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Although great efforts have been made to explore the exquisite rare-earth (RE) clusters, the design and
construction of planar RE clusters with disk-like geometrical features are still scarce. Herein, a novel disk-
like RE-cluster Yy, (abbreviated as 1), formulated as [Y12(L)10(CO3)4(NO3z)(pz-OH)gl (HoL = 7,7'-(2-methyl-
methylene)bis(8-quinolonol)) was synthesized successfully under solvothermal conditions. Owing to the
template effect and fruitful coordination modes of NO3z™, a novel Y,CY;o type structure with dual-core in
the center position of the cluster, which distinguishes it from the traditional brucite-type disk-like RE-
cluster was achieved. Based on the ESI-MS analysis, the possible assembly mechanism of Ys — Yg — Yp5 is
proposed. The luminescence investigation illustrates that this cluster not only shows green emission in
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In the past few decades, great efforts have been devoted to the
construction and investigation of the properties of polynuclear
rare-earth (RE) clusters owing to not only their intriguing geo-
metrical features and fascinating physical and chemical pro-
perties but also their potential applications in the field of
single-molecule magnetism (SMM), magnetocaloric materials,
catalysis, luminescence devices, etc."” Although some exclu-
sive polynuclear RE-clusters, especially the lanthanide (Ln)
cluster with different nuclear numbers and geometrical fea-
tures, such as Lns, Ln;o, Lny,, Lngg, LN,y LN,,, LNy, Ln,,
Ln,g, Lngg, LNss, LNgg, LN,g, LNgy, LNye, LNy, and Ln,,e, have
been reported,® " the rational design and fabrication of exclu-
sive polynuclear RE-clusters with high nuclear number (n > 10)
and specific geometric conformation still remains a formid-
able challenge owing to the high coordination numbers, versa-
tile coordination geometries of RE*" ions, and mutual repul-
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can be used as the emitting layer in organic light-emitting diodes (OLEDs).

sion effect between the RE®" ions with high positive
charges.'>'*?? Furthermore, the assembly process of the poly-
nuclear rare earth clusters is mainly determined by RE*" ion
hydrolysis, which could produce the hydroxy intermediates for
further assembly.'® Thus, the construction conditions are
always sensitive to the ratio of ligands/RE*" ions and other
external factors (i.e. temperature, pH, anions template, etc.).
This will undoubtedly bring more obstacles to the design and
synthesis of polynuclear RE-clusters directly.>*

Up to now, most of the reported polynuclear RE-clusters
exhibit stereo geometrical features such as cage-shaped,'*"?
ball-shaped,®** windmill-shaped,” barrel-shaped,’® drum-
shaped,'” and tubular-shaped,'® which can be attributed to
the diverse coordination modes and the poor directionality of
the high-valent RE*" ions. While, regulating the growth of RE**
ions in a certain plane to form the exquisite disk-like cluster
with a planar geometrical feature is hard to achieve.
Heretofore, only a few cases of RE-clusters with planar struc-
tures have been reported.>**” The coordination modes in
these disk-like RE-clusters are all similar to brucite in which
the RE*" ions are arranged in the hexagonal close-packing
mode.”>” During the growth process, each RE*" nuclear com-
bines with six adjacent RE*" ions via p;-OH /O*~ bridging,
thus, the nuclear number of this type of RE-cluster needs to
satisfy the relation “1 + 2,6n” (n stands for the ring number in
the Brucite structure), which will hinder the discovery of the
novel planar RE-cluster with the other nuclear numbers.
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Therefore, breaking the constraints of the brucite-type struc-
ture and discovering new coordination modes is highly desired
in fabricating the new disk-like RE-clusters.

