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A B S T R A C T

Heterometallic 3d-4f clusters represent a promising class of multifunctional molecular materials, driven by the
synergistic interactions between d- and f-electrons. Incorporating chirality into these systems further expands their
potential applications, particularly in chiroptical and magneto-optical technologies. Herein, we report the successful
synthesis of chiral [Ln3Co5] (Ln = Er and Y) clusters using binaphthol-based ligands. Single-crystal X-ray diffraction
reveals the coexistence of two distinct Co2+ coordination geometries: six-coordinate octahedron and five-coordinate
trigonal bipyramid. Spectroscopic analyses demonstrate geometry-dependent chiroptical behavior: pentacoordinate
Co2+ ions predominantly contribute to the circular dichroism (CD) features, while both geometries exhibit
distinguishable signals in the magnetic circular dichroism (MCD) spectra. Notably, a pronounced magnetic dipole
transition (4I15/2 → 4I13/2) from Er3+ centers is observed in the near-infrared MCD region, displaying a high g-factor
of 0.0078 T− 1. This work highlights the configuration- and ligand field-dependent chiroptical responses in 3d-4f
systems, providing new insights for the rational design of advanced magneto-optical devices.

1. Introduction

Heterometallic 3d-4f clusters offer a unique electronic platform for
constructing multifunctional molecular-based materials, owing to the
synergistic interactions between d- and f-electrons. These systems have
demonstrated remarkable performance in areas such as single-molecule
magnets (SMMs), chiral catalysis, and magneto-optical devices [1–6].
The incorporation of chirality into 3d-4f clusters further enhances their
functional potential and has become a frontier research field in the
design of advanced materials [7–9]. Notably, chiral 3d-4f clusters serve
as model systems for exploring the magnetochiral dichroism (MChD)
effect [10,11], which has potential applications in magneto-optical data
storage, optoelectronics, and spintronics [12].

Among 3d-block metal ions, Co2+ is notable for its diverse coordi-
nation geometries—such as octahedral, tetrahedral, trigonal bipyra-
midal and square planar—stemming from its electronically versatile d7

configuration, which supports both high-spin and low-spin states
depending on the ligand field strength. Heterometallic 3d-4f clusters

incorporating Co2+ have shown wide applicability in SMMs and
magneto-optical materials [13,14]. However, the diverse coordination
geometries of Co2+ present analytical challenges. When multiple coor-
dination geometries coexist—especially in systems probed by
near-infrared spectroscopy—they complicate spectral interpretation.

In this study, we successfully synthesized chiral [Ln3Co5] clusters
using chiral binaphthol ligands, with the molecular formula [Ln3Co5(R/
S-L)6(Ac)4(CH3CN)2(CH3OH)7(μ4-O)(H2O)3]⋅(Ac)⋅(H2O)12 (Ln3Co5,
Ln= Er and Y, L= C20H12O2

2− ). Single-crystal X-ray diffraction analysis
revealed that each cluster features two distinct Co2+ coordination ge-
ometries: a six-coordinate octahedral geometry and a five-coordinate
trigonal bipyramidal geometry. Comprehensive spectroscopic charac-
terization enabled the clear assignment of electronic transitions associ-
ated with each geometry. Notably, this work establishes a robust
framework for analyzing spectral signatures of multiple Co2+ coordi-
nation geometries within a single cluster. These findings provide critical
insights for the design of chiral molecular devices with enhanced
magneto-optical coupling and tunable spectroscopic properties,
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advancing the site-specific coordination engineering of functional mo-
lecular materials.

2. Results and discussion

2.1. Single-crystal structures

Single-crystal X-ray diffraction analysis reveals that the cluster crys-
tallizes in the chiral orthorhombic space group P212121, belonging to the
D2 point group. Detailed crystallographic data are presented in
Table S1–10. The structure comprises a central +1-charged metal cluster
stabilized by peripheral acetate ion and solvent molecules. Powder X-ray
diffraction (PXRD, Fig. S1) analysis confirms the phase purity of the sam-
ples. X-ray photoelectron spectroscopy (XPS, Fig. S2) and bond valance
sum calculations (Table S11) demonstrate that all Co ions adopt the high-
spin Co2+ oxidation state. The structures ofR/S–Er3Co5 (Fig. 1(b)) andR/
S–Y3Co5 (Fig. S5) have been confirmed to be isostructural by single-crystal
X-ray diffraction analysis. Here,wepresent a detailed structural analysis of
R/S–Er3Co5 as a representative example. As shown in Fig. 1, the [Er3Co5]
cluster is constructed from six chiral binaphthol (BINOL) ligands, three
acetate ions, and a central μ4-oxo bridge that links three Er3+ andfiveCo2+

