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Syntheses, Structures and Photoluminescent Properties of Metal-Organic
Frameworks Based on Triangle Flexible Multi-Carboxylic Ligand
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Abstract: Two novel metal-organic frameworks {[Zn;(TCPB),(4,4"-BPY)]-DMF -3H,0}, (1) with trinuclear zinc
cluster units and {[Co,s(TCPB)(DMF)(H,0)]-DMF}, (2) with trinuclear cobalt cluster SBUs, have been prepared
under solvothermal conditions based on flexible 1,3,5-tri(4-carboxyphenoxy)benzene ligand (H;TCPB) with the
help of ancillary bridging N-donor pyridyl linker 4,4’ -bipyridine (4,4’-BPY), and characterized by single crystal
X-ray diffraction, IR spectra, elemental analyses, thermogravimetric analyses (TGA) and powder X-ray diffraction
(PXRD). The single crystal X-ray diffraction analysis reveals that complex 1 crystallizes in triclinic space group
P1 and exhibits three-dimensional (3D) (3,8)-connected network with Schlifli symbol of {4%), - {4°-6"-8% - {6},
complex 2 also belongs to the triclinic system with space group of Pl and shows two-dimensional (2D) (3,6)-
connected net-like layered framework with Schlifli symbol of {4°),-{4°-6"-8%). In addition, the study of the solid
state photoluminescent property of complex 1 indicates that it emits light blue fluorescence arising from TCPB*-

and 4, 4'-BPY ligands at room temperature, while complex 2 is non-emissive under similar conditions. CCDC:

1860924, 1; 1865905, 2.
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0 Introduction

Over the past two decades, the metal-organic
frameworks (MOFs) have received growing interest not

2]
2

only for their bewitching architectures'™, but also for

their potential applications in gas adsorption?,

mag-
netism'®, catalysis™, nonlinear optics"™" and lumine-
scence!”™. Moreover, with respect to conventional
metal-organic frameworks, luminescent MOFs have
distinctive advantages owing to their widely potential

diodes,

environmental probe, display devices, electro-chemical

applications  such  as  light-emitting
sensors and biomedicine". Photoluminescent property
in MOFs commonly causes by the organic building
components such as conjugated organic ligands and
inorganic metal ions clusters with closed shell
electron configuration!”.

Among various conjugated organic ligands, owing
to their natural characteristics, the tripodal rigid
carboxylate ligands are promising candidates for
constructing porous MOFs because of their abundant
coordination modes to metal ions, allowing for various

s Recently, triangle flexible

structural topologie
carboxylate ligands were used to build interesting
metal-organic frameworks™?, the flexibility of the
triangle flexible carboxylate ligands provides the
constructed functional MOFs tunable structures, which

s Moreover, when the

further affects the propertie
ancillary bridging pyridine linker is introduced to
build the frameworks, the final structures have greater
tenability because of its great effects on the final
architectures and topology as well as coordination
modes and molecular conformations of carboxylate
acids™?. Although a lot of transition metal ions have
been used to construct MOF's, the Zn-based MOF's are
the most interested transition metal-based luminescent
MOFs. MOFs based on d' metal ions not only have
various coordination geometries, but also display
excellent luminescence behaviour with functional -
conjugated aromatic ligands™®!,

Herein, we selected the triangle flexible multi-
carboxylic acid, namely, 1,3,5-tri (4-carboxyphenoxy)

benzene ligand (H;TCPB), and an ancillary bridging

pyridine linker, namely, 4,4"-bipyridine (4,4'-BPY) to
synthesize two new metal-organic frameworks {|Zn;
(TCPB),(4,4"-BPY)] - DMF -3H,0}, (1) with trinuclear
zinc cluster units and {[Co,s(TCPB)(DMF)(H,0)] -
DMF}, (2) with trinuclear cobalt cluster SBUs, and
studied their crystal structures and photoluminescent

