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A complex with triple-stranded helices, {[Cu(mtz)]3(CuI)}n, was obtained under hydrothermal conditions. The complex
possesses an unprecedented non-interpenetrated (123)(122‚14)3 network, which represents the first example of the
largest gon value of the smallest ring for the Archimedean net reported so far.

Introduction

Metal-organic framework (MOF) coordination polymers
are of growing interest owing to not only their intriguing
architectures1 but also their potential for providing the design
of new materials with a widespread range of potentially
useful properties including porosity, magnetism, nonlinear
optical activity and catalysis, and so on,2 of which the
multiple-stranded helical coordination polymers are receiving
much attention because of their many novel structures
analogous to the helical arrays in pharmacology or in
biological DNA chains.3 Although remarkable efforts have
been made in the new field of chemistry and materials

science,4 the control of helicity at the molecular level is still
a challenge for chemists. To date, only rare examples of
multiple-stranded helical 3D framework coordination poly-
mers have appeared in the literature.5

The topological approach has been considered as a
powerful tool for the design and interrogation of crystal
structures.6 Wells and O’Keeffe et al. have analyzed and
classified a great number of nets.7,8 Today, many network
topologies in coordination polymers have been identified,8,9

including those theoretically predicted but never observed
in the world of inorganic compounds and minerals, for
instance, the (12, 3) net discussed by Wells5d,7,10 and the
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“dense” 75‚9 net suggested by O’Keeffe et al.8d,11 Although
many topological networks, especially the three-connected
networks, with single-stranded helices have been reported,7

much less effort has been focused on the study of the non-
interpenetrated networks with multiple-stranded helices. Only
a few such nets, for example, the (12, 3) net mentioned above
and the (8, 4)5c net, have appeared in the literature. For the
(12, 3) net, 12 is the largest gon value of the smallest ring
considered by Wells.7 In this Article, we report a novel
framework,{[Cu(mtz)]3(CuI)}n (1; Hmtz ) 3,5-dimethyl-
1,2,4-triazole), which is constructed by triple-stranded helices
of {[Cu(mtz)]3}n and CuII secondary building units. The
structure of1 can be classified as an unprecedented chiral,
non-interpenetrated (123)(122‚14)3 net with triple-stranded
helices. This three-connected topology represents the largest
gon value of the smallest ring for the Archimedean net
reported so far.12

Experimental Section

Materials and Instrumentation. All reagents were obtained
from commercial sources and used without further purification.
Elemental analyses were performed on a Vario EL III elemental
analyzer. The Fourier transform IR spectrum was obtained on a
Perkin-Elmer Spectrum-one instrument using KBr pellets in the
range of 4000-×ff400 cm-1. Powder X-ray diffraction patterns were
recorded on a PANalytical X’pert pro X-ray diffractometer with
graphite-monochromatized Cu KR radiation (λ ) 1.542 Å).
Photoluminescence analysis was performed on an Edinburgh
FLS920 fluorescence spectrometer. Thermogravimetric analyses
(TGA) and differential scanning calorimetry (DSC) were carried
out on a Netzsch STA449C system at a heating rate of 10°C min-1

under a N2 atmosphere.
Preparation of 1. A mixture of Cu2CO3(OH)2‚H2O (0.239 g,

1.0 mmol), KI (0.249 g, 1.5 mmol), aqueous ammonia (25%, 1
mL), and acetonitrile (8 mL) was heated in a 15-mL capacity
Teflon-lined reaction vessel at 140°C for 3 days and then cooled
to room temperature over a period of 24 h. The pale-yellow
hexagonal prism crystals of complex1 were filtered, washed with
water, and dried in air in 20% yield (0.065 g). Elem anal. Calcd
for C12H18Cu4IN9 (1): H, 2.71; C, 21.53; N, 18.83. Found: H, 2.58;
C, 21.64; N, 18.92. IR spectrum (KBr pellets, cm-1): 3311(w),
3244(m), 2997(w), 2911(w), 1595(s), 1520(vs), 1499(vs), 1466-
(m), 1416(vs), 1371(s), 1343(s), 1272(m), 1181(m), 1095(m), 1041-
(m), 1018(m), 988(m), 841(w), 767(s), 691(s), 629(m), 495(m),
431(s).

