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A new heterometallic MOF compound, [ZnNa(m-BDC),]-NH,(CHs), (MOF-CJ2), has been solvothermally synthesized
and characterized by single-crystal X-ray diffraction, X-ray powder diffraction, ICP, TGA, IR, and photoluminescence
spectroscopy analyses. It crystallizes in monoclinic space group C2/c (No. 15) with a = 13.277(6) A, b = 14.323-
(M) A, ¢ =11.328(6) A, and B = 111.73(2)°. Its framework is constructed from M—O—C (M = Na and Zn) rods
composed of alternating six-coordinated Na(l) centers and four-coordinated Zn(ll) centers. These rods are linked
by m-BDC links to form primitive cubic (pcu) type rod packing. This framework exemplifies the first open-framework
heterometallic MOF structure based on the assembly of infinite rod building units.
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organic framework, has received much less atterifiéhiTo

the best of our knowledge, there is no open-framework
heterometallic MOF structure constructed from rod-shaped
building blocks reported. Here, we report the synthesis and
characterization of a novel three-dimensional (3D) hetero-
metallic metat-organic framework [ZnNaG-BDC),]-NH,-
(CH3), (m-BDC = 1,3-benzene-dicarboxylate), designated
MOF-CJ2, whose framework is constructed from infinite
M—O—C (M = Na and Zn) rod building units.

Experimental Section

Synthesis of MOF-CJ2.MOF-CJ2 was synthesized from the
solvothermal reaction of Zn(Ngk-6H,O, m-H,BDC, NaOH, and
N,N’-dimethylformamide (DMF) with a molar ratio of 1.0:1.0:2.0:
210. Typically, 0.084 g oinH,BDC was first dissolved into 8
mL of DMF with stirring, followed by addition of 0.040 g of NaOH.
Next, 0.145 g of Zn(N@),-6H,O was added to the above reaction
mixture. The resulting mixture was transferred into a Teflon-lined
stainless steel autoclave, and heated at °F@or 2 days under
static conditions. The final product, which consisted of colorless
rod-shaped single crystals, was washed thoroughly with DMF, and
dried at room temperature. The yield was 52% on the basis of Zn.
The dimethylammonium cations in the product are believed to be
a result of the decomposition of the DMF solvent under solvother-
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Table 1. Crystal Data and Structure Refinement for MOF-CJ2

empirical formula GsHisNNaOsZn

fw 462.68

T (K) 293(2)

2 (A) 0.71073

cryst syst monoclinic

space group C2/c

a(A) 13.277(6)

b (R) 14.323(7)

c(A) 11.328(6)

p (deg) 111.73(2)

V (A3) 2001.4(17)

z 4

p calcd (g cmd) 1.536

w (mm1) 1.294

F(000) 944

cryst size (mr) 0.32x 0.29x 0.25

6 range (deg) 3.3027.48

limiting indices —16<h=<17,—-18< k < 18,
—14=<1=<14

no. reflns collected/no. unique 9673/228gipt) = 0.0360]

completeness t = 27.48 99.5%

refinement method full-matrix least-squaresrén

data/restraints/params 2286/0/138

GOF onF? 1.071

final Rindices [ > 20(1)] R; =0.0427 wR, = 0.1083

R (all data) Ri1 = 0.0466 WR, = 0.111F

largest diff. peak and hole (e7&) 0.878 and-0.613

3Ry = F[AF/Y (Fo)l; WRe = { 3 [W(Fo? — FAIMIIW(FHZM2, w = (1/
0?)F2.

mal conditions. This phenomenon has been commonly observed'aPle 2. Selected Bond Lengths (A) and Angles (deg) for MOF-€J2

in the literature¥12 When the reaction was carried out in different

solvents, such as ethanol, tetrahydrofuran, and ethylene glycol, no

MOF-CJ2 product was obtained. This fact implies the important
role of the DMF decomposition in the formation of the product.
When we chose dimethylamine (33 wt %) as the template and
ethanol as the solvent, we could also obtain MOF-CJ2. This
demonstrates that dimethylamine plays a templating role in the
crystallization of this material.

