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ABSTRACT: Two new chiral two-dimensional coordination networks, ZnL2(H2O)2 (1) and CdL2(H2O)2 (2) [L=1,2,2-
trimethyl-3-(pyridin-4-ylcarbamoyl)cyclopentanecarboxylic acid], have been synthesized and structurally characterized by single
X-ray structure analysis, featuring very unusual interwoven (4,4) square grids of double helices. The frameworks exhibit high
thermal stability as confirmed by thermogravimetric analysis and powder X-ray diffraction studies. The unique chiral networks
attributed to the chiral organic linker have led to their nonlinear optical properties.

Introduction

The design and synthesis of noncentrosymmetric solid state
materials is one of the most important and challenging goals
of the chemistry andmaterials science community. Theunique
functions and properties of such noncentrosymmetric solid
state materials such as second harmonic generation (SHG)
and ferroelectricity are heavily dependent on their framework
structures, so extensive effort to rationalize the structure-
property relationship has been spent over the past two
decades.1-11 Pioneered by Lin,1 previous research on the
nonlinear optical materials has been mainly focused on the
construction of acentric metal-organic coordination poly-
mers (MOCPs) by making use of nonsymmetrical organic
linkers.12-21

The incorporation of chiral organic linkers into the coordi-
nation networks can enforce the construction of noncentro-
symmetric solid state materials and thus induce their non-
linearoptical properties atwitnessed in the growingnumber of
nonlinear optical chiral coordination networks.22-40Motivated
byBuwith respect to the design and construction of homochiral
coordination networks fromD-camphoric acid,41-43we devel-
oped a new chiral and helical organic linker to have both
D-camphor and pyridyl moieties for their coordination to
metal ions and thus the construction of chiral coordination
networks (Scheme 1). Herein, we report two new chiral two-
dimensional (2D) coordination networks, ZnL2(H2O)2 (1)
and CdL2(H2O)2 (2) [L = 1,2,2-trimethyl-3-(pyridin-4-ylcar-
bamoyl)cyclopentanecarboxylic acid], of very unusual inter-
woven (4,4) square grids of double-helix structures exhibiting
nonlinear optical, luminescent, and ferroelectrical properties.

Experimental Section

General Procedures. All the chemicals were commercially avail-
able and used without further purification. (1R,3S)-1,2,2-Trimethyl-
cyclopentane-l,3-dicarbonyl chloride (3) was synthesized according
to ref 44. 1H and 13C NMR spectra were recorded on a Bruker

Advance DMX500 spectrometer using tetramethysilane (TMS) as
an internal standard. Infrared spectra (IR) were recorded on a
Thermo Fisher Nicolet iS10 spectrometer using KBr pellets. Ele-
mental analyses for C, H, and N were performed on an EA1112
microelemental analyzer. Powder X-ray diffraction (PXRD) pat-
terns were collected in the 2θ = 5-60� range on an X’Pert PRO
diffractometer with Cu KR radiation (λ = 1.542 Å) at room
temperature. Thermogravimetric analyses (TGA) were conducted
on a Netszch TGA 209 F3 thermogravimeter with a heating rate of
10/min in an N2 atmosphere. Luminescence spectra for the solid
samples were recorded with a Hitachi F4500 fluorescence spectrom-
eter. The photomultiplier tube voltage was 700 V, and the scan
speed was 240 nm/min. The slit widths were both 2.5 nm for exci-
tation and emission spectra. The second-order nonlinear optical
intensity was estimated by measuring a powder sample 61-90 μm
in diameter relative toKDP.A pulsedQ-switchedNd:YAG laser at a
wavelength of 1064 nm was used to generate second-order harmonic
generation (SHG signals). The backscattered SHG light of 532 nm
was collected and detected with a photomultiplier through a mono-
chromator. The ferroelectric properties of solid state samples are
measured from a powdered sample in the form of a pellet using a
Premier II ferroelectric tester (Radiant Technologies, Inc.) at room
temperature, and the electric hysteresis loop was observed by Virtual
Ground Mode (the measurement is ac, and the frequency is 10 Hz).

