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ABSTRACT: Here we report the first experimental observation
of magneto-chiral dichroism (MChD) detected through light ab-
sorption in an enantiopure lanthanide complex. The P and M
enantiomers of [Yb™((X)-L)(hfac):] (X = P, M; L = 3-(2-pyridyl)-
4-aza[6]-helicene; hfac = 1,1,1,5,5,5-hexafluoro-acetylacetonate),
where the chirality is held by the helicene-based ligand, were
studied in the near infrared spectral window. When irradiated with
unpolarized light in a magnetic field, these chiral complexes ex-
hibit a strong MChD signal (gmcwo ca. 0.12 T) associated to the
?Fs;, < “Fyp, electronic transition of Yb™. The low temperature ab-
sorption and MChD spectra reveal a fine structure associated with
crystal field splitting and vibronic coupling. The temperature de-
pendence of the main dichroic signal detected up to 150 K al-
lowed to disentangle for the first time the two main microscopic
contributions to the dichroic signal predicted by the MChD the-
ory. These findings pave the way towards probing MChD in chiral
lanthanide-based single-molecule magnets.

Magneto-Chiral Dichroism (MChD) represents a fascinating
manifestation of light-matter interaction in chiral magnetized sys-
tems." It features a modification of the absorption or emission of
unpolarized light that depends on the relative orientation of the
magnetic field (B), the direction of light propagation (k), and the
absolute configuration of the system.>* This phenomenon, pre-
dicted in 1984 and first observed in 1997, has been recently pro-
posed for optical data readout.*® Its reverse effect, that is, the gen-
eration of enantiomeric enrichments by irradiating a racemic mix-
ture of enantiomers with unpolarized light in magnetic field, has
been observed and proposed as a possible mechanism for the ori-
gin of life homochirality."* For both topics, it is crucial to identify
the electronic and structural features that drive MChD, such as the
nature of the metal ion and the type of chirality. The microscopic
theory of MChD identifies several physical mechanisms that gen-
erate MChD,? each having a particular lineshape and temperature
dependence, but so far this theory has not been verified experi-
mentally. Identifying these mechanisms will help to promote our
understanding of MChD.

MChD has been studied on a limited number of chiral molecu-
lar systems.”® Renewed interest in this phenomenon has allowed
its detection in 2D chiral perovskites,® and in a 2D molecular fer-
rimagnet at temperatures as high as 40 K. More recently, MChD

investigations on a molecular magnetic helix based on Jahn-Teller
elongated Mn™ ions have revealed the crucial role of spin-orbit
coupling into MChD intensity when probed with visible light,"
originally underlined with hard X-rays."

These recent results call for a study of MChD in chiral lan-
thanide systems because they possess a stronger spin-orbit cou-
pling than first row transition metals and allow for impressive sin-
gle-molecule magnet (SMM) properties.”** Indeed, long-range
ordered chiral magnets' or SMMs'® showing strong MChD can be
envisioned for optical readout of magnetic data with unpolarized
light. This consists in distinguishing two orientations of the mag-
netization by measuring the difference in absorption, reflection or
emission of light. Due to the weak absorption coefficients of f-f
electronic transitions, the scarce studies on MChD in lanthanide
complexes were performed investigating their light emission
properties,”'” while studies focused on light absorption are miss-
ing.

Lanthanide complexes are often associated with high coordina-
tion numbers, low local symmetries, and configurational lability,
which makes difficult to control their stereochemistry. A more
versatile approach consists of introducing the chirality on the co-
ordinating ligand. Recent studies on transition metal complexes
have demonstrated that second coordination sphere chiral features
enable MChD without the need of a strongly chiral environment
surrounding the metal.>""'® This opens the door towards the de-
sign of a much larger variety of chiral complexes showing MChD.
In parallel, the incorporation of inherently chiral ligands into
organometallic architectures has shown unique properties result-
ing from the strong chiroptical response of the ligand and the in-
trinsic properties of the metal."

For this first study of MChD through NIR light absorption on
lanthanide complexes, we have prepared enantiopure Yb™ com-
plexes formulated as [Yb™((X)-L)(hfac):] (X = P, M; L = 3-(2-py-
ridyl)-4-aza[6]-helicene; hfac = 1,1,1,5,5,5-hexafluoro-acetylace-
tonate) (1-(P), 1-(M)). In these complexes, the helicene-based
chiral bipyridine ligand has an intense chiro-optical activity
demonstrated by its strong natural circular dichroism (Figure S1),
and the lanthanide ion has one of the simplest electronic configu-
rations in the lanthanide series. By featuring only one excited
multiplet (*Fs»), it admits only one well-defined magnetic dipole
allowed (|AJ| = 1) electronic transition, 2Fs, <— *F7p.



