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Employing an unsymmetrical 1,2,4-benzenetricarboxylate as a bridging ligand, a new 3-D chiral cadmium coordination
polymer [Cd,(OH)(1,2,4-BTC)] (1,2,4-BTC = 1,2,4-benzenetricarboxylate) has been prepared under hydrothermal
conditions and characterized by single crystal X-ray diffraction. This compound crystallizes in the orthorhombic
space group P2;,2121, with cell parameters a = 6.900(2) A, b = 7.404(3) A, ¢ = 19.116(5) A, V = 976.5(5) A3,
and Z = 4. lts structure contains 2-D Cd—0—Cd connectivity, which is further linked by the 1,2,4-BTC ligand into
a 3-D supramolecular framework. The 1,2,4-BTC ligand shows a novel and unprecedented coordination mode:
nine bonds to eight metals with each carboxylate as a tridentate group. The compound exhibits intense
photoluminescence at room temperature and shows distinct NLO properties. On the basis of the results of TG/DTA
analyses, the structure is thermally stable up to ~ 380 °C.
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chiral MOFs can be synthesized by combining unsymmetrical
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The control of framework chirality is particularly difficult
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H.; Jun, S. I,; Oh, J.; Jeon, Y. J.; Kim, Wature200Q 404, 982.
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dination geometrie$.® Accordingly, a series of chiral MOFs

Table 1. Crystal Data and Structure Refinement Parameterd for

based on metal pyridinecarboxylates have been obtained,

such as [Zn(isonicotinatg)”® [Zn(nicotinato}],” and M 4-
[2-(4-pyridyl)ethenyl]lbenzoa}e (M = Zn, Cd), et ceter&!

It seems that the asymmetry of the organic ligands can be
transferred to certain building units of those compounds,
which can further connect to each other by organic ligands
to form chiral topologies and maintain the original asym-
metry. To explore the synthetic strategy of chiral MOFs,
Chen et al. reported the use of a new synthetic technique
that employed in situ generation of unsymmetrical organic
ligands under hydrothermal conditions to prepare chiral
compoundg?

Keeping in mind the aforementioned points, we believe
that the structures of unsymmetric bridging ligands have a
significant effect on the recognition and crystallization of
metal centers into chiral solids; therefore, we extended our
research into the metal/unsymmetric bridging carboxylate
system to obtain new chiral compounds. As a result, in this
article, we report an exceptionally stable chiral coordination
polymer [C3(OH)(1,2,4-BTC)] 1 (1,2,4-BTC = 1,2,4-
benzenetricarboxylate), which is generated from unsym-
metrical 1,2,4-benzenetricarboxylate and shows distinct NLO
and fluorescence properties.

Experimental Section

General Methods.All chemicals used in these syntheses were
of reagent grade and used as purchased without further purification.
Infrared (IR) spectra were recorded from KBr pellets in the range
of 400-4000 cnt?® on a Nicolet Impact 410 FTIR spectrometer.

Elemental analyses were performed on a Perkin-Elmer 2400 elementO(7)—Cd(1)-0(3)

analyzer. Thermogravimetric analyses (TGA) and differential
thermal analyses (DTA) were carried out on a Perkin-Elmer TGA
7 thermogravimetric analyzer and a Perkin-Elmer DTA 1700
differential thermal analyzer in air with a heating rate ¢fBmin—1.
Synthesis of [Cd(OH)(1,2,4-BTC)] (1). Compoundl was
hydrothermally prepared from a reaction mixture of GEZbH,O
(0.219 g, 1 mmol), 1,2,4-BTC (0.420 g, 2 mmol), NaOH (0.240 g,
6 mmol), and distilled water (10 mL) in a molar ratio of 1:2:6:555.
The mixture was stirred for 20 min at room temperature and then
crystallized in a Teflon-lined stainless steel autoclave with a 23
mL capacity at 220C for 120 h. After cooling, colorless crystals
for single crystal X-ray diffraction were obtained with a yield of
68% based on Cd. Anal. Calcd fopld,O,Cd,: C, 24.06; H, 0.89.
Found: C, 23.92; H, 0.78. IR (KBr pellet, 406@00 cn1?): 3607

