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ABSTRACT: Here we report Magneto-Chiral Dichroism 

(MChD) detected through Visible and Near Infrared light absorp-

tion of a chiral DyIII coordination polymer.  The two enantiomers 

of [DyIII(H6(py)2)(hfac)3]n (H6(py)2 = 2,15-bis-(4-pyridyl)ethynyl 

-carbo[6]helicene; hfac- = 1,1,1,5,5,5-hexafluoroacetylacetonate), 

where the chirality is provided by a functionalized helicene ligand, 

were structurally, spectroscopically and magnetically investigated. 

Magnetic measurements reveal a slow relaxation of the magnetiza-

tion, with differences between enantiopure and racemic systems ra-

tionalized on the basis of theoretical calculations. When the enan-

tiopure complexes are irradiated with unpolarized light in a mag-

netic field they exhibit multiple MChD signals associated with the 

f-f electronic transitions of DyIII, thus providing coexistence of 

MChD-active absorptions and Single-Molecule Magnet (SMM) 

behavior. These findings clearly show the potential that rationally 

designed chiral SMMs have in enabling the optical readout of mag-

netic memory through MChD.  

Magneto-Chiral Dichroism (MChD) is a magneto-chiral effect that 

features a differential absorption or emission of unpolarized light 

that chiral systems exhibit when a magnetic field is applied collin-

early to a light propagation wavevector.1–3 It represents a fascinat-

ing manifestation of light-chiral matter interaction because neither 

unpolarized light nor magnetic fields are chiral per se. However, 

when associated, these physical entities provide a true chiral influ-

ence on chiral systems.4,5 

Analogously to natural circular dichroism, MChD provides spectral 

responses equal in magnitude but opposite in sign for two enantio-

mers,1–3 and analogously to magnetic circular dichroism, the sig-

nals intensity is intrinsically correlated to the system’s magnetiza-

tion.6 For this reason, a potential technological application is the 

optical readout of magnetic data.7–9 This consists in discriminating 

two orientations of the magnetization of a magnetic material by 

measuring a differential absorption or emission of unpolarized 

light, with a low-energy and non-damaging light source (Vis-NIR), 

without the need of circular polarization. 

After the first observation of MChD through visible light emis-

sion,1 MChD has been proven to be universal, with reports showing 

its observation in the entire electromagnetic spectrum (from hard 

X-rays to microwaves).10–20 

Nowadays, the field is rapidly expanding among the chemistry 

community for the general interest that chiral systems have raised 

in several fields, such as chiroptical switching and sensing,21 circu-

larly polarized light emission,22,23 chiral induced spin selectiv-

ity,24,25 to cite a few. 

For molecular systems, MChD investigations in the UV-Vis-NIR 

range are particularly interesting because different electronic tran-

sitions can be probed, spanning from that of purely organic sys-

tems,26 transition metal-based,18–20,27 to lanthanide-based sys-

tems.10,28,29 

Because of the strong spin-orbit coupling and the magnetic-dipole 

character of some f-f transitions, recent studies have been focused 

on lanthanide complexes10,28,29 or heterometallic 3d-4f chiral clus-

ters.30 Among them, two chiral YbIII complexes have been investi-

gated, a monomeric29 and a polymeric28 system, both containing 

helicene-based chiral ligands. The combination of the intrinsic chi-

rality of the helicenic moiety with the properties of the lanthanide 

was found responsible for strong magneto-chiral responses (gMChD 

0.12-0.19 T-1), and measurable MChD signals up to room temper-

ature.28 

To exploit such results in view of our ultimate goal of demonstrat-

ing optical readout of magnetic data through MChD, passing from 

YbIII to DyIII-based systems is a logic choice because the latter have 

shown the best SMM properties ever reported.31 

Accordingly, we have targeted the DyIII analogue of the YbIII com-

pound that has shown the best MChD properties. We have prepared 

enantiopure DyIII complexes formulated as [Dy-
III(H6(py)2)(hfac)3]n, 1-(P) and 1-(M), and their racemic version 1-

(rac). Complexes 1-(P) and 1-(M) are obtained by reaction of en-

antiopure (P)- and (M)-H6(py)2 with [DyIII(hfac)3(H2O)2] in tolu-

ene (see SI). Layering n-hexane into the toluene solution gave sin-

gle crystals suitable for X-ray diffraction analysis and MChD meas-

urements. The optical activity was checked by natural circular di-

chroism spectroscopy in solution and solid-state (Figures S1-S4). 