ions. The core structure features a trigonal bipyramidal geometry formed

with three Er3+ ions occupying the equatorial positions and two Co2+ ions
at the axial positions, all bridged by the central μ4-oxo group. Three pe-
ripheral Co2+ ions are connected to the Er3+ centers through the chiral
BINOL ligands and acetate bridges, completing the intricate cluster ar-
chitecture. The stability of the cluster structure was verified by high-
resolution electrospray ionization mass spectrometry (HR-ESI-MS)
spectra, as shown in Fig. 1(d) and Fig. S3. Fig. 1(d) displays the experi-
mental values and theoretical fitting of +2 charged species signals for the
S–Er3Co5 cluster. Three intensemain peaks atm/z= 1459.06 (c), 1480.07
(d), and 1500.58 (e) correspond to [Er3Co5(L)6(Ac)3(CH3CN)
(CH3OH)4(H2O)3(O)]2+ (calcd. 1459.08, L = C20H12O2

2− ), [Er3Co5(L)6
(Ac)3(CH3CN)(CH3OH)7(O)]2+ (calcd. 1480.10), and [Er3Co5(L)6
(Ac)3(CH3CN)2(CH3OH)7(O)]2+ (calcd. 1500.61), respectively.

Steric hindrance effects induce distinct coordination environments
among the metal centers. Two Er3+ ions adopt seven-coordinate geom-
etries, while the third Er3+ ion is six-coordinated (Fig. S4). The five Co2+

ions exhibit two clearly differentiated coordination modes: (i) Core Co2+

adopts a five-coordinate trigonal bipyramidal geometry that partially
distorts toward tetrahedral symmetry. This distortion manifests in O
(axial)− Co− O(equatorial) bond angles below 90◦ and elongated Co–O
(axial) bond distances, indicative of a structural tendency approaching
C3v symmetry (Fig. S4). (ii) Peripheral Co2+ displays a six-coordinate

Fig. 1. (a) Schematic structure of chiral binaphthol ligand. (b) Schematic representation of the enantiomeric R/S–Er3Co5 cluster structure; (c) Coordination modes of
Co2+ centers, showing the six-coordinate octahedral geometry (left) and five-coordinate trigonal bipyramidal geometry (right); (d) Experimental and simulated HR-
ESI-MS spectra of the [Er3Co5]2+ fragment group in the S–Er3Co5 cluster. Color code: Purple, Er3+; green, Co2+; gray, C; red, O; blue, N.
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octahedral geometry with slight distortions from ideal Oh symmetry.
Continuous shape measures (CShM) analysis indicates limited de-
viations for both coordination geometries, allowing approximate treat-
ment under D3h (trigonal bipyramid) and Oh (octahedron) symmetry
frameworks (Table S12–13) [33,43]. Furthermore, CShM analysis was
performed for the Ln3+ ions in the cluster structures, with the results
detailed in Table S14–15. These distinct Co2+ coordination modes
directly influence their respective spectroscopic signatures, as discussed
in the following spectroscopic analysis section.

2.2. Magneto-optical properties

To investigate the chiroptical properties of the synthesized cluster
compounds, solutions of R/S–Er3Co5 and R/S–Y3Co5 were prepared in
DMF at varying concentrations (10, 15, and 20 g/L) and analyzed using
a JASCO-1700 circular dichroism (CD) spectrometer (Fig. 2).
Comparative analysis of the CD spectra, in combination with ligand
field theory (LFT), enabled assignment of characteristic absorption
bands associated with Co2+ d-d transitions. According to LFT, the
ligand field splitting energy (Δ) correlates positively with the energy of
d-d transitions and varies depending on the coordination geometry. For
Co2+, the ligand field splitting energy in an octahedral environment
(Δoct) is substantially greater than that in a trigonal bipyramidal (ΔTBP)
geometry. CD spectroscopy reveals that five-coordinate Co2+ centers
exhibit stronger Cotton effects than their six-coordinate counterparts
[15,48].

