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Two new noncentrosymmetric (NCS) solids were isolated via high-
temperature, salt-inclusion reactions, Cs2Cu7(P2O7)4‚6CsCl (1, CU-
9) and Cs2Cu5(P2O7)3‚3CsCl (2, CU-11). These copper(II) phos-
phates exhibit novel open-framework structures conceptually
templated by extended Cs−Cl salt. The latter resides cooperatively
in the channels upon the formation of the NCS Cu−P−O
frameworks, leading to the formation of fascinating salt lattices
centered by the NaCl-type core. These new discoveries are
significant for they may give rise to a new route for the templated
synthesis of NCS solids. We are to show here the structural
correlation of the newly discovered hybrid solids, and the role of
the chlorine atoms in the “intergrowth” of covalent/ionic sublattices.

Porous materials that possess noncentrosymmetric (NCS)
structures have enticed research efforts in materials design
for their petitions in nonlinear applications and chiral
synthesis.1 NCS open-framework solids developed thus far
have been primarily organic-inorganic composites, which
enable the integration of organic based chiral templates. Our
recent exploration of salt-inclusion reactions has resulted in
a fascinating class of composite (hybrid) solids that are
composed of mixed ionic and covalent sublattices.2 In light
of the prior synthesis of CuPO4‚BaCl,2e whose structure

contains helical chains of alternating corner- and edge-shared
CuO4 and PO4 units, we have continued the investigation of
NCS open-framework solids via salt-inclusion reactions.
Herein, we report two fascinating NCS open-frameworks that
are templated by extended inorganic Cs-Cl salt, that is, Cs2-
Cu7(P2O7)4‚6CsCl (1) and Cs2Cu5(P2O7)3‚3CsCl (2).
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Compounds1 and2 were synthesized in the molten CsCl
medium (mp 645°C).3 Single-crystal structures were deter-
mined by the X-ray diffraction methods.4 Compound1,
which is chiral, crystallizes in one of the 11 NCS nonpolar
crystal classes, 222 (D2), and2, which is nonchiral, in one
of the 10 NCS polar crystal classes,mm2 (C2V).5 Second-
harmonic generation measurements using a powder method
previously described6 gave no sign of frequency doubling,
which is mostly due to the lack of polarizable elements in
the structures. The chemical contents were confirmed by
qualitative EDAX analysis and stoichiometric synthesis.

The title compounds (designated as CU-9 and CU-11,
respectively) are new additions to the CU family, which
exhibits a hybrid framework of mixed covalent and ionic
sublattices. The covalent sublattices characteristically form
pseudo-one-dimensional channels where the extended salt
resides. In the most studied CU-CuPO series, the Cu-P-O
sublattices consist of negatively charged Cu2n-1(P2O7)n

2-

open-frameworks, for example, Cu3(P2O7)2
2- (n ) 2) for

CU-2 and 4.2b,cThe newly discovered Cu-P-O frameworks
are Cu7(P2O7)4

2- (n ) 4) and Cu5(P2O7)3
2- (n ) 3) and, as

shown in Figure 1, display single-size channels with paral-
lelogram (20-ring) and heart-shaped (16-ring) windows,
respectively.

It is intriguing to see the additional role of salt lattice in
facilitating the formation of NCS structures. Figure 2 depicts
the extended Cs-Cl structure found in1 (left), which is
centered by a column of the NaCl-type [Cs4Cl4]∞ core. It is
worth noting that the extended salt lattice of2 (right) literally
adopts one-half of the NaCl-type core observed in1, thus
the formation of smaller pore structure. In addition, the
ordering of copper cations in the Cu-P-O frameworks is
dictated by the relative positions of the Cl- anions in
extended salt lattice (see later).

All the chloride anions adopt six-coordination to either
4Cs+/2Cu2+ or 5Cs+/1Cu2+ cations in a distorted octahedral
geometry, a common coordination adopted by metal chlo-
rides. The bridging copper atoms, Cu(4,5) in1 and Cu(5) in
2, adopt the shortest Cu-Cl distances in the CuO2Cl2 unit,
for example, 2.21-2.29 Å, which are shorter than 2.38 Å,
the sum of Shannon crystal radii of tetrahedrally coordinated
Cu2+ (0.71 Å) and Cl- (1.67 Å).7 The terminal coppers, Cu-
(1,2,3,6,7) in1 and Cu(1,2,3,4) in2, give rise to long Cu-
Cl distances, for example, 2.63-3.32 Å, much longer than
2.54 Å of the expected distance of an ideal octahedral
geometry. The corresponding chlorine atoms occupy the
apical positions of the Cu2+-centered square pyramidal CuO4-
Cl and octahedral CuO4Cl2 units, similarly observed in the
chlorooxocuprates.8 The tetragonal elongation along the Cu-
Cl bonds is attributed to the d9 Cu2+ Jahn-Teller distortion

and the structural incommensuration due to the intergrowth
of covalent and ionic sublattices.9