1-(P) and 1-(M) crystallize in the orthorhombic P212121 space 

group (Table S1) and are isostructural to the YbIII analogues.28 

They feature one crystallographically independent molecule where 
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the DyIII is octacoordinated in a slightly distorted D2d symmetry. 

The pyridine-functionalized helicene ligand coordinates the DyIII in 

opposite axial positions, while the three hfac ligands are disposed 

on the plane (Figures 1 and S5-S6). The crystal structure shows a 

polymeric arrangement between different units where a  stack-

ing between helicene aromatic rings of adjacent molecules devel-

ops along the a axis (Figure S7). Overall, the helicene-based ligand 

drives the chiral features of the crystal structure and asymmetrically 

distorts the coordination geometry of the lanthanide ion, that pro-

vides spin-orbit coupling and magnetic anisotropy. 

 

Figure 1. Molecular structures of 1-(M) and 1-(P) with helical he-

licity of the ligand and lanthanide center highlighted. 

In contrast, 1-(rac) crystallizes in the monoclinic C2 space group 

with two independent DyIII centers and two helicene ligands with 

opposite chirality (Figure S8). Racemic mixture which crystallizes 

in chiral space group might be attributed of the kryptoracemate. 

The coordination geometries around the two DyIII ions are very 

similar (slightly distorted achiral D4d symmetry). Within the 1D 

polymeric backbone the helicene ligands display an alternation of 

P and M chirality. Moreover, the crystal structure also shows a su-

pramolecular arrangement along the b axis for which all the heli-

cenic ligands possess the same chirality (Figure S9). 

At room temperature, MT (molar magnetic susceptibility times the 

temperature) values for 1-(P) and 1-(rac) are 13.98 and 14.02 cm3 

K mol-1, respectively, and are consistent with the expected value 

(14.17 cm3 K mol-1) for an isolated 6H15/2 multiplet ground state 

(Figure S10). At T = 2.0 K, the magnetization saturates at values 

close to 5 B mol-1 for both compounds, in agreement with the sta-

bilization of MJ = 15/2 Kramers doublet (Figure S10). The dy-

namic magnetic properties were also investigated by alternating 

current susceptibility measurements (AC). At 2 K and zero field, 

both materials show out-of-phase components (M’’) (Figures S11-

S12) that indicate a slowing down of the magnetization relaxation. 

The M’’ maxima shift to lower frequencies when a magnetic field 

is applied, with the slowest relaxation occurring at 1 kOe for 1-(P) 

and 1.8 kOe for 1-(rac). For 1-(P), at the optimum field of 1 kOe 

the AC data can be analyzed in the frame of the extended Debye 

model (Figures S12-S13, Table S2). values are close to 0.2 what-

ever the temperature, with a non-relaxing fraction (S/T) close to 

15%, which means that almost all magnetic moments are concerned 

by the slow relaxation. The T dependence of the relaxation time 

(Figure S14) can be reproduced with a Raman process (-1 = CTn) 

with C = 3.3(2) s-1 K-n and n = 4.30(3) as best-fit parameters. 

To support the magnetic data, wavefunction-based multiconfigura-

tional CAS(9,7)SCF calculations have been carried out on 1-(P) 

and 1-(rac). For the latter, the two DyIII centers have been modeled 

separately (a and b) (see SI). Theoretical calculations are in good 

agreement with the observed magnetic properties, showing that the 

Kramers doublet ground state is dominated by MJ = 15/2 (Table 

S3). At room temperature, χMT is calculated higher for 1-(rac) (av-

eraged over a and b) than for 1-(P) (13.95 and 13.35 cm3 K mol-1, 

respectively). The comparisons with the experimental data are re-

ported in Figure S10. Magnetic anisotropic g tensors and easy axes 

of the ground states were also calculated (Figure S15). Interest-

ingly, the two DyIII sites along the polymeric chain of 1-(rac) do 

not exhibit the same easy axis orientation and have a slightly dif-

ferent composition of the ground state wavefunction which could 

partially explain the broadening and the distortion of the AC out-

of-phase component. This is also visible in the computed magneti-

zation blocking barriers (Figure S16). 