properties in detail.
1 Experimental

1.1 Materials and measurements

All reagents and materials are of analytical grade
and used as received from commercial sources without
further purification. The ligand 1,3,5-tri(4-carboxy-
phenoxy)benzene ligand (H;TCPB) was prepared acco-
rding to the literature procedure™. Elemental analyses
(C, H and N) were carried out on a Perkin-Elmer 240
analyzer. The IR spectra were obtained on a NICOLET
iS10 spectrometer in the 4 000 ~500 c¢m ™ region.
Powder X-ray diffraction (PXRD) measurements using
Cu Ka (A=0.154 056 nm) radiation at room temperature
(40 kV, 40 mA, Scanning rang: 5°~50°) were carried
out in air with a Bruker D8 Discover diffractometer.
(TGA) were performed
using a DTA-TGA 2960 thermogravimetric analyzer in

Thermal gravimetric analyses

nitrogen atmosphere with a heating rate of 10 °C+min™

from 30 to 700 “C. The luminescence spectra in the

solid states were performed on RF-5301 PC fluore-

scence spectrometer at room temperature.

1.2 Synthesis

1.2.1 Synthesis of complex {[Zny(TCPB),(4,4’-BPY)]-
DMF -3H,0}, (1)

A solution of Zn(NO;);-6H,0 (6 mg, 0.02 mmol),
H,TCPB (5 mg, 0.01 mmol), 44’-BPY (2 mg, 0.013
mmol), DMF (0.5 mL) and H,0O (0.1 mL) were mixed
and sealed in a 10 mL Teflon-lined autoclave and
heated to 85 °C for 48 h. Colorless block-shaped
crystals were obtained after gradually cooled to room
temperature at a rate of 10 C-h™" (Yield: 75% based
on 7Zn). Anal. Caled. for CyHsZn;N;0,(%): C, 55.64;
H, 3.55; N, 2.91. Found(%): C, 55.45; H, 3.43; N, 2.63.
Selected IR data (KBr pellet, c¢m™): 3 392 (b), 3 071
(w), 1595 (s), 1 397 (s), 1 223 (s), 1 161 (s), 1 117 (s),
1 005 (s), 855 (m), 782 (s), 708 (m), 645 (m) (Supporting
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Information, Fig.S1).
1.2.2  Synthesis of complex {|Co,s(TCPB)(DMF)(H,0)]
-DMF}, (2)

A solution of Co(NO;),-6H,0 (6 mg, 0.02 mmol),
H;TCPB (5 mg, 0.01 mmol), DMF (0.4 mL) and H,0
(0.1 mL) were mixed and sealed in a 10 mL Teflon-
lined autoclave and heated to 120 °C for 48 h. Light-
pink block-shaped crystals were obtained after
gradually cooled to room temperature at a rate of 5 C
-h™ (Yield: 75% based on Co). Anal. Caled. for C5Hj,
Co1sN,0,(%): C, 53.85; H, 4.25; N, 3.81. Found(%):
C, 53.65; H, 4.45; N, 3.90. Selected IR data (KBr
pellet, cm™): 3 427 (b), 2 942 (w), 1 677 (s), 1 657 (s),
1631 (s), 1 594 (s), 1 412 (s), 1 222 (s), 1 161 (m), 1 110
(m), 1 003 (m), 791 (m) (Fig.S1).

1.3 Single crystal X-ray crystallography

Suitable single crystals of 1 and 2 were carefully
selected under an optical microscope and glued to
thin glass fibers. Single crystal X-ray diffraction data
were collected on a Bruker Smart Apex I CCD

diffractometer at 296 K using graphite monochromated
Mo Ka radiation (A=0.071 073 nm). Data reductions
and absorption corrections were performed with the
SAINTPY and SADABS2P software packages, respe-
ctively. Structure was solved by a direct method using
the SHELXL-97 software package™. The non-hydrogen
atoms were anisotropically refined using the full-
matrix least-squares method on F2 All hydrogen atoms
were placed at the calculated positions and refined
riding on the parent atoms. In complex 1, solvent
molecules in the structure were highly disordered and
were impossible to refine using conventional discrete-
atom models. To resolve this issue, the contribution of
solvent electron density was removed by SQUEEZE
routine in PLATONP,

The crystallographic data and details of structural
refinements for 1 and 2 are listed in Table 1 and
selected bond distances and angles are summarized in
Table S1 and Table S2.