X-ray Collection and Structure Determination. Crystallographic
measurements for 1 and 2 were taken on an Oxford Xcalibur
Gemini Ultra diffractometer with an Atlas detector using graphite-
monochromatic Mo KR radiation (λ = 0.71073 Å) at 293 K. The
determinationsof theunit cells anddata collections for the crystals of1
and 2were performedwithCrysAlisPro. The data sets were corrected
by empirical absorption correction using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm.45 All
structures were determined by direct methods and refined by the
full-matrix least-squares method with the SHELX-97 program
package.46 All non-hydrogen atoms, including solvent molecules,
were located successfully from Fourier maps and were refined aniso-
tropically. H atoms on C atoms were generated geometrically. The H
atoms of the watermolecules and amine groups were clearly visible in
difference maps and were handled in the subsequent refinement with
fixed isotropic displacement parameters. Crystallographic data are
summarized in Table 1, and the selected bond lengths and angles are
listed in Table 2.

Synthesis of (Z)-1,8,8-Trimethyl-4-(pyridin-4-ylimino)-3-oxabicyclo-
[3.2.1]octan-2-one (4). To the suspension of 4-pyridinamine (7.52 g,
80 mmol) in CH2Cl2 at 0 �C was added (1R,3S)-1,2,2-trimethylcy-
clopentane-1,3-dicarbonyl chloride (3) (4.74 g, 20mmol) in portions.
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The solution was allowed to stir at 0 �C for 5 h and then warmed to
room temperature and allowed to stir overnight. Silica gel column
chromatographywith an eluent of ethyl acetate and dichloromethane
(1:1, v/v) afforded a pure white solid (2.58 g, 50% yield): 1H NMR
(CDCl3) δ 8.49 (d, 2H), 6.82 (d, 2H), 2.90 (t, 1H), 2.32 (m, 1H), 2.13
(m, 1H), 1.99 (m, 2H), 1.25 (s, 3H), 1.15 (s, 3H), 1.05 (s, 3H).

Synthesis of 1,2,2-Trimethyl-3-(pyridin-4-ylcarbamoyl)cyclo-
pentanecarboxylic Acid (L). A mixture of (Z)-1,8,8-trimethyl-
4-(pyridin-4-ylimino)-3-oxabicyclo[3.2.1]octan-2-one and triethyla-
mine (1mL)was stirred at 50 �C inwater for 24 h.The precipitatewas
filtered off, and the filtrate was removed in vacuo to give the crude

product, 1,2,2-trimethyl-3-(pyridin-4-ylcarbamoyl)cyclopentane-
carboxylic acid, as a white solid (80% yield): 1H NMR (DMSO) δ
10.06 (s, 1H), 8.41 (d, 2H), 7.59 (d, 2H), 2.92 (t, 1H), 2.46 (m, 1H),
2.04 (m, 1H), 1.76 (m, 1H), 1.42 (m, 1H), 1.19 (s, 6H), 0.78 (s, 3H);
13C NMR (DMSO) δ 177.274, 173.081, 150.776, 146.115, 113.759,
56.139, 54.023, 46.710, 32.656, 23.031, 22.978, 22.209, 21.677; MS
(ESI) exact mass calcd for C15H20N2O3 [M þ H]þ 277.2, found
277.1, [M-H]- 275.2, found 275.0; HRMS (ESI) exact mass calcd
for C15H20N2O3 [M þ H]þ 277.1547, found 277.1540.

Synthesis ofZnL2(H2O)2 (1).AmixtureofZnNO3 3 6H2O (0.0295 g,
0.1mmol) andL(0.0552g,0.2mmol), ethanol (2.5mL),water (2.5mL),
andDMF (5mL)were sealed into a 20mLTeflon cup.The vesselwas
heated at 120 �C for 2 days. After the mixture had slowly cooled
to room temperature, colorless block crystals were obtained in 80%
yield. Anal. Calcd for C30H42N4O8 [Zn (%)]: C, 55.26; H, 6.49; N,
8.59. Found: C, 55.14; H, 6.51; N, 8.37. IR (KBr, cm-1): 3552(s),
3323(s), 3228(w), 3160(w), 3070(w), 2978(s), 1693(s), 1596(s),
1513(s), 1458(w), 1434(w), 1402(w), 1360(w), 1331(w), 1313(s),
1213(s), 1175(s), 1068(w), 1026(s), 842(s), 781(w), 538(w), 519(w).

