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ABSTRACT: A series of lanthanide—titanium oxo
clusters (LnTOCs), Ln,Tig-Ac, Ln,Tig-p-Toluic, and
Ln,Tig-Anthra (Ln = Eu and Tb), were prepared based
on acetic acid (HAc), p-toluic acid (Hp-Toluic), and
anthracene-9-carboxylic acid (HAnthra). Crystal struc-
tural analysis showed that these clusters possess the same
metal topology framework, in which eight Ti*" ions form a
cube and two Ln** ions are located on the opposite faces
of the cube. The luminescence investigation discovered
that the Eu,Tig—Ac displays the highest quantum yields
with 15.6%, and the conjugation effect of ligand
substituents can lower the triplet state energy of ligands,
thus regulating the luminescence quantum yield of the
Ln,Tig clusters. These results suggest that the triplet
excited-state energy of the ligands should match well with
the energy levels of Ln** to enhance the luminescence.

L anthanide complexes have received more attention due to
their interesting magnetic, electrical, optical, and catalytic
properties and their potential applications in the fields of
materials science, solar energy conversion, LED, biological
imaging and sensing, and time-resolved immune testing.[
Compared with the mononuclear lanthanide complexes, the
polynuclear lanthanide clusters (4f),” especially the hetero-
metallic lanthanide-transition (3d—4f) clusters,” exhibit special
properties for the unique synergism between multiple metal
jons in the cluster.* However, because of the quenching of
many hydroxyl bridges and coordinated water molecules, most
of the 4f/3d—4f clusters do not show high luminescence
quantum yield (QY). Recent studies demonstrate that the
lanthanide—titanium oxo clusters (LnTOC) generally have
excellent luminescence performance not only because there are
usually O-bridges instead of OH-bridges between metal ions
and there is a decrease in water molecules but also because of
the energy transfer between the lanthanide—titanium oxo core
and the ligands.” Although lanthanide—titanium oxo cluster
compounds have attracted extensive attention in the past few
years, the synthesis of LnTOC is also a great challenge due to
the very strong hydrolysis of Ti** ions. This difficulty in
synthesis further prevents the systematic study of the
luminescence properties of LnTOCs.
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The intramolecular energy-transfer efficiency from the
lowest triplet state of the ligand to the lowest excited state
of Ln*" ions plays an important role in the luminescence
performance and the QY of a lanthanide complex.® The energy
gap between the lowest triplet level of the ligand and the
lowest excited level of the Ln®>" must be at an appropriate value
for the high luminescence efficiency; for example, the triplet
levels of ligands in the range of 22000—27000 cm™' can
effectively sensitize both Eu®" and Tb*" ions.”® Different types
of ligands have different triplet energy levels, so choosing
appropriate ligands with a suitable triplet energy level is an
ideal way to construct excellent luminescence performance.”””
There are a number of works that have been reported about
the ligand dependence of the luminescence QY of Ln*","
whereas works on the luminescence of LnTOCs are rare.

Herein, to investigate the energy transfer in the LnTOC
system, we have chosen three carboxylic acid ligands with
different substituents and prepared three series of hetero-
metallic LnTOCs, formulated as [Ln,Tig(u,-O),(15-O)s(1t5-
OH),(Ac)4)-8(CH;CN) (Ln,Tig-Ac, Ln = Eu (1), Tb (2),
HAc = acetic acid), [Ln,Tig(#,-O),(13-O)s(p,-OH),(p-
toluic),4]-2(H,0) (Ln,Tig-p-Toluic, Ln = Eu (3), Tb (4),
Hp-Toluic = p-toluic acid), and [Ln,Tig(t,-0),(15-0)s(1t,-
OH),(anthra)4]-4((CH;),CHOH)-12(H,0) (Ln,Tig-Anthra,
Ln = Eu (5), Tb (6), HAnthra = anthracene-9-carboxylic acid).
The luminescence investigation shows that the higher the
electron-donating ability of the ligand substituent, the lower
the triplet state (T,) energies of the ligands. The Eu,Tig—Ac
displays the highest QY with 15.6% because of the appropriate
T, level. The T, energies of Eu,Tig-p-Toluic are very close to
the excited level of Eu*, and the energy back transfer from
Eu®" to ligand was observed, which resulted in a 1.5% QY.
Because the T, energies of Eu,Tig-Anthra are lower than the
excited level of Eu®*, there is no energy transfer from the ligand
to Eu** and no luminescence phenomenon. The Tb,Tig also
shows similar luminescence properties.