It is interesting to observe that, despite the different
window geometry,1 and 2 share a common Cu-P-O
network structure along the (002) and (020) planes, respec-
tively, where the 21-screw axes lie (see Figure 1). The
network structure, as shown in Figure 3, consists of alternat-
ing CuO4 square-planar and P2O7 pyrophosphate units. Each
CuO4 shares oxygen atoms with three P2O7, one bridges via
two cis oxygen atoms and two others each link via one
oxygen. This gives rise to the 1CuO4/3P2O7 connectivity
across the networks. In contrast, the open-frameworks of the
previously identified CU-2 and CU-4, exhibiting alternating
18-/8-ring windows, consist of a mixed 1CuO4/2P2O7 (in a
doubly bridgedtrans fashion) and 1CuO4/4P2O7 connect-
ivity.3b,c The wide range framework variation, once again,
exemplifies the versatility of transition metal phosphate
structures, as similarly seen in a vast number of open-
framework aluminosilicates and aluminophosphates.10

(5) (a) Halasyamani, P. S.; Poeppelmeier, K. R.Chem. Mater.1998, 10,
2753-2769. (b) NCS space groups were chosen on the basis of
comparison using Friedel pairs. The absolute configuration was
determined by the Flack factor; a value of zero was given in the final
refinement indicating a correct configuration.

(6) Porter, Y.; Ok, K. M.; Bhuvanesh, N. S. P.; Halasyamani, P. S.Chem.
Mater. 2001, 13, 1910-1915.

(7) Shannon, R. D.Acta Crystallogr., Sect. A.1976, 32, 751-767.
(8) Müller-Buschbaum, H.Angew. Chem., Int. Ed. Engl. 1977, 16, 674-

687.

(9) Kunz, M.; Brown, I. D.J. Solid State Chem.1995, 115, 395-406.
(10) Huang, Q.; Hwu, S.-J.Chem. Commun.1999, 2343-2344 and

references therein.

Figure 1. Perspective views showing the structures of Cs2Cu7(P2O7)4‚
6CsCl (top) and Cs2Cu5(P2O7)3‚3CsCl (bottom). The Cu-P-O frameworks
are outlined by Cu-centered bonds drawn in blue, P in yellow, and O in
red, while the nonbonded Cl is drawn in green and Cs in white. Arrows
indicate the direction of the 21-screw axis (see text).
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The network consists of corner-shared CuO4/P2O7 building
blocks (as shown by the circled unit in Figure 3), and the
orientation of these units determines the polarity of extended
lattices. The representative network structure shown in Figure
3 reveals a polar axis alonga because all the P2O7 units lay
on one side of the bridged CuO4. In 1, the polar axes of
neighboring networks point in opposite directions leading
to the cancellation of polarity and, subsequently, the forma-
tion of nonpolar lattice. In2, however, the polar axes of
neighboring networks point in one direction, therefore, the
formation of polar lattice.

Compounds1 and2 share additional structural features,
whereas the parallelogram-shaped window can be considered
as the result of pore condensation of two inverted heart-
shaped windows. This can be realized by a close comparison
of two framework structures that link parallel slabs of the
Cu-P-O networks. As shown in Figure 4, the center P2O7

unit in 2 (right) shares its oxygen atoms alongb with two
square-planar CuO4 groups in atrans fashion keeping the
1CuO4/3P2O7 configuration. It shares the opposite oxygen
atoms each alonga with two tetrahedral CuO2Cl2 units to

propagate into a linear chain. The CuO2Cl2 units are realized
as nonframework units tipping into the channels (Figure 1).
Compound1 (Figure 4, left), otherwise, consists of two such
linear chains interlinked by additional square-planar CuO4

units, which adopt the 1CuO4/4P2O7 configuration.
The anionic frameworks of1 and2 can be formulated as

[Cu2/1Cu10/2(P2O7)4/2(P2O7)6/3]2- and [Cu1/1Cu8/2(P2O7)2/2-
(P2O7)6/3]2-, respectively. The former consists of 2 non-
framework and 10 framework Cu, four P2O7 groups that are
shared by 2 window units, and 6 more P2O7 groups shared
at the joint of 3 neighboring window units (Figure 1). The
10CuO4/(4+6)PO4 polyhedra sum up to the 20-ring (with
respect to the total number of Cu2+ and P5+) window.
Likewise, the formula of2 reflects one nonframework Cu
and the 16-ring (8CuO4/(2+6)PO4) structure.

As a final remark, the structural principles discussed here
lead to an outline of the fascinating NCS open-frameworks
and extended salt lattices. Several recent reports also have
demonstrated the utility of inorganic salt for the formation
of novel frameworks.11 The current discoveries reaffirm the
implications to the synthesis of noncentrosymmetric solids
via salt-inclusion.
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Figure 2. Extended salt sublattices of1 (left) and2 (right) showing the
connectivity with copper cations. Each chlorine coordinates to six cations;
for clarity, only one asymmetric unit of Cu and Cl is labeled. The bridging
copper atoms form the shortest Cu-Cl bonds (see text).

Figure 3. Partial structure of1 showing the Cu-P-O network along the
(002) plane. The (020) plane of2 adopts exactly the same connectivity.
The building block (circled) of the network structure consists of one CuO4

and a P2O7 bridging unit (see text).

Figure 4. Framework structures of1 (left) and 2 (right) showing the
connectivity between parallel network slabs (represented by the outer
columns of P2O7 units) shown in Figure 3.
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