Characterization. X-ray powder diffraction (XRPD) data were
collected in the 2 range of 4-40° on a Siemens D5005 diffrac-
tometer with Cu Kx radiation ¢ = 1.5418 A). The step size used
was 0.02, and step time was 12 s. Inductively coupled plasma
(ICP) analyses were carried out on a Perkin-Elmer Optima 3300Dv

spectrometer. Elemental analyses were conducted on a Perkin-Elme(3)#1-Zn(1)-Na(1)#1 133.24(15)

2400 elemental analyzer. The infrared (IR) spectrum was recorded
(400—-4000 cm! region) on a Nicolet Impact 410 FTIR spectrom-
eter using KBr pellets. Thermal gravimetric analysis (TGA) was
performed on a Perkin-Elmer TGA 7 thermogravimetric analyzer
in the air with a heating rate of 18C/min. Fluorescence spectra

Na(1)-O(4)#2 2.381(3) Zn(1yO()#1 1.982(2)

Na(1)-O(4)#1 2.381(3) Zn(10(2) 1.982(2)

Na(1)-O(1)#3 2.418(3) Zn(1)0(3) 2.038(3)

Na(1)-0(1) 2.418(3) Zn(1yO(3)#1 2.038(3)

Na(1)-O(2)#3 2.429(2)

Na(1)-0(2) 2.429(2)
0(2)1-Zn(1)-0(2) 108.38(14) O(4)2Na(1)-O(4)#1 180.000(1)
0(2)1-Zn(1)-0(3) 130.36(16) O(4)2Na(1)}-O(1)#3  88.71(16)
0(2)-Zn(1)-0(3) 99.46(14) O(4)XNa(1)-O(1)#3  91.29(16)
0(2)1-Zn(1)-0O@)#1  99.46(14) O(4)2Na(1)-O(1) 91.29(16)
0(2)-Zn(1)-O@)#1  130.36(16) O(4)tNa(1)-O(1) 88.71(16)
0(3)-Zn(1)-0(3)#1 92.1(2) O(1)3Na(1)-O(1)  180.0

O(2)#1-Zn(1)-Na(1)#1 47.58(6)
O@2)-zn(1)-Na(l)#1  94.96(7)
O@B)-zn(l)-Na(l)#1  90.72(14)

O(4)#2Na(1)-O(2)#3 73.84(11)
O(4)#iNa(1)-O(2)#3 106.16(11)
O(1)#3Na(1)-O(2)#3  98.19(9)

O(HNa(1)-O(2)#3  81.81(9)
O@#1-Zn(1)-Na(l)  94.96(7) O(4)#2Na(1}-O(2) 106.16(11)
0(2)-Zn(1)-Na(1) 47.58(6) O(A)#INa(1)-O(2)  73.84(11)
0(3)-zn(1)-Na(1) 133.24(15) O(1)#3Na(1-0O(2)  81.81(9)
O@#1-Zn(1)-Na(l)  90.72(14) O(HNa(1)-0(2) 98.19(9)
Na(l)#1-Zn(1)-Na(l) 119.65(4) O(2)#3Na(1)-O(2) 180.0

a Symmetry transformations used to generate equivalent atoms:x#1

were obtained with an LS55 fluorescence/phosphorescence specy, —z + 3/2; #2x, —y, z+ 1/2; #3—x, =y, =z + 2.

trophotometer at room temperature.

Structure Determination. A suitable single crystal with dimen-
sions of 0.32x 0.29 x 0.25 mn? was selected for single-crystal
XRD analysis. The intensity data were collected on a Rigaku