The assignment of absorption bands was further supported by
Tanabe-Sugano diagrams and LFT: The band near 480 nm corresponds
to the 4A2' → 4E″(P) transition of five-coordinate Co2+. The intense peak
at 567 nm arises from the 4A2′ → 4A2′(P) transition of five-coordinate
Co2+, accompanied by a shoulder peak at ~591 nm. Broad absorption
features observed between 710 and 1090 nm (maximum at 935 nm) and
1090–1695 nm range (maximum at 1296 nm) are attributed to 4A2′ → 4E′
and 4A2′ → 4E″ transitions of five-coordinate Co2+, respectively [18–21,
34]. Notably, the latter regionmay overlap with the spin-allowed 4T1g →
4T2g transition of six-coordinate Co2+, resulting in non-Gaussian line
shapes [15–21]. For high-spin Co2+, the absorption bands in the
500–650 nm region are inherently associated with the 4T1g → 4T1g (P)
transition of six-coordinate Co2+ ions, which are more clearly resolved
in MCD spectra [16,17,22,23]. Although CD spectroscopy typically ex-
hibits limited sensitivity to parity-forbidden f-f transitions of lanthanide
ions due to their weak magnetic dipole character, weak yet distinct
Er3+-derived signals were resolvable in R/S–Er3Co5 clusters. A promi-
nent sharp peak at 515 nm is assigned to the hypersensitive
4I15/2 → 2H11/2 electric dipole transition of Er3+. Furthermore, a broad
magnetic dipole transition spanning 1496–1581 nm corresponds to the
4I15/2 → 4I13/2 transition [26,27,38–42].

Magnetic circular dichroism (MCD) measurements were performed at
room temperature under an external magnetic field of 1.6 T with alter-
nating NS (north-south) and SN (south-north) directions to investigate the
magneto-optical properties of the R/S–Ln3Co5 clusters. As illustrated in
Fig. 3, the MCD spectra were calculated using the formula [24,25]:

Fig. 2. CD spectra of R/S–Er3Co5 (a) and R/S–Y3Co5 (b) clusters at different concentrations (10, 15, 20 g/L) and the green line in the figure represents the ab-
sorption spectrum.

Fig. 3. MCD spectra of R/S–Er3Co5 (a) and R/S–Y3Co5 (b) clusters at different concentrations (10, 15, 20 g/L).
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MCD=(CD(NS) − CD(SN))=2 (1)

At room temperature, the CD spectra are dominated by d-d transi-
tions of five-coordinate Co2+ [15,48]. TheMCD spectra revealed distinct
magneto-optical contributions from both five- and six-coordinate Co2+

centers. The five-coordinate Co2+ centers inD3h symmetry exhibit strong
magnetic anisotropy due to crystal field splitting of the excited state,
generating A-term MCD signals via Zeeman splitting. It should be noted
that in systems with degenerate ground states, Zeeman splitting of the
ground state can concurrently contribute to C-term signals, particularly
at low temperatures. However, for the trigonal bipyramidal Co2+ center
with a non-degenerate ground state (4A2′), C-term contributions are
absent [20,50]. In contrast, the octahedral six-coordinate Co2+ ions
showed coexisting A- and C-term MCD contributions. For the octahedral
Co2+ centers, A-term signals originated from magnetic-field-induced
splitting of degenerate excited states (e.g., 4T1g → 4T2g transitions),
while C-term contributions arise from ground-state splitting under the
applied magnetic field [49,50]. In the analysis of variable-temperature
magnetization curves (Fig. 4), the χmT (T) behavior and Curie-Weiss
parameters suggest ground-state splitting, tentatively supporting
C-term dominance. This assignment, however, requires further confir-
mation through variable-temperature MCD studies to unequivocally
exclude B-term contributions. This dual behavior highlights the inter-
play between ligand-field symmetry (A-term dominance in
low-symmetry sites) and spin-orbit interactions (C-term emergence in
high-symmetry sites), providing critical insights into the
magneto-structural correlations within mixed-coordination clusters
[35–37].

