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Well-defined 3d—-4f heterometallic supramolecular architectures have attracted attention because of their
applications in the field of luminescence and magnetism. However, covalent metallo-supramolecular dis-
crete complexes, decorated with hetero-metallic vertices, have never been reported because of the
difficulties in design and control. Herein, we report a series of covalent metallo-supramolecular discrete
complexes with 3d—-4f vertices synthesized by hierarchical subcomponent self-assembly of tris(2-amino-
ethyl)lamine, 2,6-diformyl-p-cresol, and lanthanide ions (Ln) with different amines and transition metal
ions. The programmable self-assembly process results in the formation of triple-stranded hetero-metallic
covalent organic discrete complexes, namely 3a—3c-(Ln, Zn) (Ln = Sm"", Eu"', Dy"', Yb" and Lu") and 3a'-
(Dy, Co), which are characterized by nuclear magnetic resonance (NMR) analysis, electrospray ionization
time-of-flight mass spectrometry (ESI-TOF-MS), and single-crystal X-ray analysis. Photophysical investi-
gations disclose that the organic skeleton of 3a-(Ln, Zn) exhibits an excellent sensitizing ability toward
Sm", Eu", and Yb" ions, displaying characteristic luminescence emission in both the visible and near-
infrared (NIR) regions. AC susceptibility measurements of 3a’-(Dy, Co) reveal the frequency-independent
performance under zero dc field, suggesting the absence of slow relaxation of magnetization. This work
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Introduction

Over the past few decades, coordination-driven self-assembly,
as a powerful synthesis technique, has been employed by
many chemists in the construction of various supramolecular
architectures.”” By referring to the template synthesis of
Busch,® Nitschke extended the synthesis technique and pro-
posed the versatile “subcomponent self-assembly” strategy.’ In
this strategy, the metal-ligand coordination bonds and
covalent dynamic imine bonds (formed by condensation of an
amine and an aldehyde) are in situ formed.

A myriad of diverse metallo-supramolecular compounds
with sophisticated structures and fascinating functions,
including, but not limited to, macrocycles,'®> helicates,"*°
grids,"®"”  catenanes,'® rotaxanes,'”” and metal-organic
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offers a new approach for the fabrication of discrete metallic covalent architectures with 3d—4f vertices.

polyhedra,>*?* have been successfully fabricated by the sub-
component self-assembly approach. Besides these types of
structures, there is another type of structure composed of a
discrete covalent organic skeleton and metal ions, namely dis-
crete covalent metallo-supramolecular architectures, in which
the metal ions are located at the vertices or panels of the
covalent organic skeleton. This type of structure is particularly
appealing, since the introduction of metal ions not only can
template the synthesis of covalent organic cages or covalent
organic macrocycles®*2® that cannot be acquired by traditional
direct imine condensation,?>’™** but also endow the structure
embedded by metal ions with special functions.?>?%33735
Therefore, templated metal ions play a dominant role in deter-
mining the structures and functions of discrete covalent
metallo-supramolecular complexes. If two different metal ions,
such as transition metal ions (3d) and lanthanide ions (4f), are
simultaneously introduced into such systems, the intrinsic
optical and large single-ion magnetic anisotropy of lanthanides
together with remarkable magnetic interactions between 3d and
4f make such 3d-4f based complexes excellent candidates for
luminescent materials and single molecular magnets
(SMMs).* ™ As far as we are aware, however, the syntheses of
covalent metallo-supramolecular complexes were primarily based

This journal is © The Royal Society of Chemistry 2023
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on single transition metal ions,*>*****'**® very limited to single
lanthanide ions.*® In contrast, 3d-4f heterometallic ions have not
been explored, largely because of the challenge of designing a
suitable ligand that can bridge the gap between the divergent
coordination preferences and abilities of 4f and 3d ions.
Previously, we reported several hetero-metallic cages or
macrocycles by hierarchical self-assembly of Pd" or Pt"
metallo-ligands with lanthanide ions.**>* With our continuing
interest in hierarchical self-assembly, herein, we report the
hierarchical subcomponent self-assembly of hetero-metallic
covalent organic triple-stranded complexes. The subcompo-
nent self-assembly of tris(2-aminoethyl Jamine (TREN) and 2,6-
diformyl-p-cresol (DFMP) with lanthanide ions (Ln) leads to
the formation of metallo-ligand 1-Ln (Scheme 1). The sub-
sequent subcomponent self-assembly of preformed 1-Ln,
diamine (2a and 2b), or triamine (2c) with transition metal
ions gives rise to a family of heterometallic covalent organic
triple-stranded molecules, that is 3a-3c-(Ln, Zn) and 3a’-(Dy,
Co), in which the hetero-metal nodes are situated at the ver-
tices of triple-stranded molecules. Photophysical investigations
indicate that the organic backbone of 3a-(Ln, Zn) can not only
sensitize the visible lanthanide ions (Ln = Sm™ and Eu™), but
also sensitize NIR-region Yb™ ions. Moreover, the magnetic
properties of 3a’-(Dy, Co) are also studied.