Synthesis of CdL2(H2O)2 (2). Complex 2 was prepared via a pro-
cedure similar to that of 1, except that Cd(NO3)2 3 4H2O was used
instead of ZnNO3 3 6H2O (70% yield). Anal. Calcd for C30H42N4O8

[Cd (%)]:C, 51.54;H,6.06;N, 8.01.Found:C, 51.63;H, 6.09;N, 7.76.
IR (KBr, cm-1): 3535(s), 3371(s), 3235(w), 3163(w), 3077(w), 2976(s),
1690(s), 1598(s), 1511(s), 1430(s), 1360(s), 1311(w), 1213(s), 1176(s),
1126(w), 1018(s), 928(w), 891(w), 839(s), 781(w), 610(w), 535(w),
484(w).

Results and Discussion

The single-crystal X-ray diffraction studies reveal that both
1 and 2 have a 2D polymeric structure crystallizing in mono-
clinic space groupC2.As depicted inFigure 1, theZn(II) center
lies on a crystallographic 2-fold axis and is coordinated to two
pyridyl nitrogen atoms and two carboxylate oxygen atoms
that come from four different L ligands in compound 1. The
bond angles about the Zn tetrahedron range from 96.71(9) to
135.7(1) Å and deviate slightly from those of a perfect tetra-
hedron. The Cd(II) in compound 2 has a slightly different
coordination environment and is six-coordinated to two pyr-
idyl nitrogen atoms and four oxygen atoms from two clelating
carboxylate group. The local coordination geometry about the
Cd(II) center can best be described as a distorted octahedron
with the bond angles ranging from 87.80(8)� to 155.5(1)�.

The most interesting structural features are their chiral and
helical network structures, apparently attributed by the chiral
and helical geometry of the bridging ligand L. Typically,
coordination networks of diamond topology will be self-
assembled from such pyridylcarboxylate organic linkers as
exemplified in Lin’s works.1 Here the bend and helical nature
of organic linker L have led to the formation of the 2D (4,4)
wavelike grids that are interwoven with each other to occupy
the large void space within the wavelike grids (Figure 2a).
It should be noted that right-handed double-helical chains

Scheme 1. Synthesis of 1 and 2

Table 1. Crystallographic Data Collection and Refinement Results for 1

and 2

1 2

chemical formula C30H42N4O8Zn C30H42N4O8Cd
formula weight 652.05 699.09
temperature (K) 293(2) 293(2)
wavelength (Å) 0.71073 0.71073
crystal system monoclinic monoclinic
space group C2 C2

a (Å) 19.3447(9) 19.8930(7)
b (Å) 8.9864(5) 9.0654(3)
c (Å) 9.2291(5) 9.4049(3)
β (deg) 95.750(5) 99.598(3)
V (Å3) 1596.3(1) 1672.3 (1)
Z 2 2
density (calculated g/cm3) 1.357 1.388
absorbance

coefficient (mm-1)
0.823 0.704

F(000) 688 724
crystal size (mm3) 0.34 � 0.28 � 0.09 0.44 � 0.34 � 0.20
goodness of fit on F2 1.036 1.014
R1, wR2 [I > 2σ(I )]a 0.0340, 0.0447 0.0203, 0.0410
R1, wR2 (all data)a 0.0401, 0.0455 0.0204, 0.0410
largest difference peak

and hole (e/Å3)
0.241, -0.177 0.252, -0.164

aR1 =
P

(|Fo| - |Fc|)/
P

|Fo|; wR2 = [
P

w(|Fo| - |Fc|
2)/

P
wFo

2]1/2.

Table 2. Selected Bond Lengths (angstroms) and Angles (degrees) for
1 and 2

1a

Zn(1)-O(2)i 1.935(2) O(2)i-Zn(1)-N(1) 96.67(9)
Zn(1)-N(1) 2.060(2) O(2)ii-Zn(1)-N(1) 110.75(9)
O(2)i-Zn(1)-O(2)ii 135.9(1) N(1)-Zn(1)-N(1)iii 102.5(1)

