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Three 3D manganese-organic frameworks, Mn,(BPTC)(DMF),(H,0) - DMF - 3H,0 (1), Mny(BPTC)(bipy)(DMF) - DMF - H,O
(2), and Mny(BPTC)(phen)(DMF)-EtOH (3), have been solvothermally synthesized using 3,3',5,5"-biphenyltetracarboxylic
acid (H4BPTC). All complexes are characterized by PXRD, EA, IR and TG. The results show that they all bear the PtS to-
pology with (4%.8*) (4%.8%) for the vertex symbols of the planar and tetrahedral nodes, in which the BPTC ligand is considered
as a square-planar 4-connected linker, and every binuclear SBU connected to the four BPTC ligands is simplified into tetrahe-
dral 4-connected nodes. Because the three coordination sites of one metal center of SBU are occupied by the coordinated sol-
vent molecules, complex 1 exhibits low stability. After substituting 2,2'-bipy or 1,10-phen for two coordinated solvent mole-
cules, complexes 2 and 3 display evidently higher structure stability. The magnetism property of complex 2 is also discussed in

detail.
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1 Introduction

Design and synthesis of metal-organic frameworks (MOFs)
with desired topologies and properties are an attractive field
in supramolecular chemistry and crystal engineering be-
cause of their potential applications in a variety of areas,
including catalysis, ion exchange, sensors, shape-selective
adsorption, gas storage, photochemistry, and materials with
magnetic properties [1-15]. MOFs are new type of hybrid
materials made from various metal ions and organic ligands
[16-20]. Thus, the coordination geometries of metal ions
and the conformations of organic ligands have significant
influence on the final structure of the products [21-26]. In
the past decades, many MOFs bearing interesting topologies
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and properties have been designed and synthesized based on
various metal ions such as Cu**, Zn**, Co*", Mn>", and car-
boxylate ligands, such as terephthalic acid and benzenetri-
carboxylic acid [27-37].

Because carboxylate ligands possess strong coordination
abilities and different coordination modes, they can link the
metal ions to generate various topological structures with
1D, 2D, and 3D frameworks [38—40]. Much efforts have
been devoted to the construction of three-dimensional po-
rous MOFs based on multi-carboxylate ligands [41, 42].
Among MOFs with known topologies, PtS nets have been
widely documented as this kind of topological MOFs can be
easily obtained through a tetrahedral linker and a square-
planar node [43]. Indeed, many porous MOFs with PtS to-
pologies were synthesized and characterized based on the
tetrahedral ligands and square-planar SBUs in the past
decades [44-46]. However, MOFs with PtS topology based
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on the square-planar organic linkers and tetrahedral SBUs
are rare [47-53].

In this work, three 3D manganese-organic frameworks,
Mn,(BPTC)(DMF),(H,0)-DMF-3H,0 (DMF = N,N-dime-
thylformamide) (1), Mn,(BPTC)(bipy) (DMF)-DMEF-H,0
(2), and Mny(BPTC)(phen)(DMF)-EtOH (3), were synthe-
sized using Mn(NO;), and 3,3',5,5"-biphenyltetracarboxylic
acid (H,BPTC, Scheme 1). Single-crystal X-ray diffraction
reveals that the square-planar ligands link the binuclear
metal centers to generate PtS topology for all the three
structures. Meanwhile, the binuclear SBU is engaged by
four carboxylate groups from four different BPTC ligands.
In compounds 1-3, the remaining coordination sites of the
SBU were occupied by coordinated solvent molecules, and
chelating ligands 2,2’-bipyridine (bipy) and 1,10-phen-
anthroline (phen), respectively.

