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We report the magneto-chiral dichroism (MChD) of chiral tetrakis-
type Eu(i) complexes in organic media. The obtained magneto-chiral
anisotropy factor (|[gmcnol = 0.015 T~Y) is the highest reported to date
for solution-phase systems, offering important insights into the
future development of magneto-chiral photochemical applications.

The interplay between chirality and magnetism has been an
area of intense research over the last few decades.' ™ Among the
reported chiral-magnetic optical phenomena, magneto-chiral
dichroism (MChD)—the differential absorption or emission
of unpolarized light by chiral systems when a magnetic field
is applied parallel to the light wavevector—is particularly
compelling.>® The magneto-chiral anisotropy factor, gucnp,
is typically defined as

ancnp = 2 Lk = Do 1
Igyik + 111k B
where I is the transition intensity (representing absorption or
emission), subscript Iy denotes the intensity measured
when the magnetic field (B) is parallel to the light wavevector
(k), and subscript I; x denotes the intensity when B is
antiparallel to k. Chiral compounds with large gychp values
have unprecedented potential for use in magneto-optical
devices and as novel physical sources for asymmetric photo-
chemical reactions without chiral reagents.

Historically, Rikken and Raupach were the first to experi-
mentally demonstrate MChD signals in luminescent and
absorption transitions using chiral Eu(m) complexes’ and
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nickel(n) sulfate,® respectively. The same author also demon-
strated an MChD-based enantioselective photochemical reac-
tion under a high magnetic field using Cr(m) complexes.®'®
Following these findings, several researchers attempted to
design chiral compounds with strong MChD effects using
ceramics," ™ metal complexes,"*?” and organic molecules.?®
For example, Atzori reported a chiral Prussian blue analog with
a ferrimagnetic ordered state that has a high gycnp value
(lemcnp| = 0.026 T, 4.0 K)."> Dhbaibi detected a strong MChD
signal (|gmenp| = 0.19 T Y, 4.0 K) from Yb(m) coordination
polymers incorporating helicene-based ligands with magnetic
anisotropy.”! Atzori and coworkers demonstrated an intense
MChD signal (|gmchp| = 0.24 T, 4.0 K) in the near-infrared
region for the “I3, — “I;5, transition in an Er(m) complex,
owing to its magnetic anisotropy and large transition magnetic
dipole moments.>® However, large guchp values are generally
limited to solid-state systems at cryogenic temperatures, where
long-range magnetic ordering or pronounced single-ion mag-
netic anisotropy is present. The difficulty of realizing strong
MChD effects in solution at room temperature (|gmcnp| max-
ima: 0.0015 T~')” has hindered the development of solution-
phase applications, such as enantioselective photochemical
reactions and magnetically responsive chemical sensors.

To advance MChD-based engineering and science in the
solution phase, we herein focused on designing systems that
undergo transitions where the electric and magnetic dipole
moments possess similar magnitudes and orientations.”>*>°
Based on this strategy, chiral tetrakis-camphor-type Eu(ur)
complexes were prepared. These complexes contain four chiral
trifluoroacetylcamphorate (tfc) ligands and one tetraethylam-
monium (TEA) cation (denoted as (+)-Eu and (—)-Eu; Fig. 1).
These complexes exhibit a Laporte-forbidden emissive transi-
tion between their 4f orbitals, which gives rise to circularly
polarized luminescence (CPL) with a remarkably high dissym-
metry factor (|gcpr| =~ 1.5).>° This high value is attributed to the
similar magnitudes and orientations of the electric and mag-
netic transition dipole moments. The |guchp| values of the
Eu(m) complexes were estimated to be 0.015 T, which is the
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Fig. 1 Chemical structures of (left) (+)-Eu and (right) (—)-Eu.

highest among all reported maximum gychp values in the
solution phase. Two additional tetrakis-type derivatives (Fig. S4),
which also demonstrated large gmwchp values, confirmed the
validity of the design strategy. This study provides new insights
into the development of magneto-chiral photochemistry in
solution at room temperature.

TEA'[Eu(+tfc),]” ((+)-Eu) and TEA[Eu(-tfc),]”
synthesized following a previously reported procedure,*
their purities were confirmed by elemental analysis (The synth-
esis and characterization methods are detailed in the SI). Single
crystals of the (+)-Eu and (—)-Eu complexes were obtained by
recrystallization from acetonitrile solution. The single crystal
structures of (+)-Eu*’ and (—)-Eu are shown in Fig. 2, and the
data are listed in Table 1. Based on the analyses of these crystal
structures, the configuration of the camphorate ligands in
(+)-Eu and (—)-Eu were categorized as the A and A forms,
respectively.