2
b

Cd(1)-O(2)i 2.223(2) N(1)-Cd(1)-N(1)iii 93.8 (1)
Cd(1)-O(3)i 2.470(2) O(2)i-Cd(1)-O(3)i 54.95(6)
Cd(1)-N(1) 2.303(2) O(2)ii-Cd(1)-O(3)i 108.81(8)
O(2)i-Cd(1)-O(2)ii 155.5(1) N(1)-Cd(1)-O(3)i 141.81(8)
O(2)i-Cd(1)-N(1) 87.80(8) N(1)iii-Cd(1)-O(3)i 91.37(8)
O(2)ii-Cd(1)-N(1) 109.18(8) O(3)i-Cd(1)-O(3)ii 107.3(1)

aFor 1: (i)-xþ 1, yþ 1,-z- 1; (ii) x, yþ 1, zþ 1; (iii)-xþ 1, y,-z.
bFor 2: (i)-xþ 1, y þ 1,-z- 1; (ii) x, y þ 1, z þ 1; (iii)-xþ 1, y, -z.
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(Figure 2b) are distinguishable in the (4,4) network along the
b axis.Because the right-handedhelix of theL is predetermined
by the R-c and S-c in the ligand, the coordinated tetrahedron
for Zn or the octahedron for Cd would only form the right-
handed forms and thus induces the absolute right-handed

21-helical chains along the b axis in both structures.Theperiod
of helical chains is 17.973 Å, as the double of the b parameter
of the unit cell. These double helices are in an orderly arrange-
ment with the zinc or cadmium atoms functioning as hinges
to result in a homochiral 2D sheet (Figure 3). To the best
of our knowledge, coordination networks 1 and 2 are the first
example of MOCPs exhibiting such unique interwoven (4,4)
square grids of double-helix structures.These interwoven (4,4)
square grids of double helices are alternately stacked inABAB
packing (Figure 4)

Both compounds 1and 2 exhibit quitehigh thermal stability
as shown in thermogravimetric analysis (TGA) (Figure 5).
For 1, theTGAcurve shows theweight loss of interlayerwater
molecules (calculated, 5.15%; observed, 4.94%) in the tem-
perature range of 100-175 �C. The host framework is stable
up to ca. 316 �C. For 2, the TGA curve shows the weight loss
of interlayer water molecules (calculated, 5.52%; observed,

Figure 1. ORTEP drawing (with thermal ellipsoids at 50% probability) showing the coordination environment of the metal site in 1 (a)
and 2 (b).

Figure 2. (a) Perspective views of the single (4,4) wavelike grid constructed from double right-handed helices. (b) Space filling and perspective
views of one right-handed helix along the b axis. Color code: Zn, azury; oxygen, red; nitrogen, blue.

Figure 3. Schematic showing the parallel arrangement of (a) double
right-handed helices and (b) 2D interwoven grids in a staggered
arrangement.

Figure 4. Packing diagrams of compound 1 of the ABAB sequence
with views along (a) the c axis and (b) the b axis.

Figure 5. TGA curves for 1 and 2 under nitrogen.
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5.39%) in the temperature range of 100-145 �C. The host
framework is stable up to ca. 316 �C. The powder X-ray
diffraction patterns (PXRD) of dehydrated samples 1 and 2

(after removal of guestwatermolecules as the sample is heated
to 180 �C in vacuum) indicate that the host framework
also matches those of the pristine samples, suggesting their
structures are intact after removal of solvent water molecules
(Figure 6).

Weconducted thequasi-Kurtz secondharmonic generation
(SHG) measurements on powdered samples to confirm their
acentricity as well as to evaluate their potential application
as second-order NLO materials.47 Preliminary experimental
results indicate that both 1 and 2 display SHG efficiencies
that are approximately 2.8 and 2.6 times that of KDP, respec-
tively. The modest powder SHG response of 1 and 2 may be
attributed to a comparable short donor-acceptor system,
which is essential for second-order optical nonlinearity. How-
ever, their SHG responses are systematically stronger than
those 2D coordination networks containing a comparable
length donor-acceptor system,1,13,19,48 indicating the obvious
effects of the chirality and helices on SHG efficiency.

The photoluminescence spectra of 1 and 2were investigated
in the solid state at room temperature (Figure 7). Upon
excitation of 1 and 2 at 365 nm, intense bands in the emission
spectra are observed at 437 nm for 1 and 440 nm for 2. This
emission can be attributed to the intraligand emission fromL.
Free L exhibits a luminescence at ca. 453 nm upon excita-
tion at 365 nm in the solid state at room temperature. The
enhancement and blue shift (from ca. 453 to 437 nm) of the
emission of the L in 1 compared to that of free ligand may be
attributed to the coordination bond between the ligand and

Zn(II), which increases the rigidity of the ligand and reduces
the loss of energy by radiationless decay of the intraligand
emission excited state.12,49

Compounds 1 and 2 both crystallize in space group C2,
which belongs to one of the 10 polar point groups (C1, Cs,
C2, C2v, C4, C4v, C3, C3v, C6, and C6v).

