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Photo-functional supramolecular lanthanides assemblies have shown great potential in the materials and biomedical fields. Two new tri(tridentate)
ligands (L3 and L4) highlighting small variation of the connection position to the central tridentate linkers have been designed, which leads to the

mergent formation of either Ln;lLs-type sandwich structures or Ln,lL,-type tetrahedral cages. Moreover, nonlinear enhancement of lanthanide
minescence based on the modulation of inter-ligand charge-transfer states has been revealed on the mix-ligand LnsLs sandwiches. Our results provide
portant guidance for structure-design and photoluminescence optimization of supramolecular lanthanide-organic assemblies.
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such as
[3]

Coordination-assembled discrete
architectures show many promising applications,
iomimetic catalysis,[” molecular sensing,[2 ion extraction,
io-imaging and cancer therapy.m In contrast with the intense
ports on metallosupramolecular edifices constructed with
transition metals,[S] multi-nuclear lanthanide-organic architectures
re far less studied.” Due to their particular optical, electric and
agnetic characteristics, mononuclear clathrates, bundles or
inuclear helicates of lanthanides have shown great potential in
e materials and biomedical fields."”! However, high-nuclear and
sophisticated lanthanide-organic assemblies are still rare because
f the challenges in taming the intrinsic liability and flexibility on
nthanide coordination.®

Supramolecular transformation is an efficient method for the
eneration and functionalization of discrete supramolecular
semblies.” In-depth  understanding of supramolecular
ansformation helps not only in mimicking the biological
ransformation processes but also in the design of smart
nctional materials. So far, stimuli-responsive supramolecular
ansformations triggered by solvent,™® concentration,™"! pH,[u]
ight,ml metal/ligand ratio,[14] guests,[l‘r’] and so on have been
complished. Recently, our group has reported a systematic
structure evolution of the chiral lanthanide coordination edifices
rom helicates and tetrahedrons to cubes via subtle ligand

riations and concentration effect.?
ue to the Laporte symmetry-forbidden 4f-4f transitions on
lanthanides (with molar absorption coefficient £<10? M’lcm’l),“e]
ntenna” sensitization of lanthanide luminescence through the
djacent organic chromophores is necessary.m] To obtain bright
luminescent lanthanide complexes, most efforts have been
cused on designing appropriate ligands with proper energy gap
etween the excited state of the donor ligands (usually the triplet
state T1) and the accepting emitting states of the lanthanides.™
cently, we found that ligands based on triazole-pyridine-amido
pa) chelation arms(L1 and L2) could form bright luminescent
lanthanide-organic polyhedra.ug] Herein, two new tpa-based
i(tridentate) ligands (L3 and L4) highlighting small variation of
the connection position to the central tridentate linkers have been
designed, which leads to the emergent formation of new
sLs-type sandwich structures or Ln,L,-type tetrahedral cage
(Scheme 1). Transformation between Lns;L; and LnsL, has also
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been realized by switching the solvents with different polarity.
Moreover, non-linear luminescent enhancement through an
inter-ligand charge transfer sensitization mechanism has been
revealed during the mixed-ligand self-assembly of the Lnsl;
sandwiches.

Scheme 1 Coordination-directed
transformation of Lanthanide-organic Lnsls
Tetrahedron.
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Results and Discussion

Ligand design and synthesis. Based on geometrical principle,
Cy-symmetry  tris-(tridentate) ligands  combined  with
nine-coordinating Cs;-symmetry Lanthanide nodes usually form
MyLs-type tetrahedron.??® * 1920 Indeed, full-conjugated ligands
with triphenyl-benzene or triphenyl-triazine cores decorated by
the triazole-pyridine-amido (tpa) chelating arms are known to
self-assemble with Ln** (Ln = Eu, Th, Sm, Dy ) to form bright
luminescent Ln,lL, tetrahedra.!*” Meanwhile, we also disclosed
that the offset arrangement of the chelating groups in the
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bis-(bidentate) ligands can dictate the final outcomes of the
assembly, where Lnyls, (n = 1, 2, 4) could be selectively
obtained.? This finding persuaded us to check whether the
variation of the connection angles between chelation arm and the
central tridentate spacer has influence on the final product. Bear
this in mind, two new tris-(tridentate) ligands, L3 and L4, where
the connection angle between the chelating arms and the spacer
is changed from 180 to 120 degrees (Scheme 1) have been
designed. Both ligands were synthesized by previously reported
ethod,[w] which have been fully characterized by NMR and
h-resolution ESI-MS spectroscopy. (See experimental section
r details.) Surprisingly, L3 and L4 both tend to form Lnsl;
Sandwich structures instead of LnyL, tetrahedron when
If-assemble with Ln**. To the best of our knowledge, this is the

