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ABSTRACT Recently, the tetrahedral TisLs cage (L = embonate) has been applied as the starting material to

realize coordination assembly with transition and rare-earth ornoble metal ions through a two-step reaction.
In this work, by employing the TisLs cages to assemble with alkaline-earth metal ions (such as Mg?*, Ca?* and
Ba?") under different solvothermal conditions, a series of TisLs-based structures from simple cages to 1D
chain, 2D layer and 3D framework have been synthesized and structurally characterized. In addition, thermal
stability, phase purity, UV-vis absorption spectrum, the fluorescent and third-order nonlinear-optical properties

are also investigated.
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n INTRODUNTION

Compared to other transition metals, alkaline earth metals have
some unique advantages for application in materials science such
as low cost, low toxicity and high stability in air, etc.-3l However,
alkaline earth metal-organic frameworks (AE-MOFs) remain
largely unexplored due to the inherent difficulties concerning the
formation and crystallization of these MOFs.** Among reported
AE-MOFs, many are synthesized by using the carboxylate lig-
ands.['>17 These AE-MOFs with carboxylate linkers often exhibit
high thermal stability because of the strong interaction between
alkaline earth metals and carboxylate oxygen atoms, which pro-
vides quality assurance for later functional exploration, and is at-
tracting a lot of attention from scientists.[t8-21

In our previous work, we reported an anionic Ti-based cage
compound, namely, [(Me2NH,)s(TisLs)]-guests (PTC-101, L = em-
bonate).?? It is worth pointing out that the TisLs cage possesses
tetrahedral geometry and calixarene-like coordination-active sites
in its each vertex (Figure 1), which has been applied as an espe-
cial cage-type carboxylate ligand to realize coordination assembly
with transition and rare-earth or noble metal ions through a two-
step reaction.[?3?71 For example, by employing the TisLs cages to
assemble with Co or Ln ions, a few architectures with various di-
mensionalities have been synthesized, including TisLe-C03 cage
(PTC-103), TisLe-Ln2 cage (PTC-104), TisLe-LN2 chain (PTC-105)
and three-dimensional (3D) TisLe-Ln framework (PTC-106).22
More interestingly, though introducing the N-contained ligands,
two TisLs-cage-based MOF materials (PTC-219 and PTC-220)%"!
have been generated, which show high water stability, thermal
stability and notable gas sorption properties.

Herein we investigated the coordination assembly behavior of
TisLe cages and alkaline-earth metal ions, including Mg?*, Ca?*
and Ba?* ions. Under different solvothermal reaction conditions, a
series of novel TisLe-based alkaline-earth complexes with various
dimensional architectures have been synthesized (Table 1). Their
structures were well characterized by X-ray single crystal diffrac-
tion. The thermal stability and phase purity as well as bandgap of
these materials were characterized by thermogravimetric analysis
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(TGA), powder X-ray diffraction (PXRD) and UV-vis absorption
spectrum. In addition, we also studied the fluorescent properties
of PTC-306 and PTC-309 in the solid state, and the results show
that both of them display strong emitting bands in the visible re-
gion. Furthermore, the results of third-order nonlinear optics(?®!
show that PTC-309 exhibits obvious optical limiting effects.

n RESULTS AND DISCUSSION

Synthesis and Structures. At the beginning, Mg(CHsCOO), and
4,4'-bipyridine (bpy) were added to the H,O/THF/EtOH solution of
PTC-101, which was heated at 80 °C for three days and then
placed at room temperature for a week, forming red polyhedron
crystals of PTC-306. Single-crystal X-ray diffraction analysis
shows PTC-306 crystallizes in monoclinic space group C2/c (Ta-
ble 1). In the asymmetric unit (Figure S2, ESI), there are a half of
TisLs cage, one Mg?* ion, five coordinated waters, one free
[Mg(H20)e]*>* cation, a half of bpy (4,4'-bipyridine) ligand, two
(MezNHy)* cations and some guest molecules (cations and some
guest molecules could not be located because of disorder and
squeezed by PLATON program). In fact, the starting material
PTC-101 is a racemic mixture containing AAAA-[TisLe] and AAAA-
[TisLe] enantiomers (Figure S1, ESI). In PTC-306, the AAAA-[TisLe]
and AAAA-[Tisle] cages each catch two Mg atoms by two formerly
uncoordinated carboxyl oxygen atoms at one vertex of the TisLe
tetrahedron, and each Mgl center is six-coordinated by one car-
boxyl oxygen atom and five water oxygen atoms, forming
[Mg(Hzo)s]z-/\/\/\/\-[Tl4L5] and [Mg(Hzo)s]z-AAAA-[TMLa] cage
(Figure 2a), respectively.