7,17,50,51To detect the
ferroelectricity, the hysteresis loops of electric polarization
weremeasured on apowdered sample of 1 (Figure 8).At room
temperature, the remnant polarization (Pr) is ca. 0.1280 μC/
cm2 for 1with a coercive field (Ec) of ca. 12 kv/cm. Saturation
of the spontaneous polarization (Ps) in 1 occurs at 0.25 μC/
cm2, which is the same as a typical ferroelectric compound
(e.g.,NaKC4H4O6 3 4H2O,Rochelle salt; usually Ps=0.25μC/
cm2), but much smaller than that found in KDP (≈5 μC/cm2).

In conclusion, the incorporation of a new chiral and helical
organic linker has led to two novel coordination networks
of unique interwoven (4,4) square grids of double-helix struc-
tures, exhibiting nonlinear optical properties. The power
to synthesize a variety of chiral and helical organic linkers
with typical binding sites such as carboxylate and pyridyl
groups for their coordination with metal ions and/or metal-
containing clusters has provided the promise to construct a
series of novel chiral and helical coordination networks of
diverse structures; thus, some novel functional nonlinear
optical coordination networks will be emerging in the future.

Acknowledgment. Thisworkwas supportedby theNational
Natural Science Foundation of China (Grants 50625206,

Figure 6. PXRD patterns of 1 and 2 (calculated, black; as-synthe-
sized, blue; activated at 180 �C in vacuum for 12 h, red).

Figure 7. Photoluminescence spectra of 1 (red), 2 (blue), and L
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Figure 8. Electronic hysteresis loops of powdered samples in the
form of pellets of 1 using a Premier II ferroelectric tester at room
temperature.



Article Crystal Growth & Design, Vol. 10, No. 12, 2010 5295

50928201, 50972127, and 51010002), Grant CHE 0718281
from the National Science Foundation, and Grant AX-1730
from the Welch Foundation (B.C.).

Supporting Information Available: X-ray data of 1 and 2 in CIF
format and figures of asymmetric units. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) Evans, O. R.; Lin, W. B. Crystal engineering of NLO materials
based on metal-organic coordination networks. Acc. Chem. Res.
2002, 35 (7), 511–522.

(2) Evans, O. R.; Lin, W. B. Rational design of nonlinear optical
materials based on 2D coordination networks.Chem.Mater. 2001,
13 (9), 3009–3017.

(3) Evans, O. R.; Lin, W. B. Crystal engineering of nonlinear optical
materials based on interpenetrated diamondoid coordination net-
works. Chem. Mater. 2001, 13 (8), 2705–2712.

(4) Du,M.;Guo,Y.M.;Chen, S. T.; Bu,X.H.; Batten, S.R.; Ribas, J.;
Kitagawa, S. Preparation of acentric porous coordination frame-
works from an interpenetrated diamondoid array through anion-
exchange procedures: Crystal structures and properties. Inorg.
Chem. 2004, 43 (4), 1287–1293.

(5) Liu,Y.; Xuan,W.M.; Zhang,H.; Cui, Y.Chirality- andThreefold-
Symmetry-Directed Assembly of Homochiral Octupolar Metal-
Organoboron Frameworks. Inorg. Chem. 2009, 48 (21), 10018–
10023.

(6) Evans, O. R.; Xiong, R. G.; Wang, Z. Y.; Wong, G. K.; Lin, W. B.
Crystal engineering of acentric diamondoid metal-organic coordi-
nation networks. Angew. Chem., Int. Ed. 1999, 38 (4), 536–538.

(7) Fu, D. W.; Zhang, W.; Xiong, R. G. The first metal-organic
framework (MOF) of Imazethapyr and its SHG, piezoelectric
and ferroelectric properties. Dalton Trans. 2008, 30, 3946–3948.

(8) Moulton, B.; Zaworotko, M. J. From Molecules to Crystal En-
gineering: Supramolecular Isomerism and Polymorphism in Net-
work Solids. Chem. Rev. 2001, 101 (6), 1629–1658.