Experimental section
Synthesis of subcomponent 1-Ln

Metallo-ligands 1-Dy, 1-Lu and 1-Yb were synthesized accord-
ing to previously reported literature.”® By substitution of Ln
(OTf)3-9H,0 with Ln(NOj;);-6H,0, the metallo-ligands 1-Sm
and 1-Eu were also prepared with yields of 35% and 30%.
1-Sm: "H NMR (400 MHz, DMSO-d,) & 10.53 (s, 1H), 7.56 (d, J =
2.2 Hz, 1H), 7.43 (s, 1H), 7.40 (d, J = 2.2 Hz, 1H), 3.73 (s, 2H),
2.63 (s, 2H), 2.23 (s, 3H). ESI-TOF-MS for 1-Sm: calcd for
[(1-Sm) + Na]" 756.1431, found 756.1488; [(1-Sm), + Na]'
1486.3057, found 1486.3075. ESI-TOF-MS for 1-Eu: calcd for
[(1-Eu) + Na]" 757.1508, found 757.1496.
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Scheme 1 Self-assembly of 3a—3c-(Ln, Zn) and 3a’-(Dy, Co).
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Synthesis of complex 3a-(Sm, Zn)

Metallo-ligand 1-Sm (7.32 mg, 0.01 mmol) was mixed with
ethylenediamine (0.9 mg, 0.15 mmol) in a mixture of 1:1
chloroform and methanol. After heating at 50 °C for about 5 h,
the suspension was centrifuged to obtain a precipitate. When
the precipitate was dissolved in 600 pL of acetonitrile-d; in the
presence of 1.0 eq. Zn(OTf),, a homogeneous yellow solution
was obtained. 'H NMR (400 MHz, Acetonitrile-d;) § 8.91 (s,
1H), 7.64 (d, J = 1.7 Hz, 1H), 7.30 (d, J = 1.7 Hz, 1H), 6.94 (s,
1H), 4.71-4.50 (m, 2H), 4.39-4.16 (m, 3H), 3.76-3.65 (m, 1H),
2.30 (s, 3H). ESI-TOF-MS for 3a-(Sm, Zn): the following picked
signals are those at the highest intensities. m/z caled for [3a-
(Sm, Zn)(OTf),J** 983.1101, found 983.1085; calcd for [3a-(Sm,
Zn)(OTf),]** 605.7559, found 605.7555.

The synthesis procedures of 3a’-(Dy, Co), 3b-(Ln, Zn) and
3c-(Ln, Zn) were similar to that of 3a-(Sm, Zn) by changing the
amine or metal source (see the ESI} for details).

Results and discussion

As shown in Scheme 1, 3a-(Dy, Co) and 3a-3c-(Ln, Zn) (Ln =
sm™, Eu™, Dy™, Yb™ and Lu™) were synthesized through sub-
component self-assembly of 1-Ln with different amines in the
presence of transition metal ions. As a representative example,
the subcomponent self-assembly of 3a-(Sm, Zn) was investi-
gated. The 'H NMR spectrum reveals the generation of a sole
species with a high degree of symmetry other than oligomeric
species (Fig. 1B). Compared with metallo-ligand 1-Sm, all
singles stemming from the formed species are shifted, in
agreement with the coordination to Zn** ions. Moreover, 'H
diffusion ordered spectroscopy (DOSY) displays that all signals
are located at the same diffusion band (Fig. 1C), further con-
firming the single species in solution. Using the Stokes—
Einstein equation, the diffusion coefficients and dynamic
radius were estimated to be 1.0 x 10™° m? s™* and 6.33 A,
respectively. As displayed in Fig. 1D, electrospray ionization
time-of-flight mass spectroscopy (ESI-TOF-MS) again suggests
the formation of the expected hetero-metallic covalent organic
triple-stranded molecule with the formula of 3a-(Sm,
Zn)-(OTf),. Two main peaks (m/z = 605.7555 and 982.1086)
observed in the ESI-TOF-MS spectrum can be assigned to
[3a-(Sm, Zn)-OTf]** and [3a-(Sm, Zn)-(OTf),]**, respectively.
The assignments of these peaks are also confirmed by the
careful comparison of the experimental data with the simu-
lated isotopic distributions (Fig. 1D, inset). After changing 2a
with 2b or 2¢, the ESI-TOF-MS confirms the formation of
3b-(Sm, Zn) or 3c-(Sm, Zn) (Fig. 1E and F).