Besides, in order to control the growth of RE*" ions toward
the disk-like structure in a certain plane, the design and selec-
tion of the auxiliary ligands are also significant.
Distinguishing with the commercial ligands, the in situ ligand
formation strategy is one of the effective methods for rationally
fabricating RE clusters in a certain direction.'*?”"*® Firstly, the
in situ ligands formed by the oligomerization, decomposition,
or rearrangement of raw ligands and solvents are always
difficult or even impossible to synthesize by conventional
organic synthesis methods could bring some specific coordi-
nation modes that could not only promote the RE*" ions
assembly in a specific direction but also induce polynuclear
RE-clusters with intriguing architectures.”” Secondly, the
ligand formation process is relatively slow, which can remark-
ably avoid the formation of the precipitate caused by the fast
reaction between metal ions and organic ligands, providing
sufficient reaction time to form sophisticated coordination
modes.'® Last but not least, some anionic templates could be
formed during in situ reactions, which has beneficial effects
on the construction of polynuclear RE-clusters.”® In addition,
the mixed anions template strategy also proves great effect on
the assembly of the polynuclear RE-cluster owing to not only
their template effect to induce the formation of the clusters
with specific geometrical features but also their negative
charges, which can balance the positive charges of RE*" ions
to stabilize the cluster.'*'>

Based on the combined strategy of the in situ reaction and
the mixed anions template method, an unprecedented disk-
like exquisite RE-cluster (1) with the formula of
[Y12(L)10(CO3)4(NO;),(p3-OH)] (HoL = 7,7'-(2-methylmethylene)
bis(8-quinolonol)) was designed and synthesized successfully.
Structural analysis demonstrated that this disk-like Y;, can be
split into the di-nuclear Y, subunit, which is located in the
center of Y;, and the charming decanuclear ring-shaped Y;,
subunit, which encapsulates the Y, core tightly. The whole Yy,
cluster was surrounded by ten L*>~ ligands, which were formed
by the in situ reaction.”>*° The linear geometrical feature and
multi-coordination sites of these in situ ligands could regulate
the cluster assembly in a specific direction. Moreover, instead
of p;-OH /O*” in the reported RE-clusters with the brucite
structure, the triangular NO;~ ions were introduced and
anchored in this cluster to act as linkers and templates. Owing
to the fruitful coordination sites and the negative charge,
which could balance the superfluous positive charge, the rule
of “1 + X,6n” in the brucite-type structure will be broken.
Based on the combined effect between in situ ligands and
anions template strategy, the unprecedented Y,CY;, disk
cluster Ln-structure was achieved. The possible assembly
mechanism was also confirmed by ESI-MS. Furthermore,
owing to the obvious green luminescence and the good solubi-
lity of 1, these exquisite RE-clusters were used as an emission
layer to fabricate the OLED. The results provide a proof-of-
concept and are of relevance to developing RE-clusters as emit-
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ting layers for OLEDs, providing a novel guideline for the
application of RE-clusters.

The light-yellow quadrilateral single crystal of disk-like Y;,-
cluster was obtained by the solvothermal reaction of
Y(NO;);3-6H,0, 8-hydroxyquinoline and sodium carbonate in
the mixed solution of EtOH and H,O at 140 °C for 3d. Single
crystal X-ray diffraction data indicates that this disk-like Y;,-
cluster 1 crystallizes in the P1 space group of the triclinic
system (Table S17). The length and width of the Y;,-cluster can
reach 21.4 and 22.6 A, respectively, which demonstrates that
the structure of this cluster is approximately perfect disk-
shape. As shown in Fig. 1, the whole Y;,-nanocluster consists
of 12 Y*" ions, ten in situ ligands (L>7), six p3-OH~ groups, four
CO;>~ and two NO;™. In this structure, all the Y** ions exhibit
octa-coordination modes and are tightly bridged by p;-OH™ or
NO;™. Owing to the triangular coordination mode of p;-OH™ or
NO;~, the twelve Y*" ions are distributed in the equatorial
plane to form the unprecedented disk-like Y/O core. The per-
iphery of the Y/O core is surrounded by ten 1>~ which is gener-
ated via the in situ reaction between 8-quinolonol and EtOH
(Scheme S17), and these ligands are located above and below
the cluster plane, forming the unique double-layered five-leaf
windmill structure to protect the stability of Yj,-cluster
(Fig. 1a—c). Besides, four CO;> ions are inserted in the center
Y, subunit to balance the superfluous positive charges and
stabilize the Y;, cluster.