CCDC: 1860924, 1; 1865905, 2.

Table 1 Crystallographic data and structural refinements for 1 and 2

Complex 2
Empirical formula CeHs51Zn3N502 CxH31Co1sN0p
Formula weight 1 446.28 736.01
Crystal system Triclinic Triclinic
Space group Pl Pl
o/ nm 1.635(12) 1.019 26(8)
b/ nm 1.661 81(12) 1.109 27(8)
¢/ nm 1.751 14(12) 1.612 08(12)
B/ 83.104(10) 91.862(10)

V / nm® 4.332 4(5) 1.664 1(2)

A 2 1

D. / (Mg-m”) 1011 1.467

m/ mm™ 0.875 0.822

F(000) 1 340 757
Reflection collected 21 208 5 808
Unique reflection 10 022 5202

R, 0.038 9 0.014 6

6 range for data collection / (°) 1.336~28.275 1.271~25.008
GOF 1.146 1.104

Ry, wRy [[>20(])] 0.057 1, 0.124 1 0.0327,0.112 1

R, wRy (all data)

0.121 8, 0.147 9

0.036 8, 0.119 7

‘Ri= 2 NEJ=IF) ZNE); "wR={ X [w(F=FA% X [w(F 2"
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2 Results and discussion

2.1 Crystal structures

The powder X-ray diffraction (PXRD) experiments
for complexes 1 and 2 were carried out carefully to
check phase purity at room temperature. The patterns
showed that the main peaks of the synthesized MOFs
were closely consistent with those of the simulations
from the single-crystal X-ray diffraction data, which
imply high quality of the obtained products (Fig.S2).
Crystal of 1 belongs to the triclinic space group Pl.
As shown in Fig.la, its asymmetric unit cell consists
of thee Zn** ions, two fully deprotonated TCPB*" ligands
and one coordinated 4,4'-BPY molecule. Three crys-
tallographically independent Zn** ions (labeled as Znl,
7Zn2 and Zn3, respectively) are coordinated with oxygen
atoms and nitrogen atom, exhibiting three different
coordination geometries (Fig.1b). The Znl---Zn2 dis-
tance is about 0.324 10(2) nm and the Znl---Zn3 dis-
tance is about 0.325 90(2) nm. The Znl atom was

(@)

08d

located in the center and bridged Zn2 and Zn3 atoms
to form a trinuclear Zn cluster unit (Fig.1c). The Znl
ion in the middle of the [Zn;(CO,)s] SBU is octahedron
coordination geometry, encircled by six carboxylate
oxygen atoms (02a, O5¢, 08d, Olle, O15 and O18b)
from six different TCPB?~ ligands to result in a [Zn10q]
unit, while the other two asymmetry-related Zn2 and
Zn3 ions both adopt a distorted trigonal bipyramid
coordination geometry with a [Zn20,N] and [Zn30,N]
unit, respectively (Fig.1b and Fig.S3), coordinated by
four carboxylate oxygen atoms (010, Ol4g, O17f and
O18f for Zn2; O1, O5h, O6h and O9e for Zn3) from
three different TCPB* ligands, one nitrogen atom from
the coordinated 4,4"-BPY molecule (N2 for Zn2; N1
for Zn3). The carboxylate groups in complex 1 adopt
two kinds of coordination modes. One shows chelating
and bridging modes to link two Zn ions, while the
other two adopt a bidentate bridging coordination
mode to coordinate with two Zn ions. The dihedral

angles between the central benzene (A) and the three

®)