Ln,Tig-Ac, Ln,Tig-p-Toluic, and Ln,Tig-Anthra were pre-
pared by the reaction of lanthanide salts, Ti(O'Pr),, and
different ligands of acetic acid/p-toluic acid/anthracene-9-
carboxylic acid in CH3;CN/IPA and THF. The single-crystal
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structural analysis shows that the Ln,Tis-Ac clusters belong to
the cubic crystal Imm space group; Ln,Tig-p-Toluic and
Ln,Tig-Anthra crystallize in a tetragonal crystal I4/m and
trigonal crystal R3¢ space group. These three series of Ln,Tig
clusters have the same metal core as [Ln,Tig(u,-O),(ps-
0)s(1,-OH),]'%*. The metal core of [Ln,Tig(p,-O),(us-
0)s(1,-OH),]"%* is composed of two Ln*" ions, eight Ti*
ions, and two p,-O, eight y;-O~, and two u,-OH bridges, as
displayed in Figure la. The metal framework can be regarded

Figure 1. Crystal structures of (a) [Ln,Tig(s,-0),(p3-O)s(sts-
OH),]'**, (b) Ln,Tis-Ac, (c) Ln, Tig-p-Toluic, and (d) Ln,Tis-Anthra
(Ln = Eu, Tb). Ln, purple; Ti, green; O, red; C, gray.

as a combination of two quadrangular pyramids linked by two
Uy-O bridges and two y,-OH bridges. As a result, the eight Ti**
ions form a nearly cubic structure, and two Ln*" ions locate on
opposite faces of the cube (Figure S1). As shown in Figure
1b—d, the 10-metal core [Ln,Tig(1,-0),(u3-0)g(u,-OH), ]
is further protected by 16 Ac™, 16 p-toluic™, and 16 anthra™,
generating the clusters of Ln,Tig-Ac, Ln,Tig-p-Toluic, and
Ln,Tig-Anthra, respectively. As shown in Figure S3, adjacent
Ln,Tig-Ac clusters are linked through hydrogen bonding,
whereas adjacent Ln,Tig-p-Toluic clusters are connected
together by m—n stacking (Figure S4). Interestingly, a
nanocage is formed by packing six Ln,Tig-Anthra through
m—n stacking and hydrogen bonding (Figure S5). Each Ln’*
displays an octa-tetragonal antiprism configuration and is
coordinated by four y;-O atoms and four oxygen atoms from
four protected ligands. All Ti*" ions show a twisted octahedron
and are six-coordinated by six oxygen atoms from two y3-O,
one 4i,-O, and three ligands. The bond-length ranges of the
Ti—O and Ln—O bonds are 1.803 to 2.085 and 2.328 to 2.581
A, close to the distances reported in the literature.®

The images of the Eu,Tig and Tb,Tig crystal series under
365 nm irradiation are shown in Figure 2. Eu,Tig-Ac and
Eu,Tig-p-Toluic display red emission, whereas Eu,Tig-Anthra
has no luminescence emission. For the Tb,Tig series, Tb,Tig-
Ac shows green emission, and the Tb,Tig-p-Toluic shows faint
green emission, whereas the Tb,Tig-Anthra has no lumines-
cence emission. These results clearly show the effect of
different ligands on the luminescence properties. The emission
and excitation spectra of the Eu,Tig and Tb,Tig series were
measured at room temperature in the solid state and are shown

Figure 2. Images of (a) Eu,Tig-Ac, (b) Eu,Tig-p-Toluic, (c) Eu,Tig-
Anthra, (d) Tb,Tig-Ac, (e) Tb,Tig-p-Toluic, and (f) Tb,Tiz-Anthra
under 365 nm irradiation. The insets are the corresponding images of
the clusters under a daylight lamp.

in Figure 3 and Figures S9 and S10. Eu,Tis-Ac clusters display
the characteristic transitions of Eu(IIl) at 578 (°D, — "F,),
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Figure 3. (a) Emission spectra and (b) lifetime of Eu,Tig-Ac, Eu, Tig-
p-Toluic, and Eu,Tig-Anthra. (c) Emission spectra and (d) lifetime of
Tb,Tig-Ac, Tb,Tig-p-Toluic, and Tb,Tig-Anthra.