In order to facilitate the analysis and investigation of the
structural skeleton of 1, this disk-like Y,,-cluster can be split
into two types of cluster units: the center di-nuclear Y, subunit
(type I) and the ring-shaped Y;, subunit (type II). In type I, the
coordination environments of these two Y** ions are identical.
Each Y** ion exhibits an octa-coordination mode defined by
three O atoms from p;-OH™ ion, three O atoms from two CO,;>~
ions, and two O atoms from two NO;~ ions and the coordi-
nation configuration is square antiprism (Fig. S1f). While in
the type II subunit, the ten Y** ions in this ring-like structure
have similar OgN, octa-coordination modes. According to the
different coordination environments, these Y** ions can be
divided into three types, which are represented as Y1, Y2 and
Y3. Atom Y1 is stabilized by two N atoms from two L>~ ligands,
four O atoms from four independent L>~ ligands and two O
atoms from one NO;~ ion. Atom Y2 is attached to two N atoms
from two L*” ligands, four O atoms from four L*~ ligands, one
O atom from NO;~ ion and one O atom from p;-OH™ ion.
While atom Y3 is connected by two N atoms from two L>~
ligands, four O atoms from four L*~ ligands and two O atoms
from p;-OH™ ions (Fig. S1d}). According to the shape calcu-
lation, the coordination configuration of all these ten Y*>* ions
are snub disphenoid (Fig. Siet). Bridged by two p;-NO;™ p;-
NO;™ and six p3-OH™, the Y, subunit is tightly anchored in the
center position of the ring-like Y;, to form the unique Y,CY1o
disk-like clusters, which are packaged by ten L*>~ ligands in the
same coordination pattern: p;-n":n*n%n" (Fig. S1t). As shown
in the crystal data of 1, the bond length distances of Y-O are
in the range from 2.274 to 2.444 A, and those of Y-N are
within 2.405-2.730 A (Tables S2 and S3t), which are similar to
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Fig. 1 (a) and (b) Parts of the Y;, cluster (1) above and below the cluster plane. (c) The top view of the whole molecular structure of 1. (d) The side
view of the Y3, cluster. (e) The diagram of the disk-like Y,CY1o cation core of 1. (f) The coordinative environment of_ the two different types of Y3+
ions in 1. Atom colors: Y green, C yellow and cyan, O red, N blue. All H atoms are omitted for clarity. Symmetry code:'1 —x, 1 -y, 1 -z

the reported Y cluster previously. Due to the structural simi-
larity between CO;>~ and NO; ™, it is difficult to confirm the co-
existence of these two anions in the Y;,-cluster using a single
X-ray crystal diffraction technique, thus, FT-IR spectral
measurements were performed. As shown in Fig. S2,f the
main peaks of 1 are located at 3425 cm™', 1630 cm™’,
1570 em™', 1463 cm™', 1375 cm™', and 590 cm™'. Among
them, the peak at 3425 cm™' corresponds to the stretching
vibrations of the O-H bonds in p;-OH™ groups; those at
1630 cm™" and 1570 cm™"' can be assigned to the stretching
vibrations of C=N and C=C bonds in L>~ ligands; the peaks
at 1463 cm™" and 1375 cm ™" can be attributed to the stretching
vibration of CO;*~ and NO;~ ions, respectively, which indi-
cated the co-existence of the CO;>~ and NO;~ ions in the Y;,-
cluster (Fig. S2bt). Interestingly, compared to the traditional
p3-OH™ bridging ligands, NO;~ ions have similar triangular
geometrical features and more fruitful coordination modes.
Using NO;~ instead of the p;-OH /O®” ions as the bridging
ligands, the restriction of the “1 + X,6n” rule in traditional
brucite-type RE-cluster is broken, with the formation of the Y,
core, the outer shell is gradually assembled by Y;, to form the
unprecedented core-shell Y,CY;, disk-like structure. After
that, the adjacent Y;, clusters are connected via two different
C-H.--m interactions (C49-H49---w, d; = 2.767 A; C34-H34---x,
d, = 2.985 A) (Table S41) to generate the 2-dimensional super-
molecule structure (Fig. 2) and further packed to form the
extended 3D crystalline structure via the van der Waals’ force.
The 3D stacking diagram of the Y;, cluster (1) is shown in
Fig. 2 and Slc.f To confirm the phase purity of the crystal
sample of 1, PXRD measurements were performed. As shown
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d,=2767A