Symmetry codes: a: —1+x, y, —1+4z; b: —=1+4x, 14y, z; ¢: —l4+x, =14y, 1425 d: =2+, y, —14z; e: 14w, v, 23 L, 14y, 25 g0 L4, 9, 25 hex, =14y, 2

Fig.1

(a) Coordination environments of Zn* ions with the H atoms omitted for clarity; (b) Coordination polyhedron of Zn* ions;

(c) One TCPB* ligand linking three [Zn;(CO,)s) SBUs; (d) One [Zny(CO,)s] SBU connected by six TCPB?* ligands and two

4,4'-BPY linkers
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benzene rings B, C and D are 75.839°, 69.199° and
69.139°, respectively, and the dihedral angles among
the three benzene rings B and C, B and D, and C and
D are 78.830°, 39.346° and 72.518°, respectively
(Fig.1e). This dihedral data indicates that ligand
TCPB* is extremely unsymmetrical. The dihedral angle
between the two pyridyl rings is 30.961°. Therefore,
two pyridyl rings of 4,4’-BPY are not coplanar. In 1,
each TCPB* ligand links three [Zn;(CO,)s] SBUs (Fig.
Ic), each [Zn;(CO,)s] SBU is connected by six TCPB?
ligands and two 4,4’-BPY ligands, and each 4,4'-BPY
ligand links two [Zn3(CO,)s] SBUs by terminal nitrogen
atoms (Fig.1d), such building units are repeated to
form a three-dimensioal (3D) network. As summarized
in Table S1, the Zn-O bond lengths range from
0.193 5(2) to 0.232 1(3) nm, the bond distances of
Zn-N are in the range of 0.202 4(3)~0.204 4(3) nm,
and the O-Zn-O bond angles span from 56.97° to

179.37°, the coordination bond lengths and bond angles
around the Zn ions are in good agreement with the
reports™.

The guest DMF and water molecules, being
disordered, locate in the channels. All DMF and water
molecules can be completely removed upon heating,
and there exist two types of one-dimensional channels
along the ¢ axis, which possess the open window
of 1.205(2) nmx0.860(3) nm (A) and 1.815(3) nmx
1.760(3) nm (B) when the van der Waals radii of the
atoms at the wall of the channel are subtracted,
respectively (Fig.2¢). Moreover, open channel systems
also exist along the a and b axis, with an open
window size of 1.775(2) nmx1.576(2) nm and 1.441(2)
nmx1.350(3) nm, respectively (Fig.2a and 2b), and the
solvent-accessible volume is about 46.2% calculated

by PLATON/SOLV ™ when the guest DMF and water
molecules are removed (Fig.2 and Fig.S3).

Hydrogens are omitted for clarity

Fig.2 Space filled representation of the 3D framework in 1 viewed from a, b, and ¢ directions

From the view point of topology, the 3D structure
of 1 can be described as a (3,8)-connected network
with Schlfli symbol of {4%},-{4°-6"-8%} +{6} by consid-
ering each [Zn;(CO,)s] SBU as an 8-connected node
and the organic ligand as a 3-connected node (Fig.3).

Single-crystal X-ray diffraction study reveals that
complex 2 contains a two dimensional layer framework
built by three-nuclear Co SBUs and three-connected
TCPB* ligand. Crystal 2 belongs to the triclinic system
with space group of Pl. As shown in Fig4a, its
asymmetric unit cell contains one and a half Co* ions,
one fully deprotonated TCPB*" ligand, one coordinated
DMF molecule and one coordinated H,0O molecule.