LFT analysis, supported by Tanabe-Sugano diagrams for D3h
(trigonal bipyramidal) and Oh (octahedral) symmetries, confirmed that
the ligand field splitting energy (Δ) for octahedral Co2+ is weaker than
that of trigonal bipyramidal Co2+, particularly in systems coordinated
by weak-field ligands. To isolate the Co2+-based contributions from
overlapping rare-earth ion transitions, the MCD spectra of R/S–Y3Co5
clusters (Fig. 3(b)) were analyzed. Combined with the absorption
spectra of the cluster samples (Fig. S6), the assignments for five-
coordinate Co2+ (D3h) included transitions at 471 nm (4A2′ → 4E″(P)),
555–621 nm (4A2′ → 4A2′(P)), 840 nm (4A2′ → 4E′), and 1277–1695 nm
(4A2′ → 4E″, peak at 1520 nm) [15,18–21]. The characteristic peaks of
six-coordinate cobalt ions partially overlap with those of five-coordinate
cobalt ions. For six-coordinate Co2+ (Oh), transitions were identified at
462 nm (4T1g → 2T1g(H)) and 472–685 nm (4T1g → 4T1g(P)). The tran-
sitions at 1067–1275 nm and 1277–1695 nmwere identified 4T1g → 4T2g
of six-coordinate Co2+ [16,17,22,23]. The splitting of transitions in
six-coordinate cobalt ions is caused by the Jahn-Teller effect. The tran-
sition analysis of six-coordinate Co2+ ions incorporated MCD spectros-
copy data of Co(Ac)2 (Fig. S7). In addition to Co2+ transitions, the MCD
spectra also revealed clearly resolved f-f transitions associated with Er3+

ions. Assignments included weakly resolved transitions at 412–486 nm
(4I15/2 → 4F3/2/4F5/2), a sharp hypersensitive transition at 520 nm
(4I15/2 → 2H11/2, ΔJ = 2, ΔL = 1, ΔS = 1), and distinct peaks at 655 nm
(4I15/2 → 4F9/2, ΔJ = 3, ΔL = 3, ΔS = 0), 797 nm (4I15/2 → 4I9/2, ΔJ = 3,
ΔL = 0, ΔS = 0), and 969 nm (4I15/2 → 4I11/2, ΔJ = 2, ΔL = 0, ΔS = 0).
Magnetic dipole transitions dominated the near-infrared region, with
peaks at 1484 and 1535 nm assigned to 4I15/2 → 4I13/2 (ΔJ = 1, ΔL = 0,
ΔS = 0) [26–28,38–42]. These observations confirm the simultaneous
presence and spectroscopic resolution of both transition metal and
lanthanide centers within the heterometallic cluster environment.

The magneto-optical g-factor was calculated using the formula:

g(λ) =
ε+ − ε−
ε × B(T)

=
ΔεMCD(λ)

ε(λ)
(
T − 1) (2)

where ε+ and ε− represent the extinction coefficients for right and left
circularly polarized light, respectively, ε is the average extinction coef-
ficient, and B is the magnetic field strength (in tesla) [29,30]. To avoid
spectral overlap between rare-earth and transition metal transitions, the
g-values for Er3+ and Co2+ were derived from the MCD spectra of
R/S–Er3Co5 and R/S–Y3Co5 clusters, respectively (Table S16 and S17).
Magneto-optical anisotropy analysis revealed distinct behaviors for Er3+

and Co2+ ions. For Er3+, the largest g-value of 0.0078 T− 1 was observed
at 1481.2 nm, corresponding to the magnetic dipole transition
4I15/2 → 4I13/2, with an additional g-value of 0.0064 T− 1 recorded at
656.2 nm. In contrast, for the Co2+ centers, a maximum g-factor of
0.0058 T− 1 was recorded at 834.8 nm.

The magnitude of the g-value further reflects the distinct responses of
rare earth metals and transition metals to an external magnetic field. For
rare-earth ions, the peak position of the maximum g-value aligns with
transitions that possess strong magnetic dipole character, reinforcing
their pivotal role in generating pronounced MCD signals. We observed a
slight discrepancy between the peak position of the highest-intensity
feature in the MCD spectrum and the peak position of the maximum g-
value signal. This difference arises because the MCD peak position is
associated with the direct transition energy between the ground and
excited states, corresponding to the wavelength where spectral absorp-
tion differences are maximized. In contrast, the g-factor peak position
relates to the asymmetry of magnetic-field-induced energy level split-
ting, with its extremum occurring at the location of energy-level crossing
or the strongest magnetic moment coupling—rather than at the energy
difference (ΔE) between states.