(8) (@) Ren, Y.; Long, L.; Mao, B.; Yuan, Y.; Huang, R.; ZhengAngew.
Chem., Int. Ed2003 42, 532-535. (b) Ma, B.; Gao, S.; Su, G.; Xu,
G. Angew. Chem., Int. EQ001, 40, 434-437.
(9) Dong, Y.; Smith, M. D.; Loye, H.-CAngew. Chem., Int. ER00Q
39, 4271-4273.
(10) (a) Shorrock, C. J.; Jong, H.; Batchelor, R. J.; Leznoff, DInBrg.
Chem.2003 42, 3917-3924. (b) Li, D.; Zheng, L.; Wang, X.; Huang,
J.; Gao, S.; Tang, WChem. Mater2003 15, 2094-2098. (c) Colacio,
E.; Doninguez-Vera, J. M.; Lloret, J. F.; Moreno 18hez, J. M;
Kivekas, R.; Rodiguez, A.; Sillanpa R. Inorg. Chem.2003 42,
4209-4214. (d) Ghosh, S. K.; Bharadwaj, P. Korg. Chem2005
44, 3156-3161.
(11) (a) Pan, L.; Finkel, B. S.; Huang, X.; Li, Chem. Commur001,
105-106. (b) Chen, J.; Liu, S.; Gao, Polyhedron2004 23, 1877
1888.
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R-AXIS RAPID IP diffractometer (Mo Ka) = 0.71073 A]. Cell
refinement and data reduction were accomplished by the RAPID
AUTO program. The structures were solved by direct methods, and
refined onF?2 by full-matrix least-squares using tBHELXTL97
software packag® All non-hydrogen atoms were easily found from
the difference Fourier map. Hydrogen atoms associatedwiBDC
molecules were placed geometrically, and refined in a riding model.
H atoms on the disordered protonated dimethylamine (HDMA
cations were not added. All non-hydrogen atoms were refined
anisotropically. Crystal data and details of the data collection are
given in Table 1. The selected bond distances and angles of MOF-
CJ2 are presented in Table 2.

Results and Discussion

The simulated and experimental X-ray powder diffraction
(XRPD) patterns of MOF-CJ2 are shown in Figure 1. They
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Figure 1. XRPD patterns of the simulated, experimental, and calcined
MOF-CJ2.

Intensity

are in good agreement with each other, which proves the
phase purity of the as-synthesized product.

ICP analysis gives the contents of Zn and Na as 13.86
and 4.53 wt %, respectively (calcd: Zn, 14.13; Na, 4.97 wt
%). Elemental analysis gives the contents of C, H, and N as
46.24, 3.21, and 2.59 wt %, respectively (calcd: C, 46.72; H,
3.49; N, 3.03 wt %). The compositional analysis results are
in agreement with the empirical formula, [ZnM&BDC),] --
NH,(CHs),, given by single-crystal structure analysis.

The IR spectrum of MOF-CJ2 shows the characteristic
bands of the organic ligant-BDC at 1629-1564 cnt1* for
the asymmetric vibration and at 1481355 cn? for the

symmetric vibration. The absence of the characteristic bands

attributed to the protonated carboxylic groups at around 1700
cm ! indicates the complete deprotonation of tneBDC
ligand!* The broad band at ca. 3450 chis attributed to

the vibrations of the NH absorption vibration for DMA
molecules:??

The TG curve in Figure 2 shows two stages of weight
loss occurring at ca. 3325 and 556-600°C. The weight
loss, 74.52 wt % in total, is attributed to the loss of dimethyl-
amine cations and the decomposition of the BDC ligands
(calcd: 75.71%). The XRPD analysis reveals that the hetero-
metallic MOF-CJ2 has a relatively high thermal stability
compared to that of those isolated molecular complexes
containing sodium cations. MOF-CJ2 maintains its crystal-
linity up to 250°C (Figure 1c). However, it collapses above
300 °C with the loss of dimethylamine cations, and finally
transforms to N&n,O3; (JCPDS: 85-0235).

Single-crystal structure analysis reveals that MOF-CJ2 is
a new 3D heterometallic MOF with the formula [ZnNa&(
BDC),]-NH,(CHgs),. The coordination modes of tme-BDC
ligand are illustrated in Scheme 1. The sodium atom is six-
coordinated to six different carboxyl groups (two in mode
A, two in mode B, and two in mode C) and exhibits an

(12) (a) Chen, W.; Wang, J.; Chen, C.; Yue, Q.; Yuan, H.; Chen, J.; Wang,
S.Inorg. Chem2003 42, 944-946. (b) Burrows, A. D.; Cassar, K.;
Friend, R. M. W.; Mahon, M. F.; Righy, S. P.; Warren, J. E.
CrystEngComn2005 7, 548-550.