To confirm the chiral structure in toluene solution, UV-vis
and circular dichroism (CD) spectra of the (+)-Eu and (—)-Eu
complexes were recorded. The broad absorption bands in the
UV-vis spectra at approximately 310 nm are ascribed to the n-n*
transition in the tfc aggregates around the Eu(m) ions (Fig. 3a).
The CD spectra of (+)-Eu and (—)-Eu in toluene shows positive/
negative and negative/positive CD signals from the longer-
wavelength side at 310 nm, which are ascribed to exciton
coupling between the tfc ligands (Fig. 3b). Time-dependent
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Fig. 2 ORTEP drawings of the tetrakis-type chiral Eu(i) complexes: (a, c,
e) (+)-Eu and (b, d, f) (—)-Eu. The ellipsoid probability was set at 50%.
Hydrogen atoms are omitted for clarity.
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Table 1 Crystal data for (+)-Eu and (-)-Eu

(+)-Eu (=)-Eu
Formula Cs6H76EUF;,NOg + CH3;CN  Cs6H,6EuF;,NOg + 2CH;CN
Crystal system Orthorhombic Orthorhombic
Space group P2,2.24 P2,2:24
alA 14.2(2) 14.15(2)
b/A 20.7(3) 20.97(3)
c/A 20.9(3) 21.6(3)
o/deg. 90 90
pldeg. 90 90
y/deg. 90 90
Volume/A® 6202.30(15) 6427.92(16)
z 4 4
Density/g cm ™' 1.405 1.398
Temperature/K 123 123
R 0.0249 0.0278
wR” 0.0710 0.0709

Absorbance
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Fig. 3 UV-vis (a) and CD (b) spectra of the tetrakis-type chiral Eu(n)
complexes ((+)-Eu: red curve, (—)-Eu (blue curve)) normalized by absorp-
tion maxima.

density functional theory (TD-DFT) calculations revealed that,
in solution, the structures have same chiral structure (A/A) as
in the solid state (Fig. S2).

The emission and CPL spectra of (+)-Eu and (—)-Eu in
toluene are shown in Fig. 4a and b, respectively. The emission
spectra exhibit two emission bands at 584 and 594 nm, which
are identical for both enantiomers. These two bands originate
from transitions from the °D, level to the crystal-field-split "F,
levels, assigned to the A1 — A2 and A1 — E transitions,
respectively, in the D,g-symmetric Eu(m) complex.®*
CPL analysis, the |gcpy| factors were estimated as ~ 0.54 for the
A1 — A2 transition and ~ 1.5 for the A1 — E transition, which
quantify the degree of circular polarization. These large values
indicate that the electric and magnetic transition dipole
moments of the transition have similar magnitudes and orien-
tations. The large static magnetic dipole moment in the final
state, which is directly linked to the magnitude of the MChD

From the
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Fig. 4 (a) Emission, (b) CPL, (c) MCPL, and (d) MChD spectra for the
tetrakis-type chiral Eu(in) complexes ((+)-Eu: red curve, (—)-Eu: blue curve,

racemic state: black curve) normalized to the emission intensity maximum
of the °Dg to “F; transition band.

signal, was also confirmed by magnetic circularly polarized
luminescence (MCPL) spectroscopy (Fig. 4c). Based on analyses of
the MCPL spectra, the dissymmetric factors for the A1 — A2 and
Al — E transitions were estimated to be relatively large at (|gmcpr|
~ 12 x 10> T ") and (|gmepr| ~ 1.3 x 107> T~ "), respectively.
The MChD spectra of (+)-Eu and (—)-Eu were acquired in
toluene under an applied magnetic field of 15 T (Fig. 4d). These
spectra revealed differences in luminescence intensity for the
two emission bands centered at 584 and 594 nm, which were
dependent on the direction of the magnetic field. The aniso-
tropic factors (|gmcnp| at 15 T) were calculated be 0.22 for the
Al — A2 transition (584 nm) and 0.19 for the A1 — E transition
(597 nm). The gumcnp value for the A1 — A2 transition depends
linearly on the magnetic field strength (Fig. 5, Fig. S3). The
slope, calculated to be approximately +0.015 T~ ', was more
than ten times larger than the maximum value previously
reported for solutions at room temperature.” To further validate
our design, two structural analogs with large gcp;, values were
synthesized (Fig. S4) and their MChD spectra were recorded in a
solution system (Fig. S5). The strong MChD signals generated
by the two compounds (up to |gmcnp| = 0.016 T~ ') confirmed
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Fig. 5 Dependence of guchp oNn the magnitude of the magnetic field for
the tetrakis-type chiral Eu(i) complexes ((+)-Eu: red line, (—)-Eu: blue line)
evaluated for the A1 — A2 transition.