(7) (a) Evans, O. R.; Lin, WAcc. Chem. Re2002 35, 511. (b) Evans,
0. R,; Xiong, R.-G.; Wang, Z.; Wong, G. K.; Lin, WAngew. Chem.,
Int. Ed 1999 38, 536. (c) Lin, W.; Evans, O. R.; Xiong, R.-G.; Wang,
Z.J. Am. Chem. S0d 998 120, 13272. (d) Lin, W.; Ma, L.; Evans,
0. R.Chem. CommurR00Q 2263. (e) Evans, O. R.; Lin, WChem.
Mater. 2001, 13, 3009.

(8) (a) Wang, Y.-T.; Tong, M.-L.; Fan, H.-H.; Wang, H.-Z.; Chen, X.-
M. J. Chem. Soc¢Dalton Trans.2005 424. (b) Tian, G.; Zhu, G.;
Yang, X.; Fang, Q.; Xue, M.; Sun, J.; Wei, Y, Qiu,Ghem. Commun.
2005 1396.

(9) (a) Kondo, M.; Miyazawa, M.; Irie, Y.; Shinagawa, R.; Horiba, T.;
Nakamura, A.; Naito, T.; Maeda, K.; Utsuno, S.; UchidacChem.
Commun2002 2156. (b) Wang, R.-H.; Xu, L.-J.; Li, X.-S.; Li, Y.-
M.; Shi, Q.; Zhou, Z.-Y.; Hong, M.-C.; Chan, A. S. €ur. J. Inorg.
Chem.2004 1595.

(10) (a) Wang, Y.-T.; Fan, H.-H.; Wang, H.-Z.; Chen, X.-Morg. Chem.
2005 44, 4148. (b) Xiong, R.; You, X.; Abrahams, B. F.; Xue, Z.;
Che, C.Angew. Chem., Int. EQ001, 40, 4422.

empirical formula GH4O,Cd,
fw 448.92
space group P2,2:2; (no. 19)
a, 6.900(2)
b, A 7.404(3)
c, A 19.116(5)
v, A3 976.5(5)
Zz 4

T, K 293(2)
(Mo Ka), A 0.71073
Pcalcg cnT3 3.053
u(Mo Ka)), mmt 4.380
Rl > 20(1)] 0.0339
WRY[I > 20(1)] 0.0776

3Ry = Y [IFol — IFcll/3|Fol ® WRp = { T [W(Fo? — F?)2/ S [W(Fo?)]%} M2

Table 2. Selected Bond Lengths (A) and Angles (deg) 1ér

Cd(1)-O(6)#1 2.244(7)  CA(®O(7) 2.221(6)
Cd(1-0(1)#2 2.258(8)  Cd(2)O(4) 2.274(7)
Cd(1)-0O(7)#3 2.263(7)  Cd(O(3)#5 2.328(7)
Cd(1)-0(7) 2.307(7)  Cd(2yO(2)#6 2.342(7)
Cd(1)-O(5)#4 2.332(7)  Cd(®O(5)#7 2.365(7)
Cd(1)-0(3) 2.420(7)  Cd(ZyO(2)#5 2.421(7)
O(B)#1-Cd(1)-O(1)#2 129.0(3)  O(ACd(2)-O(4) 102.2(3)
O(B)#1-Cd(1-O(7)#3 83.7(3)  O(ACd(2-0(3)#5  105.3(2)
O(1)#2-Cd(1)-O(7)#3 88.2(3)  O(4YCd(2-O@)#5  152.1(3)
O(6)#1-Cd(1)-O(7)  97.0(3)  O(7¥Cd(2-O(2)#6  97.4(3)
O(1)#2-Cd(1-0(7) 79.8(3)  O(4yCd(2)-O(2#6  90.1(3)
O(7)#3-Cd(1)-O(7)  165.04(17) O(345Cd(2-O(2)#6 81.5(2)
O(6)#1-Cd(1)-O(5)#4 146.2(3) O(ACd(2-O(B)#7  175.8(3)
O(1)#2-Cd(1-O(5)#4 82.7(3)  O(4¥Cd(2-O(B)#7  79.1(3)
O(7)#3-Cd(1-O(5)#4 86.6(3)  O(I)#5CA(2-OB)H7 73.8(2)
O(7)-Cd(1)-O(G)#4  100.5(2) O(2#6Cd(2-O(5)#7 86.5(3)
O(6)#1-Cd(1-O(3) 81.8(3)  O(7¥Cd(2-O(2#5  83.9(2)
O(1)#2-Cd(1-0O(3)  1453(3) O(4yCd(2-O(2#5  116.1(3)
O(7)#3-Cd(1)-0(3)  113.7(2) O(3)H5CA(2-O(2)#5 72.2(2)