reover, ligand L3 can also self-assemble with Ln*>* to form the
own LnyL, tetrahedron, where solvent-triggered transformation
tween LnsL; and Ln,l, took place.
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Figure 1 Characterization of the self-assembly of L4 with Eu(OTf);: *H NMR
(400 MHz, 293 K) spectra of (A) free ligand L4 (in CDCl;/CDs;0D = 4:1) and
(B) the Eus(L4);(OTf)s complex (in CDsNO,/CD;0D=4:1); (C) *H DOSY and
(D)ESI-TOF-MS spectra of the Eu;(L4);(OTf);, complex with insets showing
the observed (Obs) and simulated (Sim) isotopic patterns of the peaks
corresponding to [Eus(L4);(OTf)s)>". X-ray crystal structure of the Eus(L4);
complex: Side view (E) and top view (F) of the discrete Eus(L4); assembly;
(G) (OTf);@[Eus(L4);], dimeric structure refined in the asymmetric unit
(Color mode: Eu, purple sphere; C, green; N, dark blue; O, red; F,
gray-green; S, yellow).
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rst example of lanthanide supramolecular sandwich architecture.

Complex of Eu;(L4);(OTf)s. When equimolar amount of
Eu(OTf); and L4 were added into a mixed solvent of deuterated
acetonitrile and methanol (v/v, 4:1) and stirred at 50 °C for 1 hour,
the turbid suspension gradually turned into a homogeneous
solution. 'H NMR indicated quantitative formation of a single
product with low symmetry, as roughly two sets of ligand signals
in a 1:2 ratio are observed, except for the further splitting of the
isopropyl groups (Figure 1A, B). Compared with the free ligand,
most signals arising from the assembly are shifted, which can be
attributed to paramagnetic Eu™ centers. All signals could be fully
assigned with the help of H-'H COSY spectra (Figure S12).
Diffusion-ordered *H NMR (DOSY) also indicated the formation of
a single species in solution, with one diffusion band observed at a
diffusion coefficient of D = 3.55x10™° m?s* (Figure 1C).
High-resolution ESI-TOF-MS clearly confirmed the formation of
the trinuclear supramolecular architecture with a formula of
Eus(L4);(OTf)q (Figure 1D). A series of peaks with m/z = 810.1722,
1049.9542, 1449.5897 consistent with the successive loss of OTf-
counter ions on Eus(L4);(OTf), are observed, which can be further
verified by comparing to the isotopic patterns. For example, the
simulated isotopic pattern for [Eu3(L4)3(OTf)_r,]4+ shown in the
insets of Figure 1D perfectly match the experimentally observed
one.