X-ray Crystallographic Studies. A single crystal of1 with
dimensions 0.06× 0.04 × 0.04 mm3 was used for structural
determinations on a Rigaku R-AXIS IP diffractometer using
graphite-monochromatized Mo KR radiation (λ ) 0.710 73 Å) at
room temperature using theω-scan technique. Lorentz polarization
and absorption corrections were applied. The structure was solved
by direct methods and refined with full-matrix least-squares

techniques using theSHELXS-97andSHELXL-97programs.13 All
non-H atoms were located by difference Fourier maps and subjected
to anisotropic refinement. H atoms were added according to the
theoretical models. Crystallographic data and selected bond lengths
and angles are listed in Tables 1 and 2, respectively.

Results and Discussion

Crystal Structure and Network Topology. Single-crystal
X-ray structural analysis revealed that1 crystallizes in the
chiral space groupP63. The asymmetric unit of complex1
contains two crystallographically unique CuI centers, one I
atom, and one mtz ligand synthesized in situ.14 The Cu1 and
I1 atoms lie on the 3-fold axis, while the Cu2 atom and the
mtz ligand locate on the general sites. As shown in Figure
1a, the Cu1 atom has a distorted tetrahedral coordination
with one I atom and three N atoms from three mtz ligands,
while the Cu2 atom is three-coordinated to one I atom and
two N atoms from two mtz ligands in a distorted T shape .
The I1 atom adopts a peculiar “anchor fluke-shape” coor-
dination with one Cu1 atom and three Cu2 atoms. The Cu2
atoms are bridged alternatively by the mtz ligands in the
“imidazolate mode”, forming a right-hand-helical chain15

along the 63 axis with a long helical distance of 25.581(12)
Å (3 times thec-axis length). Every three helical chains
further intertwine to generate a triple-stranded helix (Figure
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Table 1. Crystal and Structure Refinement Data for1

complex 1
formula C12H18Cu4IN9

fw 669.41
cryst syst hexagonal
space group P63
a (Å) 11.784(4)
c (Å) 8.527(4)
V (Å3) 1025.5(7)
Z 2
Dc (g cm-3) 2.168
µ (mm-1) 5.612
reflns collected/unique (Rint) 10074/1566 (0.0365)
R1a [I > 2σ(I)] 0.0215
wR2b (all data) 0.0548
GOF onF 2 1.050
Flack parameter 0.0010 (0.0215)

a R1) ∑(||Fo| - |Fc||)/∑|Fo|. b wR2) {∑w[(Fo
2 - Fc

2)2]/∑w[(Fo
2)2]}1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for1a

Cu1-I1 2.7478(14) Cu2-I1 2.9691(10)
Cu1-N1 2.019(3) Cu2-N2 1.885(3)
Cu2-N3#1 1.896(2)

N1#2-Cu1-N1 115.68(5) N1-Cu1-I1 102.17(8)
N2-Cu2-N3#1 158.19(12) N2-Cu2-I1 100.20(8)
N3#1-Cu2-I1 101.33(8) Cu2#2-I1-Cu2 111.161(13)
Cu1-I1-Cu2 72.276(14)

a Symmetry transformations used to generate equivalent atoms: #1,y,
-x + y, z - 1/2; #2, -x + y, -x + 1, z.
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1b). The triple-stranded helices with the same helicity array
along thec axis in a hexagonal arrangement are further linked
through the Cu1 and I1 atoms of the CuII fragment, forming
a non-interpenetrating 3D chiral framework. Half of the
methyl groups of the mtz ligands locate in the channel formed
by the triple-stranded helix (Figure 2). It should be noted
that the Cu-I [2.969(1) Å] or Cu-N [2.019(3) Å] bond
between the CuII fragment and the{[Cu(mtz)]3}n triple-
stranded helix is much weaker than the Cu-I bond [2.748-
(2) Å] in the CuI fragment or the Cu-N bonds [1.885(3)-
1.896(2) Å] in the{[Cu(mtz)]3}n triple-stranded helix. Thus,
the 3D framework structure of the complex can be described
as consisting of neutral triple-stranded helices to which are
linked the CuI fragments through a weaker interaction. By
a comparison of complex1 with another copper(I) triazoate,
[Cu(mtz)]n, previously reported by Chen et al.,14c it can be
found that in both compounds there exist helical chains with
the same component of [Cu(mtz)]n and a similar connection
mode between the Cu atoms and the mtz ligands. In complex
[Cu(mtz)]n, the helical chain is composed of double-stranded
helices, with the helices being right- and left-handed along
the 42 axis, respectively. In complex1, however, the helical
chain consists of triple-stranded helices with only the right-
handed direction along the 63 axis. The bond angle of
N-Cu-N within the helical chain in complex [Cu(mtz)]n