2 Experimental

2.1 General experimental information

All of the chemicals and solvents used in the syntheses were
of analytical grade and used without further purification. C,
N, and H analyses were performed on an EA1110 CHNS-0
CE 65 elemental analyzer (CE Instruments, Italy). IR (KBr
pellet) spectra were recorded on a Nicolet Magna 750FT-IR
spectrometer (USA). Thermogravimetric analyses (TGA)
were performed on a Netzsch STA 449C thermal analyzer
(Germany) from room temperature to 700 °C under nitrogen
atmosphere at a heating rate of 10 °C/min.

2.2 Crystal structure determinations

Crystallographic data for 1-3 were collected on a Bruker
Smart APEXII CCD diffractometer (Germany) with Mo Ka
(A = 0.71073 A) at room temperature. All the structures
were solved by the direct method using the SHELXS
program of the SHELXTL package and refined by the
full-matrix least-squares method using SHELXL [54, 55].
The metal atoms in each complex were located from the
E-maps, and other non-hydrogen atoms were located in
successive difference Fourier syntheses and refined using
anisotropic thermal parameters on F~. The organic hydrogen
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< ; 2\ />
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H4BPTC phen

Scheme 1 Ligands involved in this work.
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atoms were generated geometrically (C-H 0.96 A). The
crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited in the
Cambridge Crystallographic Data Center with CCDC
Numbers: 969316-969318. Crystallographic data for 1-3
are summarized in Table 1 and the selected bond lengths
and bond angles are listed in Table S1 (Supporting
Information online).

2.3 Synthesis of Mn(BPTC)(DMF),(H,0) -DMF -3H,0
1)

A mixture of Mn(NO3), (0.05 mL, 50% aq.), Hsbptc (1 mg,
0.003 mmol), NaOH (0.05 mL, 0.5 mol/L), and DMF-
C,Hs0H-H,O (1 mL, 2:1:1) were sealed in a pressure-
resistant glass tube and put into a programmed oven, slowly
heated to 75 °C at room temperature in 400 min, and kept at
75 °C for 4320 min, After slowly cooling to 30 °C in 800
min, colorless block crystals of 1 were separated in 35.3%
yield based on H,BPTC. Elemental analysis calcd. (%) for 1:
C 41.28, H 4.82, N 5.78; found (%): C 41.21, H 4.75, N
5.82%.

2.4 Synthesis of Mny(BPTC)(bipy)(DMF) -DMF - H,O (2)

A mixture of Mn(NO3), (0.05 mL, 50% aq.), Hsbptc (1 mg,
0.003 mmol), 2,2'-bipy (3 mg, 0.019 mmol), NaOH (0.05
mL, 0.5 mol/L), and DMF-C,HsOH-H,O (1 mL, 2:1:1)
were sealed in a pressure-resistant glass tube and put into a
programmed oven, slowly heated to 75 °C at room temper-
ature in 400 min, and kept at 75 °C for 4320 min. After
slowly cooling to 30 °C in 800 min, colorless block crystals
of 2 were separated in 38.2% yield based on H,BPTC. Ele-
mental analysis caled. (%) for 2: C 50.81, H 4.00, N 7.41;
found (%): C 51.19, H 4.23, N 7.64%.

2.5 Synthesis of Mn,(BPTC)(phen)(DMF) - EtOH (3)

A mixture of Mn(NO;), (0.05 mL, 50% aq.), Hsbptc (1 mg,
0.003 mmol), phen (4 mg, 0.02 mmol), NaOH (0.05 mL, 0.5
mol/L), and DMF-C,HsOH-H,O (1 mL, 2:1:1) were sealed
in a pressure-resistant glass tube and put into a programmed
oven, slowly heated to 70 °C at room temperature in 600
min, and kept at 70 °C for 5000 min, After slowly cooling to
30°C in 900 min, colorless block crystals of 3 were sepa-
rated in 41% yield based on H4BPTC. Elemental analysis
caled. (%) for 3: C 50.81, H 4.00, N 7.41; found (%): C
51.19, H 4.23, N 7.64%.

3 Results and discussion

3.1 Structural description

Complexes 1-3 were synthesized through solvothermal



Crystal data for 1-3

Meng QG, et al.