2.3. Magnetic properties

The enantiomeric R/S forms of both clusters exhibited magnetically
equivalent behavior; thus, the R-enantiomer clusters were selected as
representative models for variable-temperature (Fig. 4) and variable-

Fig. 4. Temperature-dependent magnetization curves of R–Y3Co5 and R–Er3Co5 measured under 1000 Oe (2–300 K).
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field (Fig. S8) magnetic studies. For cluster R–Er3Co5, temperature-
dependent molar magnetic susceptibility (χmT) measurements were
carried out under an applied field of 1000 Oe (Fig. 4(a)). At 300 K, the
observed χmT value of 42.78 cm3 K mol− 1 closely matched the theoret-
ical value of 43.82 cm3 K mol− 1 for three Er3+ (J = 15/2, gJ = 6/5) and
five Co2+ (S= 3/2, g= 2.2) [44–47], confirming paramagnetic nature of
the complex in the high-temperature regime. Upon cooling, χmT grad-
ually decreased, reaching 26.57 cm3 K mol− 1 at 4 K, consistent with
antiferromagnetic interactions. This trend in the temperature range of
100–300 K was rationalized by Curie-Weiss fitting (C = 44.9 cm3

K mol− 1, θ = − 12.62 K) (Fig. 4(b)), suggesting weak antiferromagnetic
exchange mediated via Er–O–Co bridging pathways [31,32].

Cluster R–Y3Co5 (Fig. 4(a)) exhibited distinct Co2+-centered mag-
netic behavior, as the Y3+ ions ([Kr]4d0, diamagnetic) contribute no
magnetic moment. The χmT value at 300 K (11.25 cm3 K mol− 1) is
consistent with the theoretical value expected for five high-spin Co2+

ions (S = 3/2, g = 2.2). Curie-Weiss fitting over the 100–300 K range
(C = 12.54 cm3 K mol− 1, θ = − 31.5 K) indicates strong exchange in-
teractions. Upon cooling, χmT decreased gradually down to 9 K, followed
by a sharper drop to 4.49 cm3 K mol− 1 at 2 K. This behavior contrasts
with R–Er3Co5, demonstrating stronger Co–Co superexchange
compared to the lanthanide-mediated interactions [31]. The contrasting
magnetic responses directly correlate with electronic configurations.
Er3+'s 4f electrons (shielded by 5s25p6 orbitals) generate high
para-magnetism (μeff = 9.6 μB) but inefficient superexchange, while
transition metal systems achieve enhanced coupling through direct
d-orbital interactions. These insights underline the importance of elec-
tronic configuration in tailoring magnetic interactions within 3d-4f
heterometallic assemblies.

3. Conclusion

In summary, we successfully synthesized two pairs of chiral R/S–
Ln3Co5 (Ln = Er, Y) clusters using a chiral binaphthol-based ligand. The
cluster framework features two distinct coordination environments for
Co2+ ions—hexacoordinate (octahedral) and pentacoordinate (trigonal
bipyramidal)—each contributing differently to the observed chiroptical
properties. In the CD spectra, signals from pentacoordinate Co2+ ions
dominate, while MCD spectra exhibit clear contributions from both
coordination types. Importantly, the MCD analysis of the Er-containing
cluster reveals a pronounced magnetic dipole transition in the near-
infrared region (4I15/2 → 4I13/2) with a high g-value of 0.0078 T− 1,
underscoring the sensitivity of rare-earth magnetic dipole transitions to
MCD effects. These results suggest that such clusters are promising
candidates for future exploration of MChD. Beyond their magneto-
chiroptical functionality, these heterometallic clusters offer valuable
insights into structure-property relationships in systems with mixed
coordination geometries. The findings offer the reference for the rational
design of molecular magneto-optical material.