81.1(2)  O(#6Cd(2-O(2)#5 153.0(2)
O(B)#4-Cd(1-0(3)  72.7(2)  O(GH#Cd(2-O(2)#5 91.9(3)

a Symmetry transformations used to generate equivalent atomsx #1:
=12, -y + 1/2,—z+ 1; #2: —x,y — 112, —z + 1/2; #3: —x, y + 1/2,
—z+ 12, #4: —x+ 1/2,-y+1,z— 1/2; #5: —x + 1,y — 1/2,—z +
1/2; #6: X,y — 1,z and #7: x + 1/2, -y + 1/2, —z + 1.

(vs), 3411 (s), 2923 (w), 1561 (s), 1518 (s), 1484 (s), 1357 (vs),
1246 (w), 1135 (w), 1067 (m), 939 (w), 871 (w), 829 (s), 786 (S),
727 (s), 599 (w), 548 (w), 488 (w), 454 (m).

Crystallographic Studies.A suitable colorless single crystal with
dimensions of 0.15¢< 0.08 x 0.05 mn¥ was glued to a thin glass
fiber and mounted on a Siemens Smart CCD diffractometer
equipped with a normal focus, 2.4 kW sealed tube X-ray source
(graphite-monochromatic Md<o. radiation ¢ = 0.71073 A))
operating at 50 kV and 40 mA. Intensity data were collected at
room temperature. Data processing was performed using the SAINT
processing prograit. The total numbers of measured reflections
and observed unique reflections were 2363 and 1436, respectively.
The structure was solved in the space gr&iq2,2; by direct
methods and refined oR? by full-matrix least-squares methods
using SHELXTL97:2 All non-hydrogen atoms were easily found
from the different Fourier maps and refined anisotropically. The
hydrogen atoms on the ligand were placed geometrically. The
crystallographic data and details on refinements faare sum-
marized in Table 1. Selected bond distances and angles are listed
in Table 2.