Sci China Chem  November (2014) Vol.57 No.11

1509

1 2 3
Empirical formula CosH2oMn,N;01, C3,H2sMn,N4Oy C31H1sMn,N3O0q
Formula weight 673.39 738.46 686.36
Crystal system monoclinic monoclinic monoclinic
Space group P2/c P2/c P2./c
a(A) 14.5460(5) 13.288(2) 13.153(3)
b (A) 13.0153(4) 13.919(2) 13.986(4)
c(A) 22.0633(8) 21.539(3) 21.683(4)
a(°) 90 90.00 90
Q) 125.319(2) 121.502(7) 121.056(11)
7(®) 90 90.00 90
Volume (A% 3408.2(2) 3396.6(9) 3417.0(14)
VA 4 4 4
Peae (Mg/mm?®) 1.312 1.444 1.334
F(000) 1384.0 1512.0 1388.0
Crystal size (mm’®) 0.12x0.11 x 0.1 0.13x0.11 x0.1 0.12x0.11 x0.1
26 range for data collection 3.446° to 49.998° 3.6°to 50° 3.646° to 49.998°
17<h< 15, 9<h<15, 15<h<14,
Index ranges 15<k<15, 16 <k< 16, 16 <k<12,
19<1<26 25<1<24 24<1<25
Reflections collected 16650 16237 16419
Independent reflections 6093[R(int) = 0.0407] 5959[R(int) = 0.0343] 6013[R(int) = 0.0488]
Data/restraints/parameters 6093/222/385 5959/0/436 6013/24/407
Goodness-of-fit on F* 1.076 1.138 1.044
Final R indexes 13> 20(0) W =01759 W =01527 wRo=02449
B oo, n-n%s, N
Largest diff. peak/hole (e/A%) 1.36/-1.39 0.85/-0.78 1.42/-1.27

reactions based on HyBPTC and manganese ions. The crys-
tal structures were determined by single-crystal X-ray dif-
fraction. The formula of Mn,(BPTC)(DMF),(H,0)-DMF-
3H,0 (1), Mny(BPTC)(bipy) (DMF)-DMF-H,0 (2), and
Mny(BPTC)(phen)(DMF) - EtOH (3) were further confirmed
by PXRD (Figure S1), elemental analysis, TGA, and IR
(Figure S2). Complexes 1-3 are all three-dimensional
frameworks based on binuclear manganese SBUs.

Complex 1 crystallizes in the monoclinic P2,/c space.
The asymmetric unit consists of two Mn?* ions, one BPTC
ligand, two coordinated DMF molecules, one coordinated
water molecule, one uncoordinated DMF molecule and three
uncoordinated molecules (Figure 1). In the crystal structure,
there are two types of manganese ions with different coor-
dination environments: Mnl is coordinated by six oxygen
atoms from four carboxylate groups in a distorted octahe-
dral geometry, whereas Mn2 is coordinated by three oxygen
atoms from three carboxylate groups, two coordinated DMF
molecules, and one coordinated water molecule, in an octa-
hedral geometry. The average Mn—O distance is 2.193 A.

Mnl and Mn2 are engaged by four carboxylate groups
from four different ligands to generate a binuclear Mn SBU
with the Mn—Mn distance being 3.495 A. The remaining
coordination sites of Mnl are occupied by the coordinated
DMF and water molecules, respectively. Thus, each binuclear

SBU attaches to four BPTC ligands and every ligand con-
nects four binuclear SBUs to construct a three-dimensional
framework. There exist 1D channels along the c¢ axis, in
which the coordinated DMF and uncoordinated DMF mol-
ecules reside (Figure 1). The approximate channel size for
compound 1 is 9.1 x 9.3 A. The percent void volume ob-
tained using the PLATON software is 35.1% in the 3D
network of 1.