[134.3(1)°] is greatly smaller than that in complex1 [158.2-
(2)°]. On the other hand, in complex [Cu(mtz)]n, each helical
chain is linked to four adjacent antiparallel chains through
interchain Cu-N bonds into a 3D net, resulting in a
centrosymmetric 2-fold interpenetrated network. However,
all of the triple-stranded helices of complex1 have the same
helicity; the 3D framework structure of the complex is

formed by the connection of the neutral triple-stranded
helices to the CuI fragments through a weaker interaction.

Taking the structural feature of complex1 into account,
the network can be best described as an unprecedented
binodal (123)(122‚14)3 net when the CuII unit is treated as
one three-connected node and the Cu2 atom and a neighbor-
ing mtz ligand as another three-connected node. The novel
(123)(122‚14)3 net is shown in Figure 3. The “long”Schläfli
symbol for this network is (124‚124‚124)(124‚124‚149)3. The
shortest ring involving each node in this net is 12-gon and/
or 14-gon (Figure 4). Similar to the (12, 3) and (8, 4) nets
mentioned above, the (123)(122‚14)3 network is also a self-
penetrating one, of which the two 14-gon smallest rings are
passing through each other. When the{[Cu1I][Cu2(mtz)]3}
clusters are assigned as a six-connected node, an acs net (49‚

Figure 1. (a) Atom-labeling scheme showing a CuI unit connecting three helical chains (represented by different bond colors). H atoms have been omitted
for clarity. Symmetry codes: (A)y, -x + y, z - 1/2; (B) 1 - y, 1 + x - y, z. (b) View of the triple-stranded helix of1 (top) and a space-filling model of
the triple-stranded helix (bottom).

Figure 2. Perspective view of1 along thec axis. H atoms are omitted for
clarity.

Figure 3. (123)(122‚14)3 net in the structure of1. The helical chains of
the triple-stranded helices were marked as three different colors (blue, red,
and green) for clarity.

Figure 4. (123)(122‚14)3 net in highest symmetry. Highlighting shows three
types of shortest circuits (one 12-gon and two 14-gons). Catenation of the
14-gon shortest circuits illustrates that this net is a self-penetrating network.

{[Cu(mtz)]3(CuI)}n
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66) can be derived (Figure S2 in the Supporting Information).
However, it should be noted that the acs net cannot show
the most interesting structural feature; i.e., the complex
consists of neutral triple-stranded helices to which are linked
CuI fragments through a weaker interaction.

Physical Properties.Complex1 emits a very strong blue
luminescence at room temperature. A broad emission peak
with a maximum at 443 nm was observed with 300-nm
excitation (Figure 5). The luminescent decay profile of1
can be fitted with a triple-exponential decay function with
τ1 ) 2.087µs (62.55%),τ2 ) 9.211µs (27.25%), andτ3 )
83.71 µs (10.2%). The long emission lifetimes could be

assigned to metal-to-ligand charge-transfer triplet excited
states (3[MLCT]), which are similar to other copper(I) 1,2,4-
triazolates reported previously.15c,d,16The TGA of complex
1 shows that the complex has no weight loss below 400°C
but decomposes at a higher temperature than 400°C.

Conclusion

In summary, we have prepared and characterized an
unprecedented non-interpenetrating 3D chiral network of
(123)(122‚14)3 with triple-stranded helices. The gon value of
the smallest ring in this (123)(122‚14)3 network is the largest
for the Archimedean net reported so far.
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Figure 5. Solid-state excitation (left) and emission (right) spectra of1 at
room temperature.
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