(13) (a) Sheldrick, G. M.SHELXS-97, Program for Crystal Structure
Solution Gottingen University: Gttingen, Germany, 1997. (b)
Sheldrick, G. M.SHELXL-97, Program for Crystal Structure Refine-
ment Gottingen University: Géingen, Germany, 1997.

(14) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compoundsith ed.; Wiley-Interscience: New York, 1986.
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Figure 2. TG curve of MOF-CJ2.

Figure 3. Thermal ellipsoid plot (50%) showing the asymmetric unit of
MOF-CJ2.

Scheme 1. Coordination Modes om-BDC in MOF-CJ2

Na C
\O o
~
Zn C \Na
(0]
- (@)
Na B \Zn A

octahedral geometry. The Zn atom is four-coordinated to four
different carboxyl groups (two in mode A and two in mode
C) and exhibits a tetrahedral geometry (Figure 3). Each Zn
atom is corner-shared with two adjacent Na atoms through
two carboxyl groups in mode C. This connectivity pattern
leads to infinite M-O—C (M = Zn and Na) rods running
along the [001] direction (Figure 4a,b). Each rod is linked
to four neighboring rods by the benzene rings of the BDC
units, resulting in a primitive cubigogu) type rod packing.

To date, reports on heterometallic framework complexes
containing Zri and N& ions are rare. Notable examples are
a 3D framework formed by the hexagonhég) type packing
arrangement of ZaNa rods and a pillared 3D framework
constructed by ZrNa layerst> MOF-CJ2 represents the first
open-framework heterometallic MOF structure formed by
the pcu packing arrangement of infinite ZrNa rods. The
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Figure 4. Infinite rod-shaped building blocks used to assemble MOF-
CJ2: (a) ball-and-stick representation of SBU; (b) SBU shown as polyhedra
(Zn, blue; Na, pink; O, red; C, gray).

Figure 5. Framework of MOF-CJ2 with dimethylamine templating cations
occupying the pores, viewed along the [001] direction (Zn, blue; Na, pink;
O, red; C, gray). Hydrogen atoms have been omitted for clarity.

structure of MOF-CJ2 has channels of 34 3.1 A2
dimensions with void space running along the [001] direction
(Figure 5), and channels of 3:15.7 A2 dimensions occupied

by disordered protonated dimethylamine cations along the
[110] direction. There exist NH---O hydrogen bonds
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Figure 6. Photoluminescent spectrum of MOF-CJ2 in the solid state at
room temperature. Ex excitation, Em= emission.

emission band of the free ligand is attributed to stie— n
transitions. Compared to the free ligands, the strongest
excitation peak for MOF-CJ2 is at 318 nm, with an energy
higher than that of the BDC ligand. The emission spectrum
of MOF-CJ2 shows one strong peak at 421 nm (Figure 6),
which can be assigned to the ligand-to-metal charge-transfer
(LMCT) band?® The strong fluorescent emission of MOF-
CJ2 may make it a potentially useful photoactive material.

Conclusions

A new heterometallic metalorganic framework has been
synthesized from the solvothermal reaction of zinc nitrate
hexahydrate, sodium hydroxide, and 1,3-benzene-dicarboxy-
lic (m-BDC) acid. Its framework is constructed of infinite
heterometallic M-O—C rods composed of alternating NaO
octahedra and ZnQetrahedra. The rods are linked together
along the [001] direction by BDC connectors to give rod
packing ofpcu type. This framework exemplifies the first
open-framework heterometallic MOF structure based on the
assembly of infinite rod-shaped building blocks. Solvother-
mal reactions involving different transition metals and a wide
variety of bridging ligands are currently under investigation
with the aim of obtaining new heterometallic MOFs exhibit-
ing interesting structures and properties.
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