592 (°D, = "F,), 615 (°D, = F,), 652 (°D, — F;), and 698
nm (°D, — ’F,), respectively (Figure 3a)."" The emission
intensity of Eu,Tig-p-Toluic obviously decreases, and almost
no peaks of the Eu,Tig-Anthra are observed. As shown in
Figure 3b, the luminescence lifetimes (z) of Eu,Tig-Ac, Eu,Tis-
p-Toluic, and Eu,Tig-Anthra are 6576, 1406, and 657 pus,
respectively. The absolute QYs of Eu,Tig-Ac and Eu,Tig-p-
Toluic are 15.6 and 1.5%. The 7 and the absolute QY were
both characterized at room temperature. The change trend of
QYs is consistent with the luminescence intensity. In the
Tb,Tig series, only Tb,Tig-Ac exhibits the strong characteristic
transitions of Tb(III) at 488 (°D, — "F,), 544 (°D, — "Fy),
584 (°D, — F,), and 620 (°D,—~ "F;) (Figure 3c)."”” The
absolute QY of Tb,Tig—Ac is 0.08%, and the lifetimes of
Tb,Tig—Ac and Tb,Tig-p-Toluic are 1035 and 306 us (Figure
3d).

To better understand the ligand effect on the luminescence
performance, UV—vis absorption was measured to calculate

the singlet state (S;) energy of the ligand, and phosphor-
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escence was characterized to calculate the triplet state (T,)
energy of ligand. If the energy gap between S, and T is larger
than 5000 cm™!, then the intersystem crossing (ISC) process
will be more effective based on Reinhoudt’s empirical rule.'”"?
As shown in Figures S1la, S12a, and S13, the UV-—vis
absorption peaks for HAc, Hp-Toluic, and HAnthra, are 210,
236, and 250 nm, corresponding to the 7—7 transitions with
the S, energy levels of 47619, 42373, and 40000 cm,
respectively. The difference in energy levels was based on the
conjugated extent of the ligands. The more conjugated bonds
of the ligands would lead to a lower energy level. According to
the phosphorescence of isostructural Gd,Tig-HAc and Gd,Tig-
p-Toluic at room temperature (Figures S11b and S12b), HAc
and p-toluic have triplet excited-state energies of 24 752 and
20492 cm™. Therefore, the energy gaps between S, and T, of
HAc and Hp-Toluic are 22 867 and 21 881 cm™!, indicating
that the ISC process is very efficient. However, the attempt to
determine the T, energies of Gd,Tig-Anthra failed because we
did not obtain the crystal sample of Gd,Tig-Anthra. The
reported value of the triplet state energy for HAnthra was
14900 cm™! in the literature.'*

The lowest T energy of organic ligands must be higher than
the resonance level of Ln*" ions to play the role of an
“antenna”.'®'*%! In general, the T energy levels of ligands in
the range of 22 000—27 000 cm™" are the primary conditions
for sensitizing both Eu** (°D;, 19027 cm™) and Tb** (°D,,
20500 cm™!) to luminescence.*”'*'* The D, level will have a
nonradiative decay process to the *Dj level of the Eu’* ion,
resulting in emission luminescence. As shown in Figure 4, the
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Figure 4. Schematic diagram of the energy transfer from the ligand to
Eu®*/Tb" in PL emission. The value of HAnthra-T, was reported in
the literature."® PL, phosphorescence; ISC, intersystem crossing; NR,
nonradiative decay.

T, (24752 cm™) of HAc is suitable for the emission level of
the Eu®* ion, and the energy transfer from T, of Ac™ to °D, of
the Eu’* ion is efficient. For Hp-Toluic, the T, (20492 cm™")
is close to the *D; of the Eu’* ion, and the energy can back-
transfer from °D; to T, of the Hp-Toluic ligand, resulting in
the reduced luminescence QY. However, further conjugation
decreases the T, energies and leads to the T level of HAnthra
being lower than the °D level of Eu**, so the HAnthra ligand
cannot sensitize Eu®’, and no luminescence emission of Eu®*
was observed.'® For the Tb,Tig series, only the Ac”™ can
sensitize terbium, and the obvious green emission lumines-
cence is observed. The lowest T, energies of Hp-Toluic are
very close to the *D, level of Tb*', resulting in a faint emission,

whereas the lowest T, energies of HAnthra ligand are lower
than the °D, level of Tb*, leading to no emission for Tb,Tis-
Anthra.

In summary, we have reported two series of lanthanide—
titanium oxo clusters Eu,Tig and Tb,Tig based on three
carboxylic acid ligands with different substituents. The
luminescence investigation shows that the acetate-based
Eu,Tig—Ac displays the highest QY of 15.6% because of the
energy matching of the triplet state level of the acetate ligand
with excited states °D, of the Eu*" ion. The conjugation effect
of substituents can lower the triplet-state energy of the ligand
and lead to reverse energy transfer from Ln* to the ligand,
resulting in a decrease in the luminescence QY. This work
demonstrates that ligand regulation can effectively improve the
luminescence performance, which provides a reference for
designing lanthanide luminescent materials with high perform-
ance.
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