Single crystals of 1-(P) and 1-(M) (ca. 0.80.80.15 mm) were 

used to record absorption spectra in transmission mode with Vis-

NIR unpolarized light propagating along the c axis. The wide-range 

(440-1550 nm) absorption spectrum at 4.0 K is reported in Figure 

S17 while the thermal variation up to 150 K of the main absorption 

bands is reported in Figure 2. 

 

Figure 2. Thermal variation of the absorption coefficient for a sin-

gle crystal of 1-(P) (k||c) in the (left) 720-940 nm and (right) 1000-

1500 nm ranges. 

The investigated range shows multiple sharp absorption peaks as-

sociated with the f-f transitions between the 6H15/2 DyIII ground state 

and the energy levels of the 6F and/or 6H spectroscopic terms, as 

detailed in Table 1.30,32–34 

Table 1. Assignment of the DyIII absorption peaks  

 (nm) f-f transition assignment 

755 6F3/26H15/2 

806 6F5/26H15/2 

906 6F7/2/6H5/26H15/2 

1060-1120 6F9/2/6H7/26H15/2 

1240-1320 6F11/2/6H9/26H15/2 

The 4F9/2
6H15/2 and 4I15/2

6H15/2 transitions, typically observed be-

tween 400 and 500 nm, are not detected, being superimposed with the much 

more intense ligand absorption. 

MChD measurements were performed at T = 4.0K with an alter-

nating magnetic field B applied along k in the 0.0–2.0 T range. Fig-

ure 3 shows the magnetic field dependence of the MChD spectra 

for 1-(P). 
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Figure 3. Magnetic field dependence of AMChD for 1-(P) at T = 

4.0 K. Insets show the details of the most intense MChD signals. 

MChD signals are observed for each electronic transition detected 

in absorption. Interestingly, even if the 4F9/26H15/2 and 
4I15/26H15/2 absorptions are not observed due to the superposition 

with the ligand absorption, a strong and sharp MChD signal is ob-

served at ca. 455 nm (Figure 3). The other intense MChD response 

is related to the fine-structured absorption of the 6F11/2/6H9/26H15/2 

transition. For this multiplet, the absorption coefficients at zero 

field are available (Figure 2), therefore, the gMChD asymmetry factor 

can be determined. For the two sharp peaks at  = 1291 and 1300 

nm, at B = 1.0 T, gMChD assumes values of ca. 1.2% and 0.9%, re-

spectively. These relatively low values, despite a strong AMChD 

response, are due to the strong absorption coefficients of the origi-

nating transition. Indeed, the high value of the absorption coeffi-

cient agrees with its hypersensitive character, that obeys to selec-

tion rules similar to that of quadrupolar transitions.35,36 

It is instructive to calculate the gMChD asymmetry factor for those 

transitions that provide MChD signals with lower absolute values, 

but associated with a low absorption coefficient. This is the case of 

the 6F5/2  6H15/2, and 6F7/2/6H5/26H15/2 transitions. Under the 

same field, they provide gMChD of 0.8% and 0.7%, thus of the same 

order of magnitude of the previously analyzed transitions. 

Overall, the estimated gMChD values are one order of magnitude 

lower than that observed for the YbIII analogue. These results can 

be rationalized considering the nature of the investigated electronic 

transitions. None of them is magnetic dipole allowed (J = 0, 1), 

contrarily to the YbIII 2F5/2←2F7/2 transition, and because electric-

dipole transitions are parity forbidden (Laporte selection rule), all 

of them are considered induced electric dipole transitions (Judd-

Ofelt theory).35,36 Therefore, since the chiral environment around 

the lanthanide ion is the same, being the DyIII and YbIII systems 

isostructural, as well as the probed crystal orientation, the relatively 

low values of gMChD for DyIII can be associated with the lack of 

magnetic dipole allowed character of the investigated transitions. 