The formations of other covalent organic triple-stranded
molecules were also identified by various characterization
methods including NMR (*H, COSY, DOSY), ESI-TOF-MS and
single-crystal X-ray diffraction studies, which are highly con-
sistent with the expected stoichiometry.

Attempts to solve the crystal structures of 3a-3c-(Sm, Zn)
failed, as we cannot get single crystals of 3a-3c-(Sm, Zn).
However, upon replacing Sm™ with Lu™, the single crystals of
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Fig. 1 'H NMR (400 MHz, 298 K) spectra of 1-Sm in DMSO-dg solution
(A) and 3a-(Sm, Zn) in CDsCN solution (B). *H DOSY NMR (400 MHz,
298 K, CD3CN) spectrum of complex 3a-(Sm, Zn) (C). ESI-TOF-MS
spectra of (D) 3a-(Sm, Zn), (E) 3b-(Sm, Zn) and (F) 3c-(Sm, Zn).

3a-3c-(Lu, Zn), which were the isostructural compounds of
3a-3c(Sm, Zn), were successfully obtained by slow vapor
diffusion of ether (diethyl ether for 3a-(Lu, Zn), isopropyl ether
for 3b-(Lu, Zn) and methyl tertiary-butyl ether for 3c-(Lu, Zn))
into the acetonitrile solutions of the corresponding assem-
blies. Single-crystal X-ray diffraction analysis shows that 3a-3c-
(Lu, Zn) are the hetero-metallic triple-stranded covalent
organic molecules, where hetero-metallic Lu-Zn nodes are
located at the vertices of the molecules (Fig. 2). The refinement

Fig. 2 X-Ray crystal structures of (A) 3a-(Lu, Zn), (B) 3b-(Lu, Zn) and (C)
3c-(Lu, Zn) where the free counter-ions and solvent molecules are
omitted for clarity. (C, gray; H, white; N, blue; O, red; Lu, magenta; Zn,
dark gray; S, yellow; F, cyan).
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parameters and crystallographic data for 3a-3c-(Lu, Zn) are
shown in Tables S1 and S2.1 The important bond distances (A)
and angles (°) for 3a-3c-(Lu, Zn) are listed in Tables S3-S5.1
Both 3a-(Lu, Zn) and 3b-(Lu, Zn) crystallized in the monoclinic
C2/c space group, while 3c-(Lu-Zn) crystallized in the P1 space
group. To the best of our knowledge, these complexes rep-
resent the first example of covalent organic metallo-supramole-
cular molecules with 3d-4f hetero-metallic vertices.