Two crystallographically independent Co* ions (labeled

as Col and Co2, respectively) exhibit different coor-
dination geometries although they are both coor-

dinated with six oxygen atoms (Fig.4b). The

Black dot: 3-connected node of TCPB* organic ligand, Pink dot:
2-connected linker of 4,4"-BPY, Turquoise dot: 8-connected node
of SBU

Fig.3  (3.8)-connected network of 1
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Symmetry codes: a: —x, 1-y, 1—z; b: —l+x, y, —l+z; c: =, 1-y, —z; d: x, y, —=142; e 1-x, 1y, 1-z; f: 1-x, 1—y, 2—z; Green and turquoise

polyhedra correspond to [Col0Og] and [Co20g] units, respectively in (e); Purple represents the 3-connected node of organic ligand and

turquoise represents the 6-connected node of SBU in (f)

Fig.4 (a) Coordination environments of Co** ions with the H atoms omitted for clarity; (b) Coordination polyhedron of Co* ions;
(c) One TCPB* ligand linking three [Co3(COO)s] SBUs; (d) One [Cos(COO)s] SBU connected by six TCPB* ligands;

(e) Polyhedral representation of 2 viewed from a direction; (f) (3,6)-connected network of 2

coordination geometry around Col ions can be
described as an octahedron with its six coordinated
oxygen atoms coming from six different TCPB*~ ligands
(04, O4c, O7b, O7e, O8a and O8d), which results in
a [ColOg] unit. As for Co2 ions, they bond to four
oxygen atoms (05a, O6f, O7f and 09) from three
TCPB* ligands, one oxygen atom (010) from one DMF
molecule and one oxygen atom (0O11) from one H,0
molecule with a [C020q4| unit, resulting in distorted
octahedron geometries. As shown in Fig.4c and 4d,
among the six coordinated TCPB* ligands, four carboxy-
lates from four TCPB?~ coordinate to Col and Co2 as
a bidentate bridging coordination mode, while the
other two carboxylates from two different TCPB?*-

ligands coordinate to Col and Co2 centers in a

chelating and bridging coordination mode to give a
three-nuclear [Co;(COO)] subunit (SBU) with Col -
Co2 distance of 0.351 3(2) nm within this SBU. The
dihedral angles between the central phenyl ring (A)
and the three phenyl rings B, C and D are 70.93°,
73.73° and 80.89°, respectively, and the dihedral
angles among the three phenyl rings B and C, B and
D, and C and D are 80.00°, 49.44° and 35.55°,
respectively (Fig.4c). These dihedral data indicate that
the TCPB* ligand is extremely unsymmetrical and the
phenyl rings in TCPB* are not coplanar so as to satisfy
the coordination geometry of Co*. The bond lengths of
Co-O bond distances range from 0.202 78(16) to
0.221 48 (16) nm, and the O-Co-O bond angles span
from 60.16° to 177.02° (Table S2), which are
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compatible with the values of the previously published

B The carboxylate groups in

reports in literatures
complex 2 adopt chelating and bidentate bridging
coordination modes to coordinate with three Co ions to
form a three-nuclear Co cluster unit [Co;(COO)s] SBU.
Overall, as shown in Fig.4c and 4d, each TCPB®-
ligand connects three [Co3(COO)s] SBUs and each [Cos
(COO0)e] SBU is surrounded by six TCPB?~ ligands,
(2D) net-like layered

framework (Fig.4e and S4). From the view point of

generating a two-dimensional

topology, the 2D structure of 2 can be described as a
(3,6)-connected network with Schlfli symbol of {4%,-
{4°-6'%-8%) by considering each [Co;(COO)s] SBU as a
6-connected node and the organic ligand TCPB*~ as a
3-connected node (Fig.2f).
2.2 Thermal analysis