The structure of Eus(L4)3(OTf)g was ultimately confirmed by
X-ray diffraction analysis. Single crystals were obtained by slow
vapor diffusion of chloroform into the acetonitrile solution of
Eu;(L4)3(OTf), after weeks. It has to be pointed out this crystal
diffracts very weakly in nature due to a giant “void” of 25,577 A3
(roughly 64.7% of unit cell volume), where highly disordered
charge-balancing counter ions and solvent molecules have been
masked by a Platon/SQUEEZE routine.” As shown in Figure 1E,
the discrete Eus(L4); assembly displays a triple-decker sandwich
structure, where three Eu vertices define a pseudo-regular
triangle with an average Eu--Eu distance measured to be 15.6 A.
All Eu centers are nine-coordinated with mechanical-coupled
cooperative AAA or AAA configurations, resulting in the
supramolecular chirality on each complex. However, the
compound crystallized in a P-1 space group, so both AAA and AAA
enantiomers exist in the same crystal. The intramolecular
distance between adjacent centroids of the triazine rings is
determined to be 3.35 A (Figure 1F), indicating the existence of
strong intra-molecular n-t stacking interactions.™ As shown in
the asymmetric unit in Figure 1G, two unique Eus(L4); assemblies
with the same chirality are also closely packed together, giving
rise to a dimeric structure, which is stabilized by multiple
hydrogen-bonding interactions through three bridging OTf
anions. Similarly, strong inter-molecular nt-it stacking interactions
are observed between the triphenyl-triazine plane, leading to a
sextuple m-mt stacked structure in total. The dimeric structures
could also be found in the gas-phase, as assignable peaks
corresponding to [Eu6(L4)6(OTf)18,y]V+ (y=5,6,7) were also observed
in the ESI-TOF-MS (Figure 1D).

Complexes of Eu3(L3)3(OTf)g and Euy(L3)4(OTf);,. The Eus(L3);
complex was synthesized in the same method as for Eus(L4); by
using the corresponding L3 and Eu" salts. Due to the co-existence
of potential AAA, AAA, AAA and AAA isomers,*?) it is difficult to
fully assign the '"H NMR spectrum of this complex in this case
(Figure 2A). Nonetheless, DOSY (Figure 2B) and ESI-TOF-MS
(Figure 2G) clearly confirmed the formation of the trinuclear
Eus(L3)3(OTf)g structures in solution. Interestingly, when Eu" and
L3 were self-assembled in nitromethane with a lower polarity, the
Euy(L3), tetrahedral complex was obtained. This was firstly
indicated by a totally different '"H NMR spectrum (Figure 2C) from
the Eus(L3); complex. Secondly, DOSY (Figure 2D) also indicated
the formation of a single species with a different size (diffusion
coefficient of D = 3.98x10™° m%s™ for Eu,(L3),4, corresponding to a
diameter of 16.8 A), which is similar to the Eu,L,-type complexes
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reported previously.ml In addition, ESI-TOF-MS cleanly confirmed
the formation of Eu,(L3),(OTf):,, which showed a clear sequence
of cationic peaks arising from the consecutive loss of OTf anions
from the tetranuclear assembly (such as m/z
448.5025([Eu,(L3),(OTH),I®),  533.7087  ([Eus(L3)4(OTH),1"),
647.6517 ([Eua(L3)4(0Tf)5]%), 806.9720  ([Eus(L3)4(OTH)4]™),
1045.7027  ([Eua(L3)4(OTF)s]"), 1444.2554 ([Eu,(L3)4(OTf)e]*")
(Figure 2H).
Attempts to crystallize Eusz(L3);(OTf)y sandwich and
U,(L3),(OTf),, tetrahedron were unsuccessful possibly due to the
@lstence of complicated isomers. Thus, their structures were
imulated by molecular mechanic modeling. The optimized
ructure of AAA-Eu;(L3); and AAAA-Eu,(L3), are shown in Figure
E and 2F, respectively. The average distance of Eu---Eu of the
A Eus(L3); are similar to Eus(L4);. For Eu,(L3),, it is worth to
ention that there are 25 possible isomeric structures by the
ombination of chirality at metal centers (4/A) and clockwise or

itlcloclese orientation of ligands (A/C).[24] (Table S2)

Ivent-triggered transformation between Eu;(L3); and Euu(L3),

| aas then studied. When the nitromethane solution of Eu,(L3),
as evaporated and re-dissolved in acetonitrile by heating at 60°C

r 1.5 h, both 'H NMR (Figure S24) and ESI-TOF-MS (Figures S25,
7) spectra confirmed that structural transformation occurred.
us(L3); could also be converted into Euy(l3), by
Ivent-exchange, and vice versa (Figures S22-S23, S48-S49). The
successful transformation between the two complexes suggests
the dynamic nature of these lanthanide-organic assemblies.
hotophysical  studies. The UV-Vis absorption and
photoluminescent properties of both ligands and complexes were
investigated. Similar to the reported ligands, both L3 and L4 in