Considering the very similar structure of 3a-3c-(Lu, Zn),
only the structural description of 3a-(Lu, Zn) will be given here
in detail. As shown in Fig. 2A, the 3a-(Lu, Zn) molecule con-
sists of two Lu™ ions, two Zn™ ions, one triple-stranded
covalent organic backbone, one coordinated OTf™ anion and
one coordinated H,O molecule. The three strands of the
covalent organic backbone wrap around the four metal centers
(two Lu™ and two Zn"™ ions) and form the heterometallic
covalent organic triple-stranded assembly. Both the Lul and
Lu2 atoms are eight-coordinated, adopting a triangular dode-
cahedron (TDD-8) coordination geometry (Table S9t) with
different coordination environments: the Lul atom is ligated
by four nitrogen atoms (N1, N2, N3 and N4) from the TREN
unit, three oxygen atoms (02, O3 and O4) from the phenolic
groups of the covalent organic backbone and one oxygen atom
(01) from the coordinated water molecule, while the Lu2 atom
is surrounded by four nitrogen atoms (N11, N12, N13 and
N14) from the TREN unit, three oxygen atoms (05, 06 and O7)
from the phenol groups and one oxygen atom (O8) from the
coordinated OTf™ anion (Fig. S587). The bond distance of Dy-
Ophenol is shorter than the others, owing to the strong coordi-
nation ability of the deprotonated phenolic oxygen atoms
toward the Lu atoms. The bond length between the lanthanide
center and the tertiary amine N atom of TREN (Lu-N1 or Lu-
N11) is the longest among the Lu-O/N bond lengths, which
can be ascribed to the limitation of the conformation of TREN.
Unlike the Lu atoms, two Zn atoms are six-coordinated and co-
ordinated by three nitrogen atoms from the three covalent
C=N groups and three oxygen atoms from three phenol
groups belonging to the three strands of the covalent organic
backbone, forming a OC-6 coordination geometry
(Table S10t). The phenolic oxygen atoms in the covalent
organic backbone adopt the p,-OR coordination model, i.e.,
the Lu™ ion and Zn" ion are connected together by phenolic
oxygen and produce the hetero-metallic nodes, in which the
average Lu-O-Zn bond angle is 94.28° and the average Lu-Zn
distance is 3.23 A. The distance between the tertiary amine N
atoms of TREN (N1-N11) is 16.62 A in 3a-(Lu, Zn), which is
shorter than those in 3b-(Lu, Zn) (23.03 A) and 3c-(Lu, Zn)
(23.13 A).

It should be noted that the covalent organic tetrahedron
may be obtained if the tritopic triamine subcomponent was
used, as observed in the previous reports.*>*>** However, in
our work, only the discrete covalent organic triple-stranded
compound was observed when the ditopic diamine subcompo-
nent was replaced with the tritopic triamine subcomponent. In
3c-(Lu, Zn), the three coordination atoms closest to the panel
backbone are three nitrogen atoms originating from three

This journal is © The Royal Society of Chemistry 2023
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imine bonds (C=N), while the corresponding atoms in the
reported examples are three pyridine nitrogen atoms. This
difference should be responsible for the formation of a triple-
stranded compound other than the tetrahedron, due to the di-
hedral angle generated by the plane of three coordinated nitro-
gen atoms closest to the panel backbone and one benzene ring
plane of the tritopic subcomponent in 3c-(Lu, Zn) is about 98°,
which is much smaller than the corresponding angle (~120°)
in the tetrahedron (Fig. S627).

Photophysical properties

The UV-vis absorption and luminescence properties of 3a-3c-
(Sm, Zn) were measured in solution at room temperature.
Upon excitation at 386 nm, the organic skeleton of 3a-(Sm, Zn)
can well sensitize Sm'", while the organic backbone of 3¢-(Sm,
Zn) cannot sensitize Sm'" (Fig. 3a). Five characteristic bands at
561, 609, 645, 705 and 787 nm can be clearly found for
complex 3a-(Sm, Zn), corresponding to the transitions from
the emitting *Gs, to the °H; (J = 5/2-13/2) states. To gain
insight into the differences observed in the emission spectra,
the phosphorescence spectra of complexes 3a-3¢-(Gd, Zn) were
measured at 77 K (Fig. S54f), from which the triplet state

3a-(Sm, Zn)
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Fig. 3 (A) Emission spectrum of 3a—3c-(Sm, Zn) (1.0 x 107> M in
CH3CN) at room temperature. (B) Emission spectrum of 3a-(Sm, Zn), 3a-
(Eu, Zn) and 3a-(Yb, Zn) (1.0 x 10~> M in CHzCN) at room temperature.
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energy levels of the organic skeletons were determined to be
21053 em™, 20167 cm™" and 17605 cm™* for 3a-(Gd, Zn),
3b-(Gd, Zn) and 3c-(Gd, Zn), respectively. The organic skeleton
triplet state energy level of 3¢c-(Gd, Zn) is smaller than those of
3a-(Gd, Zn) and 3b-(Gd, Zn), and can be comparable with the
energy level of G5, of Sm'™ ions, meaning that the organic
skeleton of 3¢-(Gd, Zn) cannot sensitize Sm™ ions. Thus, we
infer that the difference in the organic skeleton triplet state
energy level should be responsible for the distinct emission
spectra of 3a-3c-(Sm, Zn).

