y (red line) and 
upon 450 nm irradiation during 3h, 6h and 15h.(red dots) Electronic absorption 
spectra in acetonitrile of LSP before (black line) and after (black dots) 254 nm 
irradiation during 10 min, followed by 580nm irradiation for 10 min (grey dots). 

Under visible light irradiation, the spectroscopic properties of 
LMC-M complexes showed a drastic evolution. First, irradiation at 
450 nm leads to an almost total and irreversible bleaching of the 
visible transition (Figure 2). This bleaching can be followed as 
well by the decrease of the detected emission at 570 nm when 
successively measuring several emission spectra with 450 nm 
excitation wavelength (Figure S4). During this process, the 1H 
NMR spectrum shows a decrease of LMC-Y signals in favor of 
the ones of free LSP (Figure S3). It means that the 
photoisomerization to the spiropyran form induces a 
decoordination of the Y(hfac)2 moiety. Indeed, a new singlet at 
6.16 ppm is observed, in the range of yttrium diketonate protons 
and could correspond to a free [Y(hfac)2L4] (L = CD3CN) 
complex. The photo-release of the metal is clearly irreversible 
either by UV irradiation or thermally.  
The observed behavior is reminiscent of Mn+ cations sensors 
based on spiropyran ligands in which the metal complexation 
induces isomerization to the MC form whereas the release of the 
metal ion is induced upon visible light irradiation.[10,19] In our case, 
the photo-induced state is of limited interest as far as magnetic 
switching is concerned. However the peculiar coordination 
sphere observed for LMC-M complexes prompted us to evaluate 
their magnetic behavior. With this aim, the synthesis, 
crystallization and sampling of all complexes have then been 
undertaken in the dark. 



Rev
ise

d m
an

us
cri

pt

 

The magnetic behaviors of LMC-Dy and LMC-Yb have been 
investigated by static (dc) and dynamic (ac) measurements in 
the solid state. For LMC-Dy the room temperature value of χMT 
(Figure S7) was found lower than the predicted value (14.17 
emu K mol-1) for one DyIII ion (6H15/2, S = 5/2, L = 5, and g = 4/3) 
and that the ab initio calculated value (13.89 emu K mol-1,see SI). 
The dynamic magnetic measurements clearly evidence a clean 
and significant slow relaxation of magnetization for LMC-Dy 
under zero static field (Hdc = 0). It becomes temperature 
independent below 5 K (Figure S8) and the relaxation time () 
saturates around 100 Hz ((2K) = 1.58 10-3 s). This relaxation can 
be enhanced for an optimal Hdc = 1200 Oe (Figure 3) as 
commonly observed on Dy-based SMMs.[20]  

 
 
 
 

The analysis of the magnetic relaxation in the high temperature 
region highlights a thermally activated behavior that can be 
assumed to follow an Arrhenius law (0 =0exp (∆/kT) where 0 

is the characteristic relaxation time and ∆ the energy barrier for 
spin reversal. LMC-Dy presents a particularly high value of ∆ = 
216 K (150 cm-1) with 0 = 4.7 10-9 s (Table S2, Figure 4a). For 
Hdc = 1200 Oe, very weak saturation of the relaxation time is 
observed at low temperature. This is associated with a 
significantly narrow distribution of the relaxation times as 
demonstrated by the analysis of the normalized Argand plots. 
Indeed, αmax (expected to be zero for a single relaxation time 
and 1 for a spin-glass-like behavior) is equal to 0.177 at its 
maximum (7.5 K) (Table S5 and Figure 4b). One can note that 
for Hdc = 0 Oe, α values are even smaller (Table S3, Figure S9). 
 

Figure 3. Dynamic magnetic measurements of LMC-Dy with Hdc=1200 Oe. 
Frequency dependence (color mapping from 1 to 1500 Hz) of the a) in-phase 
(χ’M) and b) out-of-phase (χ’’M) magnetic susceptibilities. Temperature 
dependence (color mapping from 4 to 19 K) of the c) in-phase d) out-of-phase 
magnetic susceptibilities. 

 

a) b) 

Figure 4. a) Temperature dependence of the relaxation times for LMC-Dy and 

LMC-Y0.97Dy0.03.  b) Argand plot for the Hdc = 1200 Oe measurement of LMC-Dy 

at selected temperatures between 10 K (blue) and 18 K (red). 