(9) Zhang, J. J.;Wojtas, L.; Larsen, R.W.; Eddaoudi,M.; Zaworotko,
M. J. Temperature and Concentration Control over Interpenetra-
tion in aMetal-OrganicMaterial. J. Am.Chem. Soc. 2009, 131 (47),
17040–17041.

(10) Xu, G.; Li, Y.; Zhou, W. W.; Wang, G. J.; Long, X. F.; Cai, L. Z.;
Wang, M. S.; Guo, G. C.; Huang, J. S.; Bator, G.; Jakubas, R. A
ferroelectric inorganic-organic hybrid based on NLO-phore stil-
bazolium. J. Mater. Chem. 2009, 15, 2179–2183.

(11) Zou, J. P.; Zhou, G. W.; Zhang, X.; Wang, M. S.; Lu, Y. B.; Zhou,
W.W.; Zhang, Z. J.; Guo,G.C.; Huang, J. S. A novel heterometal-
organic coordination polymer with chelidamic acid: Nonlinear
optical and magnetic properties. CrystEngComm 2009, 6, 972–
974.

(12) Zhou, Y. F.; Yuan, D. Q.; Wu, B. L.; Wang, R. H.; Hong, M. C.
Design of metal-organic NLO materials: Complexes derived from
pyridine-3,4-dicarboxylate.NewJ.Chem. 2004, 28 (12), 1590–1594.

(13) Zang, S. Q.; Su, Y.; Li, Y. Z.; Ni, Z. P.;Meng, Q. J. Assemblies of a
new flexible multicarboxylate ligand and d(10) metal centers
toward the construction of homochiral helical coordination poly-
mers: Structures, luminescence, and NLO-active properties. Inorg.
Chem. 2006, 45 (1), 174–180.

(14) Zhang, R. B.; Zhang, J.; Li, Z. J.; Qin, Y. Y.; Cheng, J. K.; Yao,
Y. G. Controlled generation of acentric and homochiral coordina-
tion compounds from a versatile asymmetric ligand 4-(1H-1,2,4-
triazol-3-yl)-4H-1,2,4-triazole. Chem. Commun. 2008, 35, 4159–
4161.

(15) Li, Y.; Xu, G.; Zou, W. O.; Wang, N. S.; Zheng, F. K.; Wu,M. F.;
Zeng, H. Y.; Guo, G. C.; Huang, J. S. A novel metal-organic
network with high thermal stability: Nonlinear optical and photo-
luminescent properties. Inorg. Chem. 2008, 47 (18), 7945–7947.

(16) Wang, Y. T.; Fan, H. H.; Wang, H. Z.; Chen, X. M. A solvother-
mally in situ generated mixed-ligand approach for NLO-active
metal-organic framework materials. Inorg. Chem. 2005, 44 (12),
4148–4150.

(17) Guo,Z.G.;Cao,R.;Wang,X.; Li,H.F.;Yuan,W.B.;Wang,G. J.;
Wu, H. H.; Li, J. A Multifunctional 3D Ferroelectric and NLO-
Active Porous Metal-Organic Framework. J. Am. Chem. Soc.
2009, 131 (20), 6894–6895.

(18) Zhang, L.; Qin, Y. Y.; Li, Z. J.; Lin, Q. P.; Cheng, J. K.; Zhang, J.;
Yao,Y.G.Topologyanalysis andnonlinear-optical-activeproperties

of luminescent metal-organic framework materials based on zinc/
lead isophthalates. Inorg. Chem. 2008, 47 (18), 8286–8293.

(19) Xiong, R. G.; Xue, X.; Zhao, H.; You, X. Z.; Abrahams, B. F.;
Xue, Z. L. Novel, acentric metal-organic coordination polymers
from hydrothermal reactions involving in situ ligand synthesis.
Angew. Chem., Int. Ed. 2002, 41 (20), 3800–3803.

(20) Liang, L. L.; Ren, S. B.; Zhang, J.; Li, Y. Z.; Du, H. B.; Zeng, X.
Two unprecedented NLO-active coordination polymers con-
structed by a semi-rigid tetrahedral linker. Dalton Trans. 2010,
33, 7723.

(21) Zhong, D. C.; Meng, M.; Zhu, J.; Yang, G. Y.; Lu, T. B. A highly-
connected acentric organic-inorganic hybridmaterial with unique
3D inorganic and 3D organic connectivity. Chem. Commun. 2010,
24, 4354–4356.