Interestingly, the in-situ self-generating [Mg(H.0)e]?* cation fur-
ther connects two [Mg(H20)s].-AAAA-[TisLe] cages through multi-
ple O-H:--O hydrogen bonds (2.6-3.2 &) (Figure 2c), generating
a 2D H-bonding chiral layer (Figure 2e). Expectedly, the opposite
2D H-bonding chiral layer constructed by the opposite
[Mg(H20)s].-AAAA-[TisLs] cages and [Mg(H:0)e]?>* cations can
also be observed in PTC-306 (Figure 2f). The resulting layers fur-
ther pack into a 3D achiral supramolecular structure in an AB fash-
ion (Figure S3, ESI), and there are strong O-H---O (~2.74 A) in-
teractions between adjacent layers. It is worth pointing out that all
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Figure 1. A molecular structure of TisLe cage as an organic building block
used in the synthesis of this work.

bpy ligands are not involved in the coordination, but are located
at the layers by the O-H---N (~2.79 A) interactions.

The synthetic experiments are still being explored, and the Ba?*
ions with high coordination number were used to assemble with
TisLe cages. In the presence of tris(4-(1H-1,2,4-triazol-1-yl)phe-
nyl)amine (TIPA) ligand, the solvothermal reaction of BaCl, and
PTC-101 in H,O/DMSO at 80 °C for 3 days yielded compound
PTC-307. The structural analysis of PTC-307 shows that it is a
chain structure. It crystallizes in the triclinic space group P1. As
shown in Figure S4a (ESI), the asymmetric unit contains one TisLs
cage, three Ba?* ions, five coordinated H,O, five coordinated
DMSO molecules, one free [Ba(DMSO)e]?* and two CI~ counterion
anions (solvent guests could not be located because of high dis-
order and squeezed by PLATON program). Herein, the TIPA lig-
and is not observed in the structure, and it is only an adjunct to
the crystallization. In PTC-307, each TisLs cage catches three Ba
atoms by three uncoordinated carboxyl oxygen atoms at three
vertices of the tetrahedron. The Bal, Ba2 and Ba4 atoms are
seven-, eight- and eight-coordinated (Figure S4b, ESI), respec-
tively. Thereinto, Bal and Ba2 atoms are bridged by one carbox-
ylate group and two DMSO molecules to form a binuclear
Ba,(CO0)s(H.0)3(DMSO0), unit with the Ba---Ba distance of 4.26
A, which further links two adjacent TisLs cages to form a linear
TisLe-Bas chain. Interestingly, spontaneous resolution occurred
during the formation of chain, leading to a chiral chain with only
ANAA-[TisLe] or AAAA-[TisLs] cages (Figure 3a). These chains fur-
ther pack into a 3D dense achiral superstructure in an AB stacking
order (Figure 3c), in which the free [Ba(DMSO)g]?* cations are
filled in the crack via weak C-H---17 (3.3-3.6 A) interactions. In
addition, there are also weak hydrogen bonds (O-H---O: 2.6-3.3
A; C-H---O: 3.1-3.4 A) between neighbouring chains (Figures
3d-e and S5).

Table 1. Summary of the Compositions and Characteristics of the Ob-
tained Compounds

. Space Structure di-
Complex Composition . .
group mensionality
PTC-306 {(MeZNHz)A[Mg(HzO)e]z- Cole oD
[Mg2(TisLe)(H20)10]}- (bpy)
PTC-307 {[Ba(DMSO)e][Bas(TisLe)- Pl 1D
(H20)s(DMSO)s]Cl2}
—— {(MesN)7[Cas(TiaLes)2(OH)a- R3C 2D
(H20)18(DMF)3]}
PTC-309 {(Me2NHz2)2[Mga(TisLs)- Pag 3D
(H20)12]}
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3D supramolecular achiral
structure (AB stacking order)

Figure 2. (a) Two configurations of [Mg(H20)s]2-TisLe cage in PTC-306; (b,
d) the free [Mg(H20)s]?* cation; (c) highlighting of the O—H---O hydrogen
bonds in PTC-306; (e, f) the 2D H-bonding chiral layer; (g) the free bpy
ligand; (h) the 3D supramolecular structure of PTC-306 and some relevant
hydrogen bonds. Atom color code: green, Ti; carnatio, Mg; red, O; blue, N;
gray, C; offwhite, H.