(11) SMART and SAINT; Siemens Analytical X-ray Instruments, Inc.:
Madison, WI, 1996.
(12) SHELXTL,version 5.1; Siemens Industrial Automation. Inc., 1997.
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to 8 metals were found in the 1,2,4,5-benzenetetracarboxylate
systemt’ The hydroxyl ion bridges the Cd centers in a
slightly unsymmetrical fashion with Ca407 distances of
2.263(7) and 2.307(7) A and a CdD7 distance of 2.221(6)
A. Both Cd1 and Cd2 atoms adopt highly distorted octahedral
coordination geometries. The Cd1 center (Figure 1b) coor-
dinates to four bridging carboxylate oxygen atoms of four
separated 1,2,4-BTC ligands and two bridgingdH oxygen
atoms with Cd-O bond distances in the range of 2.244(7)
2.420(7) A (av (Ce-O) = 2.304 A), whereas the Cd2 center
coordinates to five bridging carboxylate oxygen atoms of
four separated 1,2,4-BTC ligands and gneOH oxygen
atom with Cd-O bond distances in the range of 2.2216)
2.421(7) A (av (Ce+0) = 2.325 A). The G-Cd—0 angles
are in the range of 72.7(2)165.04(179 for Cdl and
72.2(2)-175.8(3) for Cd2. More data on selected bond
distances and angles are presented in Table 2.
Interestingly, in contrast to previously reported metal
carboxylates, such as ZABDC);*6CHOH,*¥ Thy(BDC),*
(H20)4,%% and [Cw(TMA) »(H,0),]3,%¢ the connectivity of
the metal center here is much more complex. Four types of
metal-center connectivity have been foundlinas shown
in Figure 1b: cadmium centers (i) bridged by two carbox-
ylates; (ii) bridged by a carboxylate andug-OH oxygen
Figure 1. (a) Novel coordination mode of the 1,2,4-BTC ligand in atom; (iii) bridged by two carboxylate oxygen atoms; and
compoundl. (b) Details of the coordination environments of Cdl and Cd2. . .
(iv) bridged by a carboxylate and a carboxylate oxygen atom.
This is quite unusual. The dihedral angles between the
benzene rings (C1/C2/C3) and the three different carboxylate
The hydrothermal reaction of 1,2,4-BTC with Cd(ll) yields moieties are 64.6 (C7/01/02), 11.1 (C8/03/04), and °14.2
crystals of a product that was formulated as{@H)(1,2,4-  (C9/05/06), showing that all bonding carboxylate groups
BTC)] by elemental analyses and a single crystal X-ray strongly deviate from the aromatic ring plane.
diffraction study. The reaction temperature of 200 is The most interesting feature of the structurelofs its
crucial for the crystallization of the compound. We tried to 2.p inorganic cadmiurroxygen layer along the axis
synthesize the compound at a temperature lower than 20Q(Figure 2a), which consists of edge-sharing Goctahedra
°C but failed. Colorless crystals of this compound are stable gnd the 3 and 4 rings of Cd@ctahedra in a 1:1 ratio. This
in air and insoluble in water and common 0rganiC solvents inorganic |ayer has a two-fold screw axis a|ong thexis.

such as alcohol, toluene, THF, DMF, and DMSO. The The chains of the Cdl{octahedra link the chains of the
absence of the expected characteristic bands at-17@80 Cd2Qs octahedra, building up a sandwich, as shown in

cm* (IR) attributed to protonated carboxylate groups Figure 2b. Thus, the chiral structure can be viewed as a
indicates the complete deprotonation of 1,2,4-BTC in reac-

tions with Cd(ll) ions. (14) (a) Cheng, D. P.; Khan, M. A.; Houser, R.IRorg. Chem2001, 40,

A sinale cr | X-r iffraction rform 6858. (b) Yaghi, O. M.; Li, H. L.; Groy, T. LJ. Am. Chem. Soc
single crystal X-ray diffractio _stuqu performed dn 1996 118 9096. (c) Choi, H. J.; Suh, M. B. Am. Chem. Sod 998
revealed an extended 3-D coordination framework that 120, 10622. (d) Plater, M. J.: Howie, R. A.; Roberts, A.Chem.

crystallizes in the chiral space groBg;2,2,. The asymmetric Slosmrlndug 1997b§]9fﬁ(()%)0K165p26r2t6<13.(~]]).;PF|’rior, LI JJ.; IT:osseinsky’\,/I MR- J.
: . : . o0l tate e. . ater, M. J.; Foreman, M. R.

unit of 1 consists of two Cd centers, one 1,2,4-BTC anion, 5t coronado, C. J.; Gwez-Garea, C. J.; Slawin, A. M. ZJ. Chem.

and one hydroxyl ion. The 1,2,4-BTC ligand shows a novel Soc., Dalton Trans1999 4209.

and unprecedented coordination mode (Figure 1a): nine(15) (@) Gutschke, S. O. H.; Price, D. J.; Powell, A. K.; Wood, PAfigew.