Fig. 2 (a) and (b) The views of the stacking modes of the Y;, cluster (1)
along the a and c-axis.

in Fig. S2a,T the main characteristic diffraction peaks in the
PXRD pattern of 1 can match well with the simulation, which
indicates the high purity of the synthesized sample. The differ-
ence in the intensities between the experimental result and
the simulation pattern can be attributed to the preferential
selection of the crystal sample. The thermogravimetric analysis
(TGA) suggested that before 370 °C, there was not any obvious
weight loss in the Y, cluster (Fig. S37).

In order to further investigate the solution stability and the
possible assembly mechanism of this unique disk-like Y;,
cluster, the electrospray ionization mass spectrometry (ESI-MS)
of Y, cluster by dissolving the crystals in DMF and methanol
and the crystal reaction solution in the range of m/z =
300-6000 have been collected, respectively (Fig. S4t). As shown
in Table S1,T the formula weight of 1 is 4676.34, however, in
ESI-MS spectra of 1 dissolved in DMF and MeOH, the mole-
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cular ion peak of the Y;, cluster was not observed. The spec-
trum of 1 dissolved in DMF exhibits two prominent singly-
charged ion peaks at m/z = 4469.601, and 4371.716 (Fig. S47),
which can be assigned to [Y;,(L)o(CO3)4(NO3),(15-OH),(H,0)s5]"
(cal. m/z 4469.080) and [Yi5(L)o(CO3)3(NO;),(1t5-OH)o(H,0)]"
(cal. m/z 4371.025), respectively. Compared with the molecular
formula of 1, these two cations have the same Y;, cluster but
contain more p;-OH™ and water and fewer L>~ ions, which
indicates that the core Y;, cluster is stable in DMF and MeOH.
Furthermore, the stability of the core Y;, cluster under the con-
dition of ESI-MS measurement also paves the way for exploring
the possible self-assembly mechanism. Comparing the ESI-MS
spectrum of the Y;, cluster reaction solution to that in organic
solvents, there are two obvious peaks that stand for two
different fragment species with charge states of +3 and +2 can
be observed at m/z = 709.169 and 1523.145, respectively. In
detail, the peak at m/z = 709.169 can be assigned to
[Y5(L)3(HL),(NO;)(13-OH);]** ions (cal. m/z = 709.83). While the
peak, which is located at m/z = 1523.145 can be attributed to
[Ys(L)6(CO3)2(NO3),(113-OH),(CH;CH,0H);]** ions (cal. m/z =
1523.765) (Table S57). It is worth noting that compared to the
high intensity of the peaks at m/z = 4469.601, and 4371.716 in
the spectrum of Y;, dissolved in DMF, the similar peaks in the
spectrum of the reaction solution can be negligible, instead,
the intensities of the peaks at m/z = 709.169 and 1523.145 are
much higher in the reaction solution, which means that
during the self-assembly process, the Y** ions and the ligands
were first constructed into Ys or Yg fragments, and then
further assembled to form the Y,, clusters. Therefore, the
possible assembly mechanism can be summarized as Y5 — Yg
— Yq,. As shown in Fig. S5,1 firstly, the Y*" ions occupy the
periphery position and are bridged via the L*>~ ligands, NO;~
and p3-OH™ ions react to form the arc-shaped cluster (Ys)
which is similar to the crescent, then, the Y5 cluster combine
with other two Y*" ions at the periphery position and one Y**
ion, which is located in the core position, to produce the semi-
circle-shaped Ys cluster. Finally, Yg connects the other four Y**
ions via the bridging effect of NO;~ and p;-OH™ ions to form
the disk-like Y;, cluster. As far as we know, this is the first
time to explore the possible assembly mechanism of the non-
brucite type disk-like RE-cluster, which contains two RE*" in
the center position of the cluster.