Moreover, we also studied the assembly behavior of TisLs cages
with Ca?* ions. Through the solvothermal reaction of CaCl, and
PTC-101 in the presence of tetramethylammonium bromide
(Me4NBr), red block crystals of PTC-308 were obtained. Structure
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Figure 3. (a) The enantiomeric chain in PTC-307; (b) the free
[Ba(DMSO)e]?* cation; (c) the 3D supramolecular structure; (d-f) high-
lighting of the hydrogen bonds in PTC-307. Atom color code: green, Ti;
mauve, Ba; red, O; blue, N; gray, C; offwhite, H.
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)5, AAAA-[Ti}Lg]

AAAA-[Ti L]

2D chiral layer _J 3D packed achiral structure

Figure 4. (a) The 2D chiral layers constructed by the AAAA-[TisLe] or
AAAA-[TisLe] cages and Ca?* ions in PTC-308; (b) packed layers of PTC-
308 and the O—H---O hydrogen bonds between adjacent layers.

determination indicates that PTC-308 is a 2D layer with honey-
comb-like structure. It crystallizes in the trigonal space group R3c.
As shown in Figure 4a, each TisLs cage catches nine Ca atoms
by the formerly uncoordinated carboxyl oxygen atoms. Ca2 center
with four coordinated H,O is six-coordinated to form a mononu-
clear Ca(COQ)(H20)4 unit (Figure S6, ESI). While Cal center is
seven-coordinated, and a pair of Cal atoms are bridged by two
p2-OH™ groups to generate a dinuclear Caz(OH)2(COO)4(H20)2-
(DMF), unit with Ca:--Ca distance of 4.43 A. Two types of building
units connect TisLs cages to generate a 2D TisLe-Cas layer struc-
ture with honeycomb-like channels. Surprisingly, spontaneous
resolution also occurred during formation of layer herein, leading
to a chiral layer with only AAAA-[TisLe] or AAAA-[TisLe] cages (Fig-
ure 4a). Such a pair of chiral layers further packs into a 3D dense
achiral superstructure in an AB stacking order (Figures 4b and S7),
and adjacent layers are stabilized by the strong O-H---O (~2.76
&) hydrogen bonds.

However, in the absence of bpy ligand, when the reaction sol-
vent of PTC-306 was changed to H,O/CH3CN, a 3D TisLe-Mg-
based framework (PTC-309) was generated. Single-crystal struc-
tural analysis reveals that PTC-309 crystallizes in a highly sym-
metric cubic crystal system with space group Pa3. The asymmet-
ric unit of PTC-309 contains one third of TisLs cage, one Mg?* ion,
four coordinated H,O molecules and the free (Me;NH,)* cations
which could not be located because of high disorder (Figure S8,
ESI). In PTC-309, each Mg center is six-coordinated to two car-
boxylate oxygen atoms from two TisLs cages and four terminal
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3D framework

Figure 5. (a) The coordination environments of TisLs cage and Mg?* atom
in PTC-309; (b) the 3D framework and the - 17 stacking interactions be-
tween adjacent naphthalene rings in PTC-309.

water molecules, forming a mononuclear Mg(COO)2(H20)4 unit.
Each TisLe cage captures six Mg atoms by the formerly uncoordi-
nated carboxyl oxygen atoms at four vertexes of the tetrahedron
(Figure 5a). Such connectivity between mononuclear
Mg(COO),(H.0)4 units with TisLs cages generates an anionic 3D
framework with small channels at the b-axis (Figure 5b). In addi-
tion, there are rich weak -1 stacking (3.9-4.1 A) interactions
between adjacent naphthalene rings of two different TisLs cages.
Calculated by the PLATON program, the free space in the struc-
ture of PTC-309 without guest molecules and (Me;NH,)* cantions
is about 36%.