. . . Chem., Int. Ed2001, 113 1974. (b) Gutschke, S. O. H.; Price, D. J.;
bonds to eight metals with each carboxylate as a tridentate  powell, A. K.; Wood, P. TEur. J. Inorg. Chem2001, 11, 2739.

group, which has not been seen in other metal 1,2,4-BTC (16) (a) Zhang, L. J.; Xu, J. Q.; Shi, Z.; Zhao, X. L.; Wang, T.JGSolid

compoundg? The number of coordination sites of the 1,2,4- ff:;z C\?'?ngr?; 3,{,%.3T2a?gl?n:iefe,{'.e”5°ﬁi tr&;‘%%'(@h%ﬁg’zgazsj’f’ D

BTC unit here is much higher in metal carboxyldfe¥ and 2087. (c) Chu, D. Q.; Xu, J. Q.; Duan, L. M.; Tang, A. Q.; Yan, X.;

several compounds with 12 bonds to 10 metals, and 10 bonds, %;ggj#ag;:aHHéfe“r{ z '3‘92%0%‘5;”%2%%9“&%[“ 2002 41

3410. (b) Gutschke, S. O. H.; Daniel, D. J.; Powell, A. K.; Wood, P.

Results and Discussion

(13) (a) Hao, N.; Shen, E.; Li, Y.; Wang, E.; Hu, C.; Xu, lhorg. Chem. T. Eur. J. Inorg. Chem2001, 2739. (c) Jaber, F.; Charbonnier, F.;
Commun2004 7, 131. (b) Plater, M. J.; Foreman, M. R. S. J.; Howie, Faure, RJ. Chem. Crystallogr1997, 27, 397.
R. A.; Shakle, J. M. S.; Slawin, A. M. Znorg. Chim. Acta2001 (18) (a) Li, H.; Davis, C. E.; Groy, T. L.; Kelley, D. G.; Yaghi, O. M.
315 126. (¢) Yan, Y.; Wu, C.; Lu, CAnorg. Allg. Chem2003 629, Am. Chem. Sod 998 120, 2186. (b) Reineke, T. M.; Eddaoudi, M.;
1991. (d) Qin, C.; Wang, X.; Wang, E.; Hu, C.; Xu, Inorg Chim Fehr, M.; Kelley, D.; Yaghi, O. MJ. Am. Chem. Sod999 121,
Acta 2004 357, 3683. (e) Qin, C.; Wang, X.; Wang, E.; Hu, C.; Xu, 1651. (c) Chui, S. S.-Y.; Lo, S. M.-F.; Charmant, J. P. H.; Orpen, A.
L. Inorg. Chem. Commur2004 7, 788. G.; Williams, L. D. Sciencel999 283 1148.
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Figure 2. (a) Infinite chiral Cd-O—Cd sheets along the axis. (b) Octahedra of the inorganic cadmitoxygen layer viewed like a sandwich. (Bottle
green represents the CddGctahedra, and pink represents the CgldCtahedra.)
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Figure 4. DTA—TGA curves forl in air.

this temperature, the structure collapsed because the organic
ligand was removed. The surprising thermal stabilityl a$
mainly due to the structure, which is reinforced by the
presence of strong metal coordination bonds with 1,2,4-BTC
units and the existence of infinite inorganic layers. The curve

Figure 3. View of the 3-D chiral framework along thb axis. Color showed an obvious Weight loss at 46880 °C, which is

code: Cd, yellow; C, gray; N, blue; and O, red. characteristic for the combustion of the organic moiety
(weight loss expt, 43.30 wt %: calcd, 42.86 wt %).

construction of 1,2,4-BTC linkers connecting the chiral Second-order nonlinear optical effects for the powder

cadmium-oxygen layers and producing a 3-D framework  gampje of 1 have been investigated by optical second-