4. Experimental

4.1. Physical measurements

The crystallographic data were collected on a Rigaku Oxford
diffraction XtaLAB synergy diffractometer with micro-focus sealed X-ray
Cu Kα radiation (λ = 1.54184 Å) at 100 K. The CD spectra were recorded
on a JASCO J-1700 at room temperature. The MCD spectra were
measured on the JASCO J-1700 equipped with a JASCO PM-491
compact permanent magnet (1.6 T). The absorption spectra were
measured by a Cary-1500 UV-vis-NIR spectrometer. Microanalyses of C,
H and N elements were carried out with an element analyzer (EA, Flash
Smart CHNS). The PXRD studies were performed using a Rigaku Ultima-
IV diffractometer with Cu-Kα radiation (25.0 kV, 100.0 mA). The HR-
ESI-MS of samples was performed on Agilent Technologies ESI-TOF-MS
6224A instrumentation. The XPS was measured on the Thermo Scientific

ESCALAB Xi+. Magnetic measurements were carried out with a Quan-
tum Design MPMS-SQUID magnetometer working in the 2–300 K range.

4.2. Synthesis

Preparation of [Er3Co5(R/S-L)6(Ac)4(CH3CN)2(CH3OH)7(μ4-O)
(H2O)3]⋅(Ac)⋅(H2O)12 (L = C20H12O2

2− )
Er(Ac)3⋅4H2O (0.1 mmol) was charged into a 25 mL Schlenk reactor

and dissolved in methanol (6 mL). A pre-prepared solution of
Co(ClO4)2⋅6H2O (0.3 mmol, 0.5 M) and another solution of R-(− )-1,1′-
bi-2-naphthol (R-BINOL, 0.3 mmol, 0.5 M) were sequentially injected
via syringe into the reaction mixture, followed by the dropwise addition
of triethylamine (0.3 mmol). After stirring at room temperature for
15 min, it was placed in an oven at 80 ◦C for the reaction. Following
72 h, abundant peach-red lamellar crystals of R–Er3Co5 were observed
adhering to both the flask walls and bottom with the yield of 29.1%
(based on erbium(III) acetate tetrahydrate). Anal. Calcd. for
Er3Co5C141H151N2O45 (FW = 3390.14): C, 49.95%; H, 4.49%; N, 0.83%.
Found: C,49.56%; H, 4.22 %; N, 0.81%.

The synthetic procedure for S–Er3Co5 is identical to that ofR–Er3Co5
except that R-BINOL is replaced by S-BINOL in 28.7% yield (based on
erbium(III) acetate tetrahydrate). Anal. Calcd. for Er3Co5C141H151N2O45
(FW = 3390.14): C, 49.95%; H, 4.49%; N, 0.83%. Found: C,49.33%; H,
4.17%; N, 0.82%.

Preparation of [Y3Co5(R/S-L)6(Ac)4(CH3CN)2(CH3OH)7(μ4-O)
(H2O)3]⋅(Ac)⋅(H2O)12 (L = C20H12O2

2− )
Y(Ac)3⋅xH2O (0.1 mmol) was charged into a 25 mL Schlenk reactor

and dissolved in methanol (6 mL). A pre-prepared solution of
Co(ClO4)2⋅6H2O (0.3 mmol, 0.5 M) and a solution of R-(− )-1,1′-bi-2-
naphthol (R-BINOL, 0.3 mmol, 0.5 M) were sequentially injected via
syringe into the reactionmixture. The systemwasmagnetically stirred at
room temperature for 5 min, followed by the dropwise addition of
triethylamine (0.3 mmol). Stirring was continued at room temperature
for 15 min, after which the reaction mixture was transferred to an oven
set at 80 ◦C to proceed with the reaction. Following a 72 h reaction
period, abundant peach-red lamellar crystals of R–Y3Co5 were observed
adhering to both the inner walls and the bottom of the flask, with a yield
of 31% (based on yttrium acetate hydrate). Anal. Calcd. for
Y3Co5C141H151N2O45 (FW = 3155.08): C, 53.68%; H, 4.82%; N, 0.89%.
Found: C, 53.26%; H, 4.50%; N, 0.87%.

The synthetic procedure for S–Y3Co5 is identical to R–Y3Co5 except
the replacement of R-BINOL by S-BINOL with the yield of 30.5% (based
on yttrium acetate hydrate). Anal. Calcd. for Y3Co5C141H151
N2O45 (FW = 3155.08): C, 53.68%; H, 4.82%; N, 0.89%. Found: C,
53.55%; H, 4.56%; N, 0.88%.
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