The thermal stability of 1 and 2 were also
(TGA). The

thermal analyses of powdered samples of 1 and 2 were

detected via thermogravimetric analyses

performed under a nitrogen atmosphere. As shown in
Fig.5, complex 1 lost three guest water molecules and
one guest DMF molecule from room temperature to
200 °C (Obsd. 9.11%, Calcd. 8.78%), while complex 2
was stable up to 105 °C and then exhibited one step
of weight loss. The weight loss of 22.11% (Calcd.
22.28% ) in the temperature range of 105 ~210 C
DMF

molecule, one coordinated DMF molecule and one

corresponds to the release of one guest

coordinated water molecule. After the guest and the
coordinated solvent molecules are removed, a plateau

appears and the desolvated sample was thermally

stable up to 290 °C for 1 and 450 °C for 2. Above 290

100+
90 1
80-
70 2
60

Weight / %

50
40-
30

20

100 200 300 400 500 600 700
Temperature / ‘C

Fig.5 TG curves of 1 and 2

C for 1 and 450 °C for 2, the framework gradually
began to break down with the decomposition of the
organic part of framework. From the decomposition
temperature shown above, complex 2 exhibits good
thermal stability. This may be attributed to the
coordinatively linked net-like structure.
2.3 Photoluminescence property

The solid-state photoluminescent properties of
complex 1 and 2 together with H;TCPB and 4,4'-BPY
were investigated at room temperature. As depicted in
Fig.6, the H;TCPB ligand exhibited only a broad
emission band with a maximum at 354 nm upon
excitation with A,=280 nm (the excitation spectra is
presented in Fig.S5), and 4,4 -bipyridine ligand
showed an intense band centered at 466 nm, together
with a broad and weak emission band located around
361 nm under the excitation at 300 nm, which may be
caused by the 7*-7 and 7*-n transition. As for
complex 1, upon excitation at 320 nm, it showed blue
luminescence (Fig.7) with a large broad band emission
centered at 465 nm and a weak emission at 361 nm
(Fig. 6, and the excitation spectra is given in Fig.S6).
As the literature reported, the d' configured Zn (I)
cations are electrochemically inert, therefore, when
coordinated by ligands, they cannot take an electron
from the ligand with their 3d-orbitals, nor donate an
electron to the ligand™. In contrast to the emission of
the free ligands, the emission band of 1 exhibited red-
shifted as compared to free H;TCPB ligand, and was
close to the free 4,4'-BPY ligand, inferring that its

emission bands may be assigned to the intra-ligand

3000+

Complex 1

2 500+
4,4-BPY
; 2000

u

Intensity / a.
W
S
(=]
T

1000+

0 T T T T ]
300 350 400 450 500 550
Wavelength / nm

Fig.6 Emission spectra of 1, 4,4’-BPY and H;TCPB

ligand in solid state at room temperature
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charge transfer (ILCT), neither metal-to-ligand charge
transfer (MLCT) nor ligand-to-metal charge transfer
(LMCT) happened™ . Moreover, the red-shift of the
intense emission in 1 could be attributed to the
coordination effect, which affects the HOMO and
LUMO levels of the ligand to change the transition
energy, and enables the rigidity of the aromatic
backbones and reduces the loss of energy by radia-
tionless decay of the intraligand emissions™. However,
experimental results showed that complex 2 was non-
emissive under similar conditions, indicating that the
emissions of organic ligands may be quenched
completely in the complex, which may be due to the

emission quencher of Co(Il) in the structure’®.

Fig.7 CIE chromaticity diagram for 1

3 Conclusions

In summary, two novel MOFs, {[Zn;(TCPB),(4.,4'-
BPY)|-DMF-3H,0}, (1) and {{Co,s(TCPB)(DMF)(H,0)]
-DMF}, (2) (HsTCPB =1,3,5-tri (4-carboxyphenoxy)
benzene), have been successfully synthesized via
solvothermal reactions. Complex 1 possesses a three-
dimensional net framework constructed by three-
nuclear zinc SBUs, TCPB* and 4.4'-BPY linker.
Complex 2 has a 2D layered structure constructed by
trinuclear cobalt cluster as SBUs. The solid-state
photoluminescent property of 1 was investigated, and
the emission band was assigned to the intra-ligand
charge transfer (ILCT).
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