One of the charming properties of the exquisite RE-clusters
(especially Ln-cluster) is their unique photoluminescence
emission derived from the f-f electronic transition, which has
many distinctive optical attributes, i.e. large Stokes shifts,
narrow line emission, and long lifetimes.*’*> However, owing
to the Laporte-forbidden of the 4f-4f transition, the Ln-clusters
always need auxiliary organic ligands to act as “antenna” to
achieve strong emission.?® Distinguish with the normal exqui-
site Ln-cluster, in this work, the disk-like Y;, cluster (1) exhi-
bits illustrious green light broad band emission, which can be
attributed to the emission of the organic ligands (L*7). In
Fig. S6a,f the UV-vis absorption spectrum exhibits a wide
range of absorption peaks in the range from 250 nm to
500 nm, which can be attributed to the n-n* electronic tran-
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sition in organic ligands. According to the calculation results
of the Kubelka-Munk function, the band gap of 1 is 2.25 eV
indicating its semiconductor characteristic of 1 (Fig. S6bt). As
shown in Fig. 3, the normalized excitation and emission
spectra of 1 in different states have been measured at room
temperature. In the excitation spectra of 1, the peak profiles
are quite different, and the maximum values are 440 nm
(solid-state), 343 nm (in MeOH) and 424 nm (in DMF). While
the emission spectra of this Y;, cluster (1) in the solid state
and dissolved in MeOH or DMF exhibit a similar broad band
single peak profile. Among them, the emission maximum
value of 1 in the solid state is 533 nm, which is red-shifted by
50 nm relative to that of the pure L*~ ligands, this is very
common for organic luminescence ligand-based coordination
complexes, which can be attributed to the reduced nonplanar
distance between the two quinoline groups in L>~, due to the
special coordination modes in this cluster.** As 1 is dissolved
in MeOH or DMF, an obvious blueshift of the emission peak
can be observed and the emission maximum value reached
510 nm (in MeOH) and 522 nm (in DMF), owing to the sol-
vation effect. Besides, at room temperature, the photo-
luminescence quantum yield (&g) of 1 is 4.95% with a nano-
second lifetime (Fig. S6c and df). The short lifetime further
demonstrates that the luminescence of 1 should be attributed
to the ligand emission rather than the LMCT (ligand-to-metal
charge transfer). On account of the good solubility and solvent
stability in common organic solvents (DMF and MeOH) and
the moderate luminescence emission property, this disk-like
Yy, cluster can be the luminescent layer for assembling the
light-emitting device.