(22) Lin, W. B.; Wang, Z. Y.; Ma, L. A novel octupolar metal-organic
NLO material based on a chiral 2D coordination network. J. Am.
Chem. Soc. 1999, 121 (48), 11249–11250.

(23) Kepert, C. J.; Prior, T. J.; Rosseinsky, M. J. A versatile family of
interconvertible microporous chiral molecular frameworks: The
first example of ligand control of network chirality. J. Am. Chem.
Soc. 2000, 122 (21), 5158–5168.

(24) Wampler, R. D.; Begue, N. J.; Simpson, G. J. Molecular design
strategies for optimizing the nonlinear optical properties of chiral
crystals. Cryst. Growth Des. 2008, 8 (8), 2589–2594.

(25) Zhang, G.; Yao, S. Y.; Guo, D. W.; Tian, Y. Q. Noncentrosym-
metric and homochiral metal-organic frameworks of (S)-2-(1H-
imidazole-1-yl) propionic acid. Cryst. Growth Des. 2010, 10 (5),
2355–2359.

(26) Liu, Y.; Xu, X.; Zheng, F. K.; Cui, Y. Chiral octupolar metal-
oraganoboran NLO frameworks with (14,3) topology. Angew.
Chem., Int. Ed. 2008, 47 (24), 4538–4541.

(27) Liu, Y.; Li, G.; Li, X.; Cui, Y. Cation-dependent non linear optical
behavior in an octupolar 3D anionic metal-organic open frame-
work. Angew. Chem., Int. Ed. 2007, 46 (33), 6301–6304.

(28) Chen, H. F.; Guo, G. C.; Wang, M. S.; Xu, G.; Zou, W. Q.; Guo,
S. P.; Wu, M. F.; Huang, J. S. Spontaneous chiral resolution,
nonlinear optical and luminescence of eight-coordinate lanthanide-
(III) complexes. Dalton Trans. 2009, 46, 10166–10168.

(29) Xiao,D.R.;Wang,E.B.;An,H.Y.; Li,Y.G.; Su, Z.M.; Sun,C.Y.
A bridge between pillared-layer and helical structures: A series of
three-dimensional pillared coordination polymers with multiform
helical chains. Chem.;Eur. J. 2006, 12 (25), 6528–6541.

(30) He, C.; Zhao, Y. G.; Guo, D.; Lin, Z. H.; Duan, C. Y. Chirality
transfer through helical motifs in coordination compounds. Eur.
J. Inorg. Chem. 2007, 22, 3451–3463.

(31) Yang, J.; Li, G. D.; Cao, J. J.; Yue, Q.; Li, G. H.; Chen, J. S.
Structural variation from 1D to 3D: Effects of ligands and solvents
on the construction of lead(II)-organic coordination polymers.
Chem.;Eur. J. 2007, 13 (11), 3248–3261.

(32) Lu, W. G.; Gu, J. Z.; Jiang, L.; Tan, M. Y.; Lu, T. B. Achiral and
chiral coordination polymers containing helical chains: The chi-
rality transfer between helical chains. Cryst. Growth Des. 2008,
8 (1), 192–199.

(33) Ou,G.C.; Jiang, L.; Feng,X.L.; Lu, T.B. SpontaneousResolution
of a Racemic Nickel(II) Complex and Helicity Induction via
Hydrogen Bonding: The Effect of Chiral Building Blocks on the
Helicity of One-Dimensional Chains. Inorg. Chem. 2008, 47 (7),
2710–2718.

(34) Zheng, X. D.; Jiang, L.; Feng, X. L.; Lu, T. B. Constructions of 1D
helical chains with left-handed/right-handed helicity: A correlation
between the helicity of 1D chains and the chirality of building
blocks. Dalton Trans. 2009, 34, 6802–6808.

(35) Huang, X. H.; Sheng, T. L.; Xiang, S. C.; Fu, R. B.; Hu, S. M.; Li,
Y. M.; Wu, X. T. {[Cu(mtz)]3(CuI)}n: An Unprecedented Non-
interpenetrated (123)(122 3 14)3 Network with Triple-Stranded He-
lices. Inorg. Chem. 2007, 46 (2), 497–500.