Thermal Stability, Phase Purity and Bandgaps. The thermal
stability and phase purity of these compounds were studied by the
thermogravimetric analyses (TGA) and X-ray powder diffraction
(PXRD). As shown in Figures S9 to S11 (ESI), the TGA curves of
PTC-306 and PTC-309 reveal a weight loss of 17.5% and 19.6%
before 200 °C, respectively, and PTC-307 shows two steps of
weight loss process between 20 and 400 °C, which are related to
the removal of free solvents and coordinated solvent molecules.
As temperatures rise, their supramolecular or 3D frameworks
begin to collapse. After decomposition, the residue of them may
be TiO, and MgO or CaO. The PXRD patterns demonstrated the
phase purity of their samples (Figures S12 to S14, ESI), because
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Figure 6. (a) Normalized emission spectra measured in air at room temperature for the L ligand and compounds PTC-306 and PTC-309; (b) OA Z-scan
(points) and theoretical fit (solid lines) curves of PTC-101 and PTC-309 at 532 nm and different concentrations of PTC-309 (c).
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their patterns are quite similar to the one simulated from their sin-
gle-crystal data. In addition, electronic properties of these materi-
als were also investigated using UV-vis diffuse reflectance spec-
troscopy. The results show that the bandgaps of PTC-306 and
PTC-309 are 1.89 and 1.87 eV (Figure S15, ESI), respectively,
which are calculated by the Kubelka-Munk function, and exhibit
relatively lower bandgap than PTC-101 (1.91 eV). For PTC-307,
we did not study any property because of the low yield.

Fluorescence. The solid-state excitation and emission spectra of
compound PTC-306 and PTC-309 as well as the free embonate
(L) ligand were recorded at room temperature. As shown in Figure
6a, the highly r-conjugated organic L ligand exhibits an emission
band at 476 nm upon excitation at 360 nm (Figure S16, ESI),
which can be assigned to the m — m* transition. The emissions of
PTC-306 and PTC-309 have patterns similar to that of the free
ligand with maximum absorption emission band at around 359
and 367 nm, respectively. But by contrast, they are all blue-shifted
more than 110 nm. Their excitation spectra are shown in Figures
S17-18. Obviously, the ligand-based luminescence is in a domi-
nating place herein, and the blue-shifted phenomenon may be at-
tributed to the metal-ligand coordinative interactions.

Nonlinear Optics. Furthermore, based on the rich m---1T interac-
tions between adjacent naphthalene rings in PTC-309, we de-
cided to study its third-order NLO property. The open aperture
(OA) Z-scan measurement was carried out for its CH,Cl; solutions
(3 x 10 M). As shown in Figure 6b, the recorded OA Z-scan
curve of PTC-309 displays distinct reverse saturated absorption
(RSA) behaviour. As a contrast, the optical limiting property of the
starting material PTC-101 was also measured. The test result re-
veals that PTC-101 does not have obvious light-limiting effect,
which further explains that PTC-309 presents significantly optical
limiting property under 532 nm, mainly attributed to the abundant
m---17 stacking interactions in the structure. Additionally, we also
studied the effect of concentration on the optical limiting perfor-
mance (Figure 6¢). The experiment result indicates that the opting
effects of PTC-309 are not explicitly dependent on its concentra-
tion.

n CONCLUSION

In summary, we have investigated the coordination assembly be-
havior of TisLs cages and alkaline-earth metal ions (such as Mg?*,
Ca?* and Ba?*) herein, respectively. Under different solvothermal
conditions, a series of novel TisLe-based structures from simple
cages to 1D chain, 2D layer and 3D framework have been syn-
thesized and structurally characterized, respectively. PTC-306
and PTC-309 exhibit strong emitting bands in the visible region.
Moreover, we demonstrate that PTC-309 has obvious optical lim-
iting effect because of weak 17---17 stacking interactions between
L ligands from adjacent cages.

n EXPERIMENTAL

Materials and Methods. All reagents were purchased commer-
cially and used without further purification. PTC-101 as a starting
material of TisLe cageS Was massively synthesized by the method
reported in our previous work.?!! Thermal stability studies were
carried out on a NETSCHZ STA-449C thermoanalyzer with a
heating rate of 10 °C/min under a nitrogen atmosphere. Powder
XRD was recorded on a Rigaku Dmax/2500 X-ray diffractometer
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operating at 40 kV and 100 mA, using Ga-Ka or Mo-Ka radiation
(A = 1.3405 or 0.71073 A). The patterns were scanned over an
angular range of 3—-45° (2theta) with a step length of 0.05° (2theta).
The UV diffuse reflection data were recorded at room temperature
using a powder sample with BaSO, as a standard (100% reflec-
tance) on a PerkinElmer Lamda-950 UV spectrophotometer. Flu-
orescence spectra were measured with a HORIBA Jobin-Yvon
FluoroMax-4 spectrometer.