HsCN solution show strong absorptions in the 235-320 nm range,
spectively (Figure 3A). Upon excitation at 298 nm in the ligand
vel, Eus(L4); displays characteristic line-like em|55|on peaks at

580, 593, 615, 650 and 702 nm, corresponding to Doé F,(J =0-4)
ansitions of Eu" (Figure 3B). However, sensitization
erformance of L4 and L3 were apparently different, with
otolumlnescent quantum vyields @ of Eusz(L4); and Eus(L3);
easured to be 55.3% and 34.7% in acetonitrile solution,

respectively (Figure S28, S29). This is a little different from the
Qewous report of Eul, built from L1 and L2 with different

oF
Qo
Q-
<

Figure 2 Self-assembly of L3 with Eu(OTf)s.

chelates connection angle, where analogous ® (56% vs. 52%)
were obtained."™ Similar characteristic Eu" emission bands were
also observed for Eu,(L3),, but the excitation band shows a little
blue shifting. Under the same measurement conditions (0.3v%
MeNO,/MeCN), a smaller quantum vyield (®=15.7%) was
measured for Eu,(L3), than Eus(L3); (P=23.2%).( See experimental
section for details) This implies that the unique m-mt stacked
conformation of the ligands on the sandwich complexes
dramatically enhanced the sensitization ability toward lanthanide
luminescence. In our previous study, we have demonstrated that
intra-ligand charge-transfer state provides a good alternatlve
sensitization pathway toward bright luminescent cages ! The
strong inter-ligand m-m stacking interactions observed on the
triple-decker Ln;L; sandwich motivated us to further modulate its
luminescence based on a mixed ligands strategy.

Nonlinear enhanced luminescence on Euz(L3),(L4)s.,.
Luminescence modulation by doping of different organic ligands
has been studied in MOFs and other nanomaterials.”* However,
such a doping has seldom been tested on the molecular level.?®!
We designed the following experiments to confirm that
intra-ligand charge-transfer state can be used to enhance the
luminescence of the lanthanide-organic edifices. Firstly, when
equimolar amount of Eu(OTf); and mixed L4/L3 (2:1 molar ratio)
was self-assembled, formation of heteroligand Eus(L4),(L3)3 (X =
0, 1, 2, 3) sandwiches was confirmed by ESI-TOF-MS (Figure S35).
The emission spectra (A, = 298 nm) were collected with the
gradually increased fraction of the L4 content [f = L4/(L3+L4)]. As
shown in Figure 3C, the emission intensity at 615 nm shows a
nonlinear enhancing trend with two maxima appeared at f = 0.4
and 0.7, respectively. These are the ratios where Eu;(L4),(L3), or
Eu;(L4),(L3); are preferably formed (Figures S51-S54). As a control,
the emission intensity (615 nm) shows a linear change by
systemically mixing of the preformed Eus(L3); and Eus(L4);
complexes (Figure S54-S59). We speculate that the formation of
A-D-A or D-A-D type n-it stackings between the triphenylbenzene
(Donor, D) and triphenyltriazine (Acceptor, A) aromatic panels on
the ligands accounts for the bactrian-shape of the emission
enhancement. This was further supported by the UV-vis spectrum,
where heteroligand complexes of Eusz(L4),(L3)s, (x= 1 and 2)
showed slightly enhanced absorption at 300 nm compared to the
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mix-complex solutions (Eus(L3)s/Eus(L4);=1/2 or 2/1) (Figure S33).
Figure 3 (A) UV-Vis absorption of L3, L4 and Eus(L4)s, Eus(L3)3and Euy(L3),
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CHCN (c = 1x10® M) (B) Excitation and emission of Eus(L4)s, Eus(L3);
and Eua(L3), in CH3CN (c = 1x10™° M). (C) The emission spectra(CHsCN, ¢ =
1x10° M, Ae = 298 nm) of the mixed-ligand Eus(L4)(L3)sx (x =0-3)
mplexes with increasing content of L4 [f = L4/(L3+L4)] (Inset shows the
clanges of the emission intensity at 615 nm at different f values with two
schematic diagrams of the dominate species of Eus(L4):(L3), and
Eus(L4),(L3); at f = 0.4 and 0.7, respectively.