Topologically, each BPTC ligand connects four binuclear
manganese SBUs; meanwhile, the BPTC ligand can be con-
sidered as a square-planar 4-connected linker, and every
binuclear SBU, which is connected to the four BPTC lig-
ands, can be simplified into tetrahedral 4-connected node.
Based on the simplification, complex 1 possesses a 3D PtS
topology with (42.84) (42.84) for the vertex symbols of the
planar and tetrahedral nodes (Figure 2).

As mentioned previously, Mn1 ion is coordinated by six
oxygen atoms from the carboxylate groups of BPTC ligands,
but Mn2 is coordinated by only three oxygen atoms from
the carboxylate groups and three coordinated solvent mole-
cules in the SBU of 1 (Figure 3). After analyzing the coor-
dination geometry of Mn2, we found that the three solvent
molecules were located at the positions that every two sol-
vent molecules are almost vertical. Hence, it is possible that
every two coordinated solvent molecules can be replaced by
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Figure 1 The asymmetric unit in 1 (a) uncoordinated DMF and water
molecules are omitted for clarity and the 3D packing of 1 (b), showing the
1D channels along [001] direction, in which coordinated DMF reside.
Symmetry codes: * —x, 0.5+y, =0.5-z; ® 1—x, —1—y, —z; “ x, 1.5y, —0.5+z.

2t

Figure 2 The PtS topology of complex 1 after simplifying the BPTC
ligand as a planar node and the SBU as a tetrahedral node.

Mn1 Mn1 Mn1
Mn2 Mn2 Mn2
1 2 3

Figure 3 Coordination environment of Mn(II) centers in complexes 1-3.

other chelating ligands such as bipy and phen without
changing the geometry of the SBU as well as the frame-
work.

Sci China Chem  November (2014) Vol.57 No.11

Considering these, the solvothermal reactions of
Mn(NOs),, H4BPTC, and bipy or phen were carried out.
Fortunately, two new manganese coordination polymers,
Mn,(BPTC)(bipy)(DMF)-DMF-H,0 (2), and Mn,(BPTC)
(phen)(DMF)-EtOH (3), were obtained with the same to-
pology as 1. Compared with complex 1, complexes 2 and 3
were synthesized by changing the coordinated DMF and
water molecules with chelating bipy or phen ligands (Figure
4), but the whole framework including the SBU and topol-
ogy remains unchanged, and the coordination environment
of Mnl1 also keeps no change in the SBUs of 2 and 3. How-
ever, Mn2 is coordinated by three oxygen atoms from the
BPTC ligands, two nitrogen atoms from bipy or phen, and
one oxygen atom from the coordinated DMF molecule. The
average Mn—N distances are 2.121 (5) and 2.267 (4) A for2
and 3, respectively. The average Mn—O distances in com-
plexes 2 and 3 are 2.136 and 2.183 A, respectively, which
are shorter than that in complex 1. Both 2 and 3 possess 1D
channels along [001] direction, in which the coordinated
bipy or phen molecules reside (Figure 5). The approximate
channel sizes for compounds 2 and 3 are 5.3 x 9.0 and 4.3 x
9.1 A% respectively. The percent void volume obtained us-
ing the PLATON software is 26.5% and 22.3% in the 3D
networks of 2 and 3.

o5

oe*

(b)

C21
99 C17C18 c19
C30
©Mn
o7 @0
N
ecC

04

Figure 4 The coordination environment of 2 (a) (Symmetry codes: * 1-x,
—0.5+y, —0.5-z; ® 1-x, —=1-y, —1—z; ¢ 1+x, =0.5—y, —0.5+z) and the coordi-
nation environment of 3 (b) uncoordinated DMF molecules are omitted for
clarity (Symmetry codes: * 2.5—x, 0.5+y, —0.5-z; > _0.5+x, —0.5-y, -0.5+z;
€ 2—x, -y, —-1-7).
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Figure 5 The 3D packing of complexes 2 (a) and 3 (b), showing the 1D
channels along the [001] direction, with bipy and DMF residing in 2, and
phen and methanol in 3.