Besides the Sm™ ion, the organic skeleton of 3a-(Sm, Zn)
can also sensitize other lanthanide ions, such as Eu™ ions and
NIR-emissive Yb™ ions. As shown in Fig. 3b, complex 3a-(Eu,
Zn) exhibits apparent peaks at 592, 612, 650 and 700 nm,
corresponding to the °D, to “F; (J = 0-4) transition of the Eu™
ion. For 3a-(Yb, Zn), it displays a well-resolved emission band
at 977 nm, which can be assigned to the transition from the
%Fs,, to the *F, state. It is worth pointing out that the lumine-
scence of the organic backbone (emission at about 456 nm,
Fig. S411) was not observed for complexes 3a-(Eu, Zn) and 3a-
(Yb, Zn), revealing the complete energy transfer from the
organic skeleton to the lanthanide ions. In contrast, 3a-(Sm,
Zn) has a significant amount of the residual ligand emitted at
about 456 nm, suggesting the incomplete organic skeleton to
lanthanide energy transfer.**

Magnetic properties

Given that Co™ and Dy"" ions are the large magnetic anisotropy
ions, and that once the super-exchange ferromagnetic inter-
action occurs between Co" and Dy, quantum tunneling of
magnetization (QTM) can be mitigated,>>>® we prepared com-
pound 3a'<(Dy, Co) and characterized it through single-crystal
X-ray diffraction, ESI-TOF-MS, TG, PXRD and elemental ana-
lysis (see the ESIt). The M-H curves (2, 3 and 5 K) and AC mag-
netic susceptibility were measured to testify the possible single
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Fig. 4 Temperature-dependent yuT plots for 3a’-(Dy, Co). Insert: Field
dependences of magnetization between 0 and 80 kOe and at tempera-
tures of 2.0, 3.0, and 5.0 K.
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molecular magnets properties of 3a’-(Dy, Co). As shown in
Fig. 4, the observed yy,T value at room temperature is
33.50 cm® K mol™*, which is larger than the theoretical value
of 32.09 em® K mol ™" expected for two isolated Co™ ions (S = 3/2
and g = 2.0) and two isolated Dy ions (J = 15/2 and g = 4/3).
Such a disparity should be attributed to the significant orbital
contribution of the high-spin octahedral Co™ ions.””>° The
xmT products remain nearly constant up to 100 K, below which
they decrease slowly and reach the minimum value of
27.66 cm® K mol ™" at 2 K. The decreases below 100 K are likely
to be caused by the depopulation of the Stark levels of Dy™
and the spin-orbital effect of Co". Moreover, the possible weak
antiferromagnetic interactions between Dy and Co™ may also
make some contributions to the decreases of yT below 100 K,
as observed in other heterometallic Co™-Dy™ compounds.®°
The magnetization isotherm curves display a rapid increase at
low fields and then a gradual increase at higher fields without
reaching saturation even at 8 T, which is very common behav-
ior for such compounds and indicative of the presence of an-
isotropy in this compound. As shown in Fig. S56, no out-of-
phase AC signals were found for 3a’-(Dy, Co), suggesting the
absence of slow magnetization relaxation behaviour in 3a'-(Dy,
Co). To further investigate the possible field-induced SMM be-
havior, field dependent x",,, data were collected to acquire an
optimum dc field (Fig. S5771). From Fig. S57,1 we can see that
no maximum was found in the x",,-H curve, indicating the
absence of an optimum dc field. This phenomenon can be
attributed to the relatively small energy barriers for the reverse
of the magnetic moment in 3a’-(Dy, Co).**

Conclusions

In summary, a series of hetero-metallic covalent organic triple-
stranded molecules with 3d-4f vertices have been synthesized
through the hierarchical subcomponent self-assembly
approach. These compounds are the first examples of covalent
organic metallo-supramolecular backbones decorated with
3d-4f heteronuclear vertices. Besides, 3d-4f vertices of these
complexes bring photophysical and magnetic properties to the
assemblies. The luminescence investigations revealed that the
organic backbone fabricated by using ethylenediamine can
sensitize the luminescence emissions of lanthanide ions
(Sm™, Eu™ and Yb™) in both the visible and NIR domains.
The AC magnetic susceptibility measurements revealed the
absence of slow magnetization relaxation behaviour in com-
pound 3a’-(Dy, Co). This work confirms that the hierarchical
subcomponent self-assembly is a potential route to fabricate
discrete hetero-metallic covalent organic architectures.
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