A

Conclusions

Unprecedented supramolecular lanthanide-organic sandwich
complexes were obtained by a small variation of ligand
conformations, and the first example of sandwich-to-tetrahedron
transformation was observed based on solvent effect. Moreover,
nonlinear enhancement of lanthanide luminescence based on the

modulation of inter-ligand charge-transfer state has been realized.
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Our results provide important guidance for structure-design and
photoluminescence optimization of supramolecular
lanthanide-organic assemblies.

Experimental

Materials and Methods. Unless otherwise stated, all
chemicals and solvents were purchased from commercial
companies and used without further purification. Anhydrous
solvents were distilled according to standard procedures. The
solvents used for photophysical measurements were of HPLC
grade. Deuterated solvents were purchased from Admas, J&K
scientific and Sigma-Aldrich. 1D and 2D-NMR spectra were
measured on a Bruker Biospin Avance Ill (400 MHz) spectrometer.
1H-NMR chemical shifts were determined with tetramethylsilane
(TMS) or respect to residual signals of the deuterated solvents
used. ESI-TOF-MS mass spectra were recorded on Impact Il
UHR-TOF from Bruker, with tuning mix as the internal calibrant.
Data analysis was conducted with the Bruker Data Analysis
software (Version 4.3) and simulations were performed with the
Bruker Isotope Pattern software. UV-Vis spectra were recorded on
UV-2700 spectrometer from SHIMADZU. Excitation and emission
spectra were recorded on FS5 and FLSP920 spectrofluorometer
from Edinburg Photonics. Spectra were corrected for the
experimental functions. The emission quantum yields in solution
and solid state were measured by FS5 spectrofluorometer from
Edinburg Photonics with integrating sphere.

Eus(L4);(OTf)e: To a suspension of ligand L4 (3.03 mg,
3.03x10° mmol, 1 equiv) and Eu(OTf)3 (2.19 mg, 3.16x10° mmol,
1.1 equiv) in 1 mL MeCN at 25°C for 1 h, the turbid suspension of
ligands gradually turned clear. The solid progressively dissolved to
give a resulting homogeneous yellow solution. 'H NMR showed
the quantitative formation of Eus(L4)5(OTf)s. m.p.>300 °C. 'H NMR
(CD5CN , 400 MHz) 6 9.91 (s, 1H), 8.46 (d, J = 11.4 Hz, 2H), 8.39 (s,
1H), 8.24 (d, J = 7.8 Hz, 1H), 7.88 (d, J = 7.1 Hz, 1H), 7.65 (s, 1H),
7.56 (d, ) = 6.2 Hz, 1H), 7.47 (d, ) = 7.8 Hz, 1H), 7.37 (dd, J = 12.9,
7.4 Hz, 2H), 7.25 (t, J = 7.4 Hz, 1H), 7.10 (s, 2H), 7.01 (t, J = 8.1 Hz,
1H), 6.92 (d, J = 7.9 Hz, 2H), 6.61 (t, ) = 7.6 Hz, 1H), 6.29 (d, J = 7.3
Hz, 1H), 6.19 (t, ) = 7.8 Hz, 1H), 5.78 (s, 1H), 5.36 (d, J = 7.1 Hz, 1H),
5.17 (d, J = 7.1 Hz, 1H), 4.83 (d, J = 7.5 Hz, 1H), 4.50 (d, J = 7.8 Hz,
1H), 4.03 (s, 1H), 3.66 (s, 1H), 3.23 (s, 1H), 2.21 (s, 3H), 1.27 (dd, J
=10.5, 5.4 Hz, 6H), 1.10 (d, J = 4.9 Hz, 3H), 0.29 (dd, J = 12.7, 5.5
Hz, 6H). HRMS for Eus(L4)3(OTf)g: The following picked signals are
those at the high intensities. m/z calcd for [M-3(CF5S0;5))**
1447.2414, found 1447.2412; caled for [M-4(CF5S0;)]*
1047.9427,  found 1047.9420; caled for [M-5(CF;S05)]>"
808.5637, found 808.5632; calcd for  [M-6(CF3S05)]°" 649.1445,
found 649.1445; calcd for [M-7(CF3503_)]7+ 534.9877, found
534.9883.