In order to obtain a homogeneous film with a controlled
distribution of the emission layers, the spin-coating method
was used due to not only its economical properties but also
this method has tiny influence on the photophysical properties
of the luminescence materials.*® In this work, DMF was
chosen to disperse and dissolve the crystal sample of 1 to
prepare the liquid precursor, then the complex film was pre-
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Fig. 3 Normalized excitation and emission spectra of 1 in the solid
state and dissolved in methanol and DMF.
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pared by the spin-coating method and the phase purity of this
film was examined by PXRD (Fig. S71). According to the SEM
images of the thin film (Fig. S8at), the nano-crystal particles of
the Y;, clusters can be distributed on the ITO with uniform
morphology. Furthermore, the EDX mapping images reflect
the uniform distribution of Y, C, N, and O in this thin film
sample (Fig. S8b-ff). The UV-vis absorption and photo-
luminescence spectra of film sample 1 are shown in Fig. S9.1
Similar to the solid sample, the absorption spectrum of the
film sample also exhibits a wide-range absorption peak in the
range from 250 to 500 nm. Under the 350 nm excitation, the
film sample displays an obvious green emission color and the
emission spectrum of 1 in the film sample exhibits a broad
band centered at 515 nm, which is very similar to those
recorded in the solid state and dissolved in DMF. Based on the
luminescence property, the film sample of 1 can be a good
candidate as the luminescent layer in an OLED device. As
shown in Fig. 4a and b, the entire OLED device was assembled
by the indium-tin-oxide (ITO) coated glass substrate as the
anode, the poly(3,4-ethylenedioxythiophene): polystyrene sulfo-
nate (PEDOT:PSS, 40 nm) as the hole transport layer, Y;,-
cluster film as a luminescent layer (110 nm), the 1,3,5-tris(1-
phenyl-1H-benzimidazol-2-yl)benzene (TPBi, 40 nm) as the
electron transport layer, the LiF layer (1 nm) as the electron
injection layer. Finally, 120 nm aluminum film was evaporated
on top of the device as the cathode. The electroluminescence
(EL) spectrum indicates that this OLED device with 40 nm
PEDOT:PSS and 40 nm TPBi could exhibit a wide range of

Al
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(a) uF (b) LiF/Al
T S ¥ Y1(C0,)4(L)1g(NO;),(12-0H)s
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Fig. 4 (a) The diagram of the OLED device structure. (b) SEM cross-
section images of the device. (c) The electroluminescence spectrum of
the device. (d) Current density—voltage—luminance (J-V-L) curves of
the device. (e) The CIE coordinate diagram of the device. (f) The photo-
graph of the green OLED.
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emission peaks in the range from 450 to 650 nm, the
maximum is located at 532 nm (Fig. 4c). The CIE chromaticity
coordinates were calculated to be (0.332, 0.514), which are
located in the green light area (Fig. 4e). The photograph of the
emission color further demonstrates the green light emission
of the OLED. According to the voltage-current density-lumi-
nance (J-V-L) curves (Fig. 4d), the turn-on voltage is as low as
4 V with a luminance of 3 cd m™>. Besides, the luminance of
this OLED shows a positive correlation depending on the
voltage, and the maximum luminance of 84 cd m™> can be
obtained under 9 V before the degradation of the device.
Although the performance of this Y;,-cluster-based OLED
device is not comparable to the commercial devices or other
reported metal-organic complexes (Table S61),°?” this is the
first systematic investigation on the EL performance of the
larger RE-cluster (RE, n > 10) as the emitter.

In summary, based on the combined effect of the in situ
ligands, formation strategy and the anions template strategy,
the rule of the “1 + X,6n” in the traditional brucite-type RE-
cluster was broken. An unprecedented disk-like Y;, cluster
with Y,CY;, type structure was synthesized. The structural ana-
lysis demonstrated that the two Y*" ions form the Y, core,
which was located in the center position, while the other ten
Y*" ions were bridged by the in situ ligands to form the ring-
like subunit and encapsulate the Y, core tightly. The ESI-MS of
1 not only revealed that the metal skeleton of the Y;, cluster
has good solubility and stability in some common organic sol-
vents (DMF and MeOH) but also indicated the possible assem-
bly mechanism could be Y5 — Yg — Y;,. Furthermore, owing
to the noticeable green light emission property, we successfully
fabricated the green OLED based on the Y;, cluster as a
luminescence layer, and the device presents obvious electrolu-
minescent characteristics with a luminance of 84 cd m™ at 9
V. This work not only proposes a novel strategy for design and
synthesis the disk-like RE-clusters but also provides a proof-of-
concept for the application of the exquisite RE-clusters in the
field of OLEDs.
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