MChD measurements were also performed as a function of the tem-

perature. Figure 4 shows the thermal variation of the MChD spectra 

for both enantiomers. 

 

Figure 4. Temperature dependence of AMChD at B = 1.0 T for 1-

(M) and 1-(P). Lateral panels show the details of the most intense 

transitions. The difference in the relative intensity among high and 

low energy signals is ascribed to a slightly different orientation of 

the probed crystals. 

MChD signals with similar intensities and opposite signs for 

the two enantiomers are observed (Figure SX). As the temperature 

increases, the intensity of the MChD signals decreases, without a 

significant change in the signals shape. For higher temperatures the 

signal intensities were below the detection limits of our experi-

mental setup. 

These results can be rationalized by analyzing the signal at 455 nm, 

which is intense and well separated from other transitions. Having 

an absorption-like shape, it evidences that a T dependent Faraday 

C term mechanism, associated to a change in the population of the 

ground state, is at the origin of the MChD.29 Figure 5 shows the 

temperature and the magnetic field dependence of AMChD at two 

wavelengths for both enantiomers compared with magnetization 

data recorded in the same conditions on a microcrystalline sample 

of 1-(P). 

 

Figure 5. Temperature (a) and magnetic field (b) dependence of 

ΔAMChD (= 455, 1291 nm) for 1-(M) and 1-(P) compared to mag-

netization data. The black line is the simulated magnetization curve 

based on the Brillouin function assuming gJ = 4/3 and J = 15/2.  

ΔAMChD accurately follows the temperature dependence of the sam-

ple magnetization independently from the nature of the investigated 

transition, confirming that a C term underlying mechanism domi-

nates between 4 and 32 K, as expected for a system with uniaxial 

magnetic anisotropy. When the ΔAMChD values at T = 4.0 K are 

compared to the B dependence of the magnetization, it can be ob-

served that the intensity increases linearly, and at 2.0 T, it does not 

reach saturation, contrarily to the case of the microcrystalline pow-

der. This can be explained by the fact that MChD measurements 

have been done on oriented single crystals. For DyIII systems fea-

turing non-interacting magnetic ions, as for 1, the expected MS 

value is ca. 5 B mol-1 if magnetic measurements are performed on 

a randomly oriented powder, and 10 B mol-1 if they are performed 

along the magnetization easy axis.37 Although our current setup is 

limited to B = 2 T, the experimental data clearly show that the ΔAM-

ChD variation follows the expected behavior for an oriented single-

crystal (black line in Figure 5). Indeed, theoretical calculations es-

timate a magnetization easy axis oriented, although not exactly par-

allel, along the probed c axis (Figure S15), in agreement with the 

experimental findings. 

In conclusion, we have investigated a chiral DyIII 1D-polymer that 

exhibits coexistence of SMM properties and MChD in the same 

temperature range. In the Vis-NIR region, multiple MChD signals 

have been observed. Although with modest gMChD values when 

compared to the YbIII analogue, all probed transitions are MChD-

active, and their intensity follows the T and B dependence of the 

system magnetization at multiple wavelengths. These findings in-

dicate that the optical sensing of the magnetic state of SMMs with 

unpolarized light through MChD is viable on rationally designed 

chiral SMMs. 
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Here we report on a one-dimensional assembly of helical Dysprosium(III) Single-Molecule Magnets that exhibits coexistence of SMM 

properties and Magneto-Chiral Dichroism. Although with modest gMChD values, all probed transitions are MChD-active, and their intensity 

follows the temperature and magnetic field dependence of the system magnetization at multiple wavelengths. These findings indicate that 

the optical sensing of the magnetic state of SMMs with unpolarized light through MChD is viable on rationally designed chiral SMMs. 

 