Synthesis of {(Me2NH2)4Mg(H20)6]2[Mg2(TisLe)(H20)10]}-(bpy)-
guests (PTC-306). PTC-101 (80 mg, 0.02 mmol), 4,4'-bipyridine
(bpy) (20 mg, 0.13 mmol) and Mg(CHsCOO); (40 mg, 0.28 mmol)
were dissolved in 6 mL of H,O/THF/EtOH (1:1:1, v/v/v) mixed sol-
vents. The mixture was heated at 80 °C for 3 days, and then
placed at room temperature for 1 week. Red polyhedron crystals
of PTC-306 were obtained. Yield: 63% based on PTC-101.

Synthesis of {[Ba(DMSO)s][Bas(TisLe)(H20)s(DMSO)s]Cl2}+
guests (PTC-307). PTC-101 (80 mg, 0.02 mmol), tris(4-(1H-
1,2,4-triazol-1-yl)phenyl)amine (TIPA) (30 mg, 0.07 mmol) and
BaCl, (30 mg, 0.14 mmol) were dissolved in 6 mL of H,O/DMSO
(1:2, viv; DMSO = dimethyl sulfoxide) mixed solvents. The mixture
was heated at 80 °C for 3 days, and then placed at room temper-
ature for 1 week, obtaining red polyhedron crystals of PTC-307 in
8% vyield based on PTC-101.

Synthesis of {(MesN)7[Cas(TisLs)2(OH)3(H20)18(DMF)s]}-guests
(PTC-308). PTC-101 (80 mg, 0.02 mmol), CaCl, (30 mg, 0.27
mmol) and tetramethylammonium bromidewere (30 mg, 0.20
mmol) dissolved in 5 mL of H,O/DMF (3:2, v/v) mixed solvents.
The mixture was placed at room temperature for 1 week, and red
block crystals of PTC-308 were obtained. Yield: 55% based on
PTC-101.

Synthesis of {(Me2NH2)2[Mg3(TisLe)(H20)12]}-guests (PTC-309).
PTC-101 (80 mg, 0.02 mmol) and Mg(CHsCOO); (40 mg, 0.28
mmol) were dissolved in 6 mL of H,O/CH3CN (1:2, v/v) mixed sol-
vents. After the mixture was heated at 80 °C for 3 days, red block
crystals of PTC-309 were obtained. Yield: 78% based on PTC-
101.

X-ray Structure Determination. Crystallographic data of PTC-
306 to PTC-309 were collected on a Supernova single crystal dif-
fractometer equipped with graphite-monochromatic Ga-Ka or Mo-
Ka radiation (A = 1.3405 or 0.71073 A) at 100 K. Absorption cor-
rection was applied using SADABS. Structure was solved by di-
rect method and refined by full-matrix least-squares on F? using
SHELXTL. In these structures, some cations/anions and free
guest molecules were highly disordered and could not be located.
The diffused electron densities resulting from these residual cati-
ons/anions and guest molecules were removed from the data set
using the SQUEEZE routine of PLATON and refined further using
the data generated. Crystal data and details of data collection and
refinement of PTC-306 to PTC-309 were summarized in Table S1.
CCDC 2108023-2108026 contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the Cambridge Crystallographic Data Centre.

Nonlinear Optics. The nonlinear optical property of PTC-309 was
evaluated using the open-aperture (OA) Z-scan technique. The
excitation light source was an Nd:YAG laser with a repetition rate
of 10 Hz. The laser pulses (period, 8.5 ns; wavelength, 532 nm)
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were split into two beams with a mirror. The pulse energies at the
front and back of the samples were monitored using energy de-
tectors D1 and D2. All of the measurements were conducted at
room temperature. Crystals of PTC-309 were dispersed in CH,Cl,
(3 x 10 M). The sample was mounted on a computer-controlled
translation stage that shifted each sample along the z-axis. More-
over, the optical-limiting effects of PTC-309 are almost linearly de-
pendent on its concentration, and the NLO response increases
with an increase in the concentration.
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