(Figure 3). It is well shown that_multidimensional—l\D—M harmonic generation (SHG) at room temperature. The
frameworks offer advantages in several respects Compareqntensity of the green light (frequency-doubled outpiit=
to MOFs with isolated metal atoms or clusters. For instance, g3, nm) produced by the powder sample of the compound

In2(OH)s(BDC)ws with 2-D In—O—In sheets was used as @ ig ahout 0.3 times that produced by a KDP powder, indicating
reductant of nitroaromatic substrates and as an oxidant Ofthat the compound has a SHG effect that is weaker than that

organic sulfides? however, Cg(OH),BDC with 2-D Co— of KDP 24
O—Co sheets has an unusual metamagnetfsito our
knowledge, this is the first instance where such 2-D
M—O—M connectivity has been observed in a chiral metal
carboxylate.

To understand the thermal stability, we performed the - : ,

. . . . . (21) The powder second-harmonic generation test was carried out on the
differential thermal analysis (DTA) and thermogravimetric sample by the Kurtz and Perry meth#dsecond-harmonic generation
analysis (TGA) in air. Figure 4 shows the DTAGA curves intensity data were obtained by placing a powder sample in an intense

: fundamental beam from a Q-switched Nd:YAG laser of wavelength
for 1. No weight loss was found before 38C, and above 1064 nm. The outputi(= 532 nm) was filtered first to remove the

multiplier and was then displayed on an oscilloscope. This procedure

The photoluminescence spectrumlofvas measured in
the solid state at room temperature (Figure 5). Upon
excitation at 236 nm, the emission spectrum for the com-

(19) Gomez-Lor, B.; Gutierrez-Puebla, E.; Iglesias, M.; Monge, M. A;; was then repeated using a standard NLO material (microcrystalline
Ruiz-Valero, C.; Snejko, Ninorg. Chem.2002 41, 2429. KDP), and the ratio of the second-harmonic intensity outputs was
(20) Kurmoo, M.; Kumagai, H.; Green, M. A,; Lovett, B. W.; Blundell, S. calculated.
J.; Ardavan, A.; Singleton, J. Solid State Chen2001, 159, 343. (22) Kurtz, S. W.; Perry, T. TJ. Appl. Phys1968 39, 13798.
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has been prepared and characterized. Its structure contains
800 - . : . .
2-D inorganic cadmiurrroxygen layers, which are further
3600 linked by a 1,2,4-BTC ligand into a 3-D supramolecular
8 framework. The 1,2,4-BTC ligand shows a novel and
£ 400 |- unprecedented coordination mode: nine bonds to eight
c . .
g metals with each carboxylate as a tridentate group. The
=200 i compound exhibits intense photoluminescence at room
ol1 o temperature and shows distinct NLO properties. It remains
250 300 350 400 450 stable when desolvated and heated to 380Recent work
_ . Wavelength (nm) performed by Lin, Chen, and us shows that the structures of
Figure 5. Solid-state fluorescence spectralot room temperature. unsymmetric bridging ligands have a significant effect on

Ehe recognition and crystallization of metal centers into chiral
solids. Further research on this system may focus on
the replacement of cadmium and 1,2,4-BTC with other
Hansition metals and unsymmetrical carboxylate ligands
to prepare novel polymeric compounds with chiral or
noncentrosymmetric structures and explore their valuable
properties.

pound shows a main peak at 376 nm and a shoulder at abou
422 nm. The emission band at 422 nm is attributable to the
a* — n transitions of the organic ligand because a similar
emission band at about 425 nm has also been observed upo
excitation at 280 nm for the 1,2,4-BTC ligand. The strong
emission at 376 nm can be assigned to ligametal charge
transfer. The strong fluorescence emissiorlahakes it a
potentially useful photoactive material because it is thermally
stable and insoluble in common polar and nonpolar solvents. Acknowledgment. We are grateful for the financial
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