Euz(L3);(OTf)e: Eus(L3);(OTf)y was prepared by a same
procedure as Eus(L4)5(0Tf)g. m.p.>300 °C.'H NMR (CD5CN/CD50D
v/v = 4:1,400 MHz, 298 K) & 9.78 (s, 2H), 8.73 (s, 1H), 8.48 (s, 1H),
8.41 (d, ) = 7.9 Hz, 1H), 8.20 (s, 1H), 8.01 (s, 1H), 7.94 (d, ) = 5.5 Hz,
1H), 7.91 (d, J = 10.2 Hz, 2H), 7.83 (d, J = 5.3 Hz, 2H), 7.75 (d, J =
8.8 Hz, 1H), 7.60 (d, J = 10.2 Hz, 1H), 7.55 (s, 1H), 7.46 (dd, J = 15.0,
5.9 Hz, 2H), 7.26 (t, J = 6.7 Hz, 2H), 7.19 (d, J = 9.1 Hz, 1H), 7.13 —
7.07 (m, 1H), 6.99 (d, J = 7.2 Hz, 1H), 6.90 (d, J = 8.1 Hz, 1H), 6.80
(t, J = 6.4 Hz, 1H), 6.73 — 6.67 (m, 1H), 6.59 (d, J = 12.4 Hz, 1H),
6.25 — 6.14 (m, 2H), 5.79 (d, J = 7.2 Hz, 1H), 5.35 — 5.22 (m, 3H),
3.57 (d, ) = 16.2 Hz, 1H), 2.78 (d, J = 5.6 Hz, 3H), 2.16 (d, J = 5.7 Hz,
3H), 1.74 (d, ) = 5.9 Hz, 3H), 1.48 (d, ) = 5.5 Hz, 3H), 1.03 (d, J = 6.1
Hz, 3H), 0.58 (d, J = 5.6 Hz, 3H) ; HRMS for Eu;(L3)3(OTf)e: The
following picked signals are those at the highest intensities. m/z
calcd for [M—E‘;(CF3503_)]3+ 1444.2558, found 1444.2544; calcd for
[M—4(CF55057)]*" 1045.7019, found 1045.7035; caled for [M-
5(CF;505)1>" 8067713, found 806.7723; caled for [M-
6(CFsS057)]® 647.6513, found 647.6517; caled for [M-
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7(CF55057)]”* 533.7084, found 533.7081.

Eu,(L3),(OTf);,. To a suspension of ligand L3 (4.01 mg,
4.02x10° mmol, 1 equiv.) and Eu(OTf)3 (2.89 mg, 4.83x10° mmol,
1.2 equiv) in 1 mL MeNO, at 50°C for 1.5 h, the turbid suspension
of ligands gradually turned clear. The solid progressively dissolved
to give a resulting homogeneous yellow solution. 'H NMR showed
the quantitative formation of Eu,(L3),(OTf);,. However, its NMR
spectra could not be assigned due to the poor solubility of this
complex. m.p.>300 °C. HRMS for Eu,(L3)4(OTf)1,: The following

icked signals are those at the high intensities. m/z calcd for
u-qcas@ )% 1444.2558, found 1444.2545; caled for
-5(CF;S05)°"  1125.4139, found 1125.4129; caled for
-6(CF3SO3_)]6+ 913.1864, found 913.1853; caled for
Hj-ucaso;)]” 7613093, found 761.3083; caled for
M-8(CF5S05)]*" 647.6517, found 647.6509; [M-9(CF5SO;)]°"
9.0289, found 559.0286; calcd for [M-10(CF;S05)]"" 488.2308,
ound 488.2311.
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