Complexes 1-(P) and 1-(M) are obtained by reaction of enan-
tiopure (P)- and (M)-L with [Yb"(hfac);(H.0).] in CH,Cl, (see
SI).'** 1 crystallizes in the orthorhombic P2;2,2, space group
(Table S1) and is isostructural to its Dy™ analogue.'® It features
one crystallographically independent molecule in the asymmetric
unit where the chirality on the ligand induces a helical chirality at
the lanthanide center (A-type for 1-(P), A-type for 1-(M)) (Figure
1 and S2). The crystal structure shows n—n contacts between he-
licene aromatic rings of adjacent molecules that develop along the
a axis (Figure S3).

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

The magnetic properties of a microcrystalline sample of 1-(M),
whose phase purity was checked by powder X-ray diffraction
analysis (Figure S4), were investigated. The molar magnetic sus-
ceptibility times the temperature provides at room temperature a
value of 2.35 cm?® K mol”, which is consistent with the expected
value (2.57 cm® K mol™) assuming a J = 7/2 (S=1/2, L = 3, g =
8/7) ground state (Figure S5). The magnetization at T = 2.0 K al-
most saturates at 7.0 T with a value of ca. 1.5 us mol”, also in
agreement with the expected value (1.6 ps mol™) (Figure S6). Al-
ternating current susceptibility measurements reveal a slow mag-
netic relaxation at high frequency when a small magnetic field is
applied (Figure S7).

To get insights in the electronic transitions of 1, enantiopure
single crystals of 1-(P) and 1-(M), were used to record absorp-
tion spectra in transmission mode with unpolarized light propagat-
ing perpendicularly to the [011] crystallographic face and the a
axis (Figure S8) as a function of the temperature (290-4.0 K). At
room temperature, the electronic spectrum shows two main fea-
tures: an intense shoulder associated to the lowest energy absorp-
tion band of the ligand L, in agreement with measurements per-
formed in solution (Figure S1), and a series of overlapping ab-
sorption bands in the 920-990 nm range, with a sharp contribution
at A = 980 nm (Figures S9, S10). This is assigned to the *Fs, <
*F, electronic transition of Yb™.*!

At 4.0 K the Yb™ absorption becomes more structured, evi-
dencing four main contributions at A = 933, 940, 958, 980 nm
(Figure 2a). Taking into account the crystal field splitting of the
*F;;» ground and °Fsp, excited multiplets in (2J+1)/2 Kramers dou-
blets separated by hundreds of cm™ (Figure 2c), at 4.0 K only the
lowest energy sublevel of the ground multiplet is thermally popu-
lated (ksT = 2.78 cm™), thus, only three transitions should be ob-
served (Figure 2c).
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Figure 2. Absorption spectrum for a single crystal of 1-(M) with
spectral deconvolution analysis (a), and field dependence of AAw.
ao (b). Schematic representation of the energy level diagram (c).
The colored sub-peaks represent the vibronic contribution to the
three electronic transitions between Kramers doublets, as deduced
from the sign of the MChD signals (see below).

From further investigation (see below), the two high energy sig-
nals are believed to correspond to a unique electronic transition
between Kramers doublets of the ground and excited states (green
arrow in Figure 2c). The difference in energy between the three
main transitions, are 234 cm™ and 280 cm™, which fall well within
the typical range for crystal field splittings of J multiplets of lan-
thanide ions. These values are in agreement with those obtained
by CAS(13,7)PT2/SI-SO calculations (250 cm™, 254 cm™), which
allowed to determine the composition and the order in energy of
the Kramers doublets imposed by the Yb"™ magnetic anisotropy
(Tables S2, S3).

The discrepancy between the number of expected and observed
transitions is rather puzzling and calls for further discussion. Low-
ering temperature could lead to a symmetry lowering of the sys-
tem, but this possibility would not allow further crystal field split-
ting of the energy levels. Hot bands that are extra transitions from
thermally populated excited states, are ruled out by the thermal
population distribution at 4.0 K. The only possibility appears to be
the vibronic coupling between the described electronic transitions
and low energy vibrational modes. To validate this possibility, Ra-
man spectra were recorded on a single crystal of 1-(P) by using a
A =781 nm laser to avoid that the laser excitation activates the lu-
minescence of the ligand.” The typical D- and G-band of the he-
licene moiety, that are associated to C=C stretching, are clearly
observed (Figure S11).%>* Moreover, the Raman spectrum shows
a multitude of signals (Figure S12) in the energy range of the fine-
splitting observed in the electronic spectrum, which is a strong in-
dication of its vibronic origin.