(36) Zhang, J.; Chen, S. M.; Zingiryan, A.; Bu, X. H. Integrated
Molecular Chirality, Absolute Helicity, and Intrinsic Chiral To-
pology in Three-Dimensional Open-FrameworkMaterials. J. Am.
Chem. Soc. 2008, 130 (51), 17246–17247.

(37) Zhang, J.; Bu, X. H. Absolute helicity induction in three-dimen-
sional homochiral frameworks. Chem. Commun. 2009, 2, 206–208.

(38) Han, L.; Hong, M. C.; Wang, R. H.; Luo, J. H.; Lin, Z. Z.; Yuan,
D. Q. A novel nonlinear optically active tubular coordina-
tion network based on two distinct homo-chiral helices. Chem.
Commun. 2003, 20, 2580–2581.

(39) Anthony, S. P.; Radhakrishnan, T. P. Helical and network co-
ordination polymers based on a novel C-2-symmetric ligand: SHG



5296 Crystal Growth & Design, Vol. 10, No. 12, 2010 Huang et al.

enhancement through specific metal coordination. Chem. Commun.
2004, 9, 1058–1059.

(40) Liang, L. L.; Ren, S. B.; Zhang, J.; Li, Y. Z.; Du, H. B.; You, X. Z.
TwoThermostable Three-Dimensional HomochiralMetal-Organ-
ic PolymerswithQuartz Topology.Cryst. GrowthDes. 2010, 10 (3),
1307–1311.

(41) Zhang, J.; Yao, Y. G.; Bu, X.H. Comparative study of homochiral
and racemic chiral metal-organic frameworks built from campho-
ric acid. Chem. Mater. 2007, 19 (21), 5083–5089.

(42) Zhang, J.; Bu, X. H. Chiralization of diamond nets: Stretchable
helices and chiral and achiral nets with nearly identical unit cells.
Angew. Chem., Int. Ed. 2007, 46 (32), 6115–6118.

(43) Lin, W. B.; Evans, O. R.; Xiong, R. G.; Wang, Z. Y. Supra-
molecular engineering of chiral and acentric 2D networks.
Synthesis, structures, and second-order nonlinear optical prop-
erties of bis(nicotinato)zinc and bis{3-[2-(4-pyridyl)ethenyl]-
benzoato}cadmium. J. Am. Chem. Soc. 1998, 120 (50), 13272–
13273.

(44) Moloney,M.G.; Paul, D. R.; Thompson, R.M.;Wright, E. Chiral
carboxylic acid ligands derived from camphoric acid. Tetrahedron:
Asymmetry 1996, 7 (9), 2551–2562.

(45) CrysAlisPro, version 1.171.33.56;OxfordDiffractionLtd.: Oxfordshire,
U.K., 2010.

(46) Sheldrick,G.M.Program forStructureRefinement; Germany, 1997.
(47) Kurtz, S. K.; Perry, T. T. A Powder Technique for Evaluation of

Nonlinear Optical Materials. J. Appl. Phys. 1968, 39 (8), 3798.
(48) Zhao, X. X.; Ma, J. P.; Dong, Y. B.; Huang, R. Q. Construction

of metal-organic frameworks (M = Cd(II), Co(II), Zn(II), and
Cu(II)) based on semirigid oxadiazole bridging ligands by solu-
tion and hydrothermal reactions. Cryst. Growth Des. 2007, 7 (6),
1058–1068.

(49) Li, Z. G.; Wang, G. H.; Jia, H. Q.; Hu, N. H.; Xu, J. W.
Supramolecular isomerism in zinc hydroxide coordination poly-
mers with pyridine-2,4-dicarboxylic acid: Two polymorphs with
centrosymmetric two-dimensional and acentric three-dimensional
coordination networks. CrystEngComm 2007, 9 (10), 882–887.

(50) Zhao, H.; Ye, Q.; Qu, Z. R.; Fu, D. W.; Xiong, R. G.; Huang,
S. P. D.; Chan, P.W.H.Huge deuterated effect on permittivity in a
metal-organic framework.Chem.;Eur. J. 2008, 14 (4), 1164–1168.

(51) Fu,D.W.; Ye, H. Y.; Ye, Q.; Pan, K. J.; Xiong, R.G. Ferroelectric
metal-organic coordination polymer with a high dielectric con-
stant. Dalton Trans. 2008, 7, 874–877.