TG analysis of 1 was performed in an N, atmosphere on
polycrystalline sample, and the TG curve is shown in Figure
6. Complex 1 can be stable up to 150 °C where the coordi-
nated DMF starts to decompose. The low thermal stability
of 1 may derive from the being of three coordinated solvent
molecules on one of the manganese ions in the SBU. The
coordinated solvates are easy to be thermally released to
result in the formation of unstable low-coordinated metal
ions and further cause the collapsing of the whole frame-
work. Therefore, replacing the coordinated solvent mole-
cules by other chelating ligands such as 2,2'-bipyridine
(bipy) and 1,10-phenanthroline (phen) becomes a facile
strategy to improve the stability of the framework. Indeed,
complex 2 is stable up to 400 °C where the coordinated bipy
starts to decompose, whereas complex 3 is stable till 450 °C
where the coordinated phen ligand begins to decompose
according to TG analysis (Figure 6).

3.2 Magnetic properties

The variable-temperature magnetic measurement of complex
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Figure 6 The TGA of the three complexes.

2 was performed in the temperature range of 1.8-300 K
under an applied magnetic field of 1 kOe. The plots of yuT
versus T together with 1/yy versus T, where yy is the molar
magnetic susceptibility per Mn, unit, are shown in Figure 7.
The experimental yu7T value of 2 at room temperature is
8.03 K cm3/mol, which is somewhat lower than the ex-
pected value of yuT = 8.75 K cm’/mol for two independent
high-spin Mn(II) centers with g = 2.0. The y\T product of 2
decreases slowly from ambient temperature to 75 K, and
then reduces sharply to 0.16 K cm*/mol at 1.8 K, indicating
an overall anti-ferromagnetic behavior. The magnetic sus-
ceptibility obeys the Curie-Weiss law down to 50 K with a
Curie constant C = 8.12 K cm*/mol (1/yy = (T — ©) / C) and
a Weiss constant @ = -3.28 K.

3.3 Effect of the chelated ligand on the thermal stabil-
ity of the final structures

It is well known that almost all of the applications of MOFs
are highly determined by the framework stability. In the
reported structures, the results demonstrated that some of
the coordination sites of the metal ions are occupied by co-
ordinated solvates such as H,O and DMF, resulting in the
formation of unstable low-coordination metal ions and fur-
ther causing the collapse of the whole framework as the

T T T T T T T 40

8 " a5
= 6 30 En

[]

£ 25 &
"’E <)
S 4 £
< 20 <
£ g

X 2 15

10

01 L5

0 50 100 150 200 250 300
T(K)

Figure 7 The variable-temperature magnetic measurement of complex 2.
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coordinated small solvates are easy to be thermally removed
from the metal ions. In 1, Mn2 is coordinated by three oxy-
gen atoms from three carboxylate groups, two coordinated
DMF molecules, and one coordinated water molecule, that
is, half of the coordination sites of Mn2 ion are occupied by
the solvent molecules. When the coordinated solvent mole-
cules are thermally removed, the Mn2 ion is only
three-coordinate, which is extremely unstable. In fact, TG
analysis displays that complex 1 is easy to lose coordinated
solvent molecules at a low temperature, and bear low stabil-
ity of framework. However, there is only one coordinated
solvent molecule on the Mn2 ion after replacing two coor-
dinated solvates by chelating ligands in complexes 2 and 3,
which evidently improves the thermal stabilities of the
frameworks.

4 Conclusions

In summary, we have synthesized a series of manganese-
organic frameworks with PtS topology. The same topologi-
cal MOFs can be successfully assembled without changing
the geometries of the SBUs as well as the whole frame-
works when substituting of two coordinated solvent mole-
cules to chelating ligands, but the thermal stabilities of the
MOFs are significantly improved.
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