MChD measurements were performed at T = 4.0 K with an al-
ternating (2 = 1.5 Hz) magnetic field B applied along k in the
0.0-1.86 T range. Figure 2b shows the MChD spectra for the two
enantiomers at the intermediate magnetic field B = 0.860 T while
the full B dependence is shown for 1-(M). Strong MChD signals
originating from the difference in the absorption of the *Fs» <
?F,,, transition split by the crystal field and the vibronic coupling
are observed (Figure 2b), with equal intensities and opposite signs
for the two enantiomers, resulting in mirrored spectra (Figure



S13). The main MChD signal is associated to the lowest energy 0’
« 0 transition. Since they are more affected by the vibronic sub-
structure, the 1’ «<— 0 and 2’ < 0 transitions have lower intensities
and provide broader MChD signals. An interesting feature of the
MChD spectra is the alternation of its sign with the nature of the
excited Kramers doublets. The similitude between the shape of
the MChD and the rare NCD spectra reported for chiral Yb™ com-
plexes,?* highlights that to fully unravel the link between these
phenomena, MChD, NCD and MCD measurements in the same
experimental conditions are mandatory, although they remain
technically challenging. The asymmetric factor gucwo (see SI),
which evaluate the portion of absorption or emission that is af-
fected by the magnetic field, is ca. 0.12 T, thus comparable to
that of a chiral Tb"™ complex (0.06 T) investigated through light
emission."”

Thanks to its high intensity, the MChD signal at 980 nm can be
detected up to 150 K even when a low magnetic field is applied.
MChD measurements were thus performed at B = +0.860 T to
study the temperature dependence (4.0—150 K) of AAwcnp for both
enantiomers (Figure S14). The temperature and the magnetic field
dependence of AAwcio (A =980 nm) is compared in Figure 3 with
magnetization data recorded in the same conditions on a micro-
crystalline sample of 1-(M).
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Figure 3. Temperature (a) and magnetic field (b) dependence of
the AAncno signal (4 = 980 nm) of 1-(M) compared to magnetiza-
tion data.

Figure 3 shows that AAvcwo accurately follows the magnetiza-
tion of the sample, as predicted by the theory, and highlights that
this dichroic signal could be further enhanced. Most interestingly,
the extensive temperature range explorable for this system has al-
lowed to observe an unprecedented feature in the band-shape of
the main MChD signal. At low temperatures, it has an absorption-
like line-shape. When the temperature increases, the intensity be-
comes lower as a result of the lower magnetization (see above),
but more importantly, the line-shape changes, becoming of deriva-
tive-type (Figure 4a).

Figure 4. Temperature dependence of (a) AAmcno for 1-(M) and
(b) C and A term contributions, and (c) their relative %, as ex-
tracted by two-component multiple regression fits of the experi-
mental data.

In the Barron and Vrbancich theory of MChD,? an absorption-
like band-shape is associated with B and C terms, the latter ex-
pected when the population of the ground state levels changes,
whereas the derivative-like band-shape is associated with A terms,
related to the lifting of the degeneracy of ground- or excited state
levels due to the magnetic field, as in MCD spectroscopy.”* The
A and C terms contributions are unraveled by spectral multiple re-
gression fit over the whole temperature range (Figure S15) and
their temperature dependence reported in Figure 4b and 4c. A 1/T
dependence is evidenced for the C term, whereas the A term is es-
sentially temperature independent, as predicted by the theory.’

In conclusion, we have investigated for the first time MChD
through NIR light absorption on a chiral lanthanide complex. In
this Yb™ derivative a fine-structured strong MChD signal associ-
ated to the *Fs;, < °F7p, transition has been detected. The analysis
of the temperature and magnetic field dependence of the MChD
spectra has revealed i) the major role of crystal field splitting and
vibronic coupling in defining the overall shape of the MChD
spectrum, and ii) the temperature dependence of the MChD line-
shape confirms the presence and the relative importance of the so-
called A and C terms of the MChD theory and represents the first
unambiguous identification of the underlying mechanisms. Fur-
thermore, this study evidences that ligand-centered helical chiral-
ity can be effectively used to enable strong MChD signals at the
lanthanide center. This study opens the door for the detection of
MChD in chiral lanthanide SMM with an opened hysteresis, en-
abling the optical read-out of magnetic data with unpolarized
light.
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