that the design based on the large gcpr, was effective. Further-
more, we evaluated the MChD spectrum for a room-
temperature Eu(m) complex film with a different structural type
(Fig. S8) that also exhibits large |gcpr| values (A1 — A2: 0.45,
A1l — E: 1.2).*” Notably, its |gmcnp| values (A1 — A2: 1.2 x 102
T', Al - E: 9.6 x 1072 T~ ") were found to follow the trend of
the magnitude of its gcpr, regardless of whether it was in the
solution or film state (Fig. S9). Thus, we successfully developed
an effective model for the development of solution-phase
MChD applications.

To gain deeper insights, we focused on a detailed spectro-
scopic analysis of the MChD signals shown in Fig. 4d. The
Al — A2 transition at 584 nm in the MChD spectrum is
consistent with those in the CPL and MCPL spectra (584 nm).
The MChD signal associated with the A1 — A2 transition,
which involves non-degenerate initial and final states, origi-
nates from the MChD B-term. In contrast, the A1 — E transi-
tion profiles in the MChD and MCPL spectra appear red-shifted
to 596 nm relative to the corresponding CPL peak (594 nm). To
elucidate the origin of this difference, the CPL, MCPL, and
MChD spectra were subjected to Gaussian deconvolution (Fig. 6
and Fig. S6-S7). The fitting revealed that the CPL signal
comprises two components® with the same sign (Fig. 6a),
whereas the MCPL and MChD signals consist of two compo-
nents with opposite signs (Fig. 6b and c). The dispersive MCPL
signal corresponds to the Faraday A-term, which originates
from the pseudo-degenerate final state (E)." In addition, the
asymmetry in the positive/negative MCPL components is attrib-
uted to the Faraday B-term, arising from magnetic-field-
induced mixing with the nearby A2 state. Similarly, the MChD
signal for the A1 — E transition originates from the MChD
A- and B-terms. The observed red-shifted MChD band (596 nm)
results from the characteristic spectral overlay of these two
terms, with a minor contribution from a slight Zeeman split-
ting of the E state under the applied magnetic field. Thus, we
ascribed the larger |gycnp| of the A1 — A2 transition than that
of the A1 — E transition to the strong absolute emission
intensity and weakened |gychp| in the A1 — E transition.
Notably, tetrakis-type Eu(m) complexes coordinated with four
B-diketonate ligands provided relatively strong crystal-field
splitting. This results in a small energy gap (AE = 130 cm ™)
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Fig. 6 Gaussian fitting results for the (a) CPL, (b) MCPL, and (c) MChD
spectra of the tetrakis-type chiral Eu(in) complexes ((+)-Eu: red curve (a, ),
racemic state: black curve (b)). Blue dashed lines represent individual fitting
components, and the green dashed line represents the total fitting curve.

between the ground term (“F,) and the excited state ("F4(A2)).
Such a small gap allows for significant thermal population in
"F1(A2) at room temperature (293 K, >50%), making these
complexes potential materials for demonstrating MChD-based
asymmetric photochemical reactions induced by absorption via
the transition from A2 to Al. Research into MChD-based
asymmetric photochemical reactions using tetrakis-type Eu(ur)
complexes is currently underway.

We successfully demonstrated strong MChD signals in
chiral tetrakis-type Eu(m) complexes in toluene at room tem-
perature. The results confirmed that the present design strategy
based on aligning the magnitudes and orientations of the
electric and magnetic transition dipole moments is highly
effective. The |gycnp| of 0.015 T~ ' (0.22 at 15 T) for the 4f-4f
transition of the Eu(m) center is the highest value reported to
date for solution-phase systems. The validation of this model
using structural analogs further confirmed that these systems
are promising candidates for enhancing MChD effects. Thus
far, various tetrakis-type Eu(m) complexes with four chiral -
diketonate ligands have been shown to exhibit large gcpr
values, facilitated by the optimized alignment of their transi-
tion dipole moments.****® These results provide a crucial
foundation for developing solution-phase applications such as
asymmetric photochemical reactions and magnetically respon-
sive chemical sensors operating under ambient conditions.

Y. Kitagawa supervised the project and designed the experi-
ments. Syntheses and measurements were carried out by
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K. Itaya, K. Koizumi, and K. Inage. S. Kimura developed the
MChD measurement system. All authors contributed to the
discussion of the results and approved the final manuscript.
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