 

The original coordination environment observed in LMC-Dy 
therefore lead to a remarkable slow relaxation behavior and Ab 
initio calculations (CASSCF/SI-SO) have then been performed 
to rationalize this behavior. The calculations confirm the high 
magnetic anisotropy of  LMC-Dy. The wavefunction of the ground 
state consists in remarkably pure │Mj > = ±15/2 well separated 
(211 cm-1) from the first excited state (mainly │Mj > = ± 13/2) in 
agreement with the large ∆ value observed. Additionally, the 
ground state g tensor is found highly anisotropic (gx=0.00, gy= 
0.01, gz=19.80) (Table S12) and the magnetic anisotropy axis is 
almost perfectly collinear to the Dy-Ophenolate bond (Figure 1). It is 
worth notice that the consideration of the iodide anion in the 
calculations does not modify all these findings. The orientation of 
the anisotropy axis is in agreement with the electrostatic 
surroundings around the DyIII ion[21] with the Ophenolate atom being 
from far the most negatively charged atom of the coordination 
sphere. Such influence of the phenolate donor, has been 
recently illustrated by the highly axial crystal field and record 
magnetization reversal barrier obtained within pentagonal 
bipyramid dysprosium(III) complexes having two phenolate 
donor in a trans disposition.[22] In LMC-Dy this is even reinforced 
by the organization of the three poorly charged nitrogen atoms 
that form a plan that is almost perpendicular to Dy-Ophenolate bond 
(Table S13).  
The mononuclear nature of LMC-Dy allows for its dispersion in a 
diamagnetic matrix in order to further optimize its SMM 
behavior.[23] Isomorphous solid-solution with yttrium has been 
synthesized with an expected doping rate of 5 % that has been 
corrected to 3.3 % on the basis of the magnetic measurements. 
The doped compound, LMC-Y0.97Dy0.03, shows as expected, an 
enhanced magnetic slow relaxation (Figures S10-S13, Tables 
S6-S9). In particular, relaxations with Hdc = 0 Oe and Hdc = 1200 
Oe became similar because the saturation of  in zero field is 
removed (Figure 4a). This is clear evidence that the temperature 
independent magnetic relaxation in LMC-Dy is induced by 
intermolecular interactions. The range of temperatures where 
magnetic slow relaxation is observed is shifted toward high 
temperatures and distribution of the relaxation times is lowered 
(αmax = 0.095) (Figure S10, Table S9). 
As a result of the high magnetic anisotropy of LMC-Dy, both pure 
and yttrium-doped samples show significant opening of 
magnetic hysteresis loops below 2K (Figures S14 and S15) and 
at 0.5 K, clear opening is visible in the ±5000 Oe region (Figure 
5).  
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Figure 5. Magnetic hysteresis loops measured at 0.5 K with a magnetic field 
sweep rate of 15.5 Oe.s-1. Curves are normalized by the magnetization value 
at 5000 Oe for easy comparison. 

Similar investigations of the magnetic properties have been 
performed on LMC-Yb (Figures S16-S17, Tables S10-S11). 
However the dynamic magnetic behavior is significantly less 
spectacular (∆ = 6.8 K, 0 = 1.3 10-5 s, αmax = 0.08 for Hdc = 1200 
Oe) with magnetic slow relaxation observed only below 4 K. This 
may indicate that the electrostatic environment generated by the 
N3O5 coordination sphere in this series of compounds is 
favorable to oblate ions and not to prolate ones.  
In conclusion, spiropyran unit comes out from this work as an 
original source of phenolate strong donor atom through its 
isomerization to merocyanine. The association of the phenolate, 
and of several less charged nitrogen atoms, clearly generates 
the strongly axial magnetic anisotropy in the reported compound. 
This results in an opening of hysteresis loop, high energy barrier 
for spin reversal (216 K) and low distribution of the relaxation 
times (αmax= 0.177). We have now good hope to obtain 
architectures outperforming this first case, both in term of 
magnetic behavior and light-responsivity, through the 
optimization of the spiropyran binding moiety and replacement of 
the diketonate ligands. 
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