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Two new noncentrosymmetric (NCS) solids were isolated via high-
temperature, salt-inclusion reactions, Cs,Cu(P,07)4-6CsCl (1, CU-
9) and Cs,Cus(P,07)3-3CsCl (2, CU-11). These copper(ll) phos-
phates exhibit novel open-framework structures conceptually

contains helical chains of alternating corner- and edge-shared
CuO, and PQ 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€ salt, that is, Cs

templated by extended Cs—Cl salt. The latter resides cooperatively

CU7(P207)4'6CSC| G.) and CSCU{,(P207)3’3CSC| Q)

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. NCS open-framework solids developed thus far
have been primarily organitinorganic 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 sublattieés light
of the prior synthesis of CuP&BaCl?® whose structure
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Crystals ofl were grown by employing reactive CsCl salt in a fused
silica ampule under vacuum. CuO (7.0 mmok©Ok (4.0 mmol), and
CsCl (24.0 mmol) were mixed and ground in a nitrogen-filled drybox.
The reaction mixture was heated to 780D and isothermed for 48 h,
followed by slow cooling to 300C at 0.1°C/min and then furnace
cooling to room temperature. Yield ca. 80%, estimated by the intensity
of PXRD patterns, was obtained. Crystals ®fwere grown by
employing reactive CsCl salt in an open quartz container. After the
structure determination df, stoichiometric mixtures of CSOH>,0

(2.0 mmol), Cu(OHy (7.0 mmol), (NH),HPO4 (8.0 mmol), and CsCl
(6.0 mmol) were ground in air. The mixture was heated to 850
and isothermed for 72 h, followed by slow cooling to 25 at 0.1
°C/min. Yield ca. 90% was obtained.

(4) Crystal data ofl: light greenish column crystal (0.26 0.01 x 0.02

mm?), M, = 2416.52, orthorhombiB2;2;2; (No. 19) witha = 9.942-

(1) A, b=13.810(2) A,c =30.703(4) AV = 4215.6(9) R, z = 4,
pcaled = 3.807 g cni3. Data collection: Mo Kt (1 = 0.71073 A)
radiation, T = 293(2)K, 39306 measured with 10017 unique reflec-
tions, of which 9210I(> 2.00(1)) were used for the structure solution
with the SHELXTL-Plus software package. The structure was solved
by direct methods using the SHELXS-86 program and refinegFn

by least-squares, full-matrix techniques. FiRdR, = 0.060/0.099,
GOF= 1.15 for 375 parameters. The final Fourier difference synthesis
showed minimum and maximum peaks ©f..77 and+1.53 e/&.
Crystal data oR: light greenish column crystal (0.20 0.05 x 0.02
mm?), M, = 1610.42, orthorhombiPna2; (No. 33), witha = 13.9425-

(3) A, b=20.429(1) A,c = 9.8366(5) AV =2801.7(2) B, z =4,
pealcd = 3.818 g cm3. Data collection: Mo Kt (A = 0.71073 A)
radiation,T = 293(2) K, 19826 measured with 4272 unique reflections,
of which 4263 (> 2.00(1)) were used for the structure solution. Final
R/R, (IF|?)= 0.059/0.133, GOF= 1.30 for 256 parameters. The final
Fourier difference synthesis showed minimum and maximum peaks
of —1.13 and+1.78 e/&. (a) TEXSAN: Single-Crystal Structure
Analysis SoftwareVersion 1.6b; Molecular Structure Corp.: The
Woodlands, TX 1993. (b) Cromer, D. T.; Waber, J. T. Scattering
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Crystallography Kynoch Press: Birmingham, England, 1974; Vol.
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University Press: London/New York, 1985; pp 17839. (d) G. M.
Sheldrick, SHELXS-93University of Gottingen: Gottingen, Germany,
1993.
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Compoundd and2 were synthesized in the molten CsCl
medium (mp 645C).2 Single-crystal structures were deter-
mined by the X-ray diffraction methodsCompound1l,
which is chiral, crystallizes in one of the 11 NCS nonpolar
crystal classes, 222D¢), and2, which is nonchiral, in one
of the 10 NCS polar crystal classaay? (C,,).> Second-
harmonic generation measurements using a powder method
previously describédgave 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 GACuPO series, the CtP—O
sublattices consist of negatively chargedaCyP.07)>~
open-frameworks, for example, &R,0/),2~ (n = 2) for
CU-2 and #*¢The newly discovered CtP—O frameworks
are Cy(P,0;)42>~ (n = 4) and Cy(P,0;):*>" (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 CsCI structure found inl (left), which is
centered by a column of the NaCl-type [[C&]. core. It is
worth noting that the extended salt latticedfight) literally
adopts one-half of the NaCl-type core observed,ithus
the formation of smaller pore structure. In addition, the

ordering of copper cations in the €&#—0O frameworks is . o _

dictated by the relative positions of the “Chnions in Foue (tl(;p) Zﬁ?pcgi‘zgzgsgggggmggtm).S}rﬁgt&e;_(gﬁ?:épévovgr‘};s

extended salt lattice (see later). are outlined by Cu-centered bonds drawn in blue, P in yellow, and O in
All the chloride anions adopt six-coordination to either red, while the nonbonded Cl is drawn in green and Cs in white. Arrows

4CsH/2C2* or 5CS/1CWP* cations in a distorted octahedral ~ Ndicate the direction of the,crew axis (see text).

geometry, a common coordination adopted by metal chlo- and the structural incommensuration due to the intergrowth

rides. The bridging copper atoms, Cu(4,5liand Cu(5) in of covalent and ionic sublatticés.

2, adopt the shortest CtCl distances in the Cu@l, unit, It is interesting to observe that, despite the different

for example, 2.242.29 A, which are shorter than 2.38 A, window geometry,1 and 2 share a common CtP—O

the sum of Shannon crystal radii of tetrahedrally coordinated network structure along the (002) and (020) planes, respec-

Cw* (0.71 A) and Ct (1.67 A)7 The terminal coppers, Cu-  tively, where the 2screw axes lie (see Figure 1). The

(1,2,3,6,7) inl and Cu(1,2,3,4) ir2, give rise to long Ct network structure, as shown in Figure 3, consists of alternat-

Cl distances, for example, 2.63.32 A, much longer than  ing CuQ, square-planar and,@; pyrophosphate units. Each

2.54 A of the expected distance of an ideal octahedral CuQ, shares oxygen atoms with threglp, one bridges via

geometry. The corresponding chlorine atoms occupy the two cis oxygen atoms and two others each link via one

apical positions of the Cti-centered square pyramidal C4O  oxygen. This gives rise to the 1CwBP,O; connectivity

Cl and octahedral Cu@l; units, similarly observed in the  across the networks. In contrast, the open-frameworks of the

chlorooxocuprate%The tetragonal elongation along the-€u  previously identified CU-2 and CU-4, exhibiting alternating

Cl bonds is attributed to the? Cw?™ Jahn-Teller distortion 18-/8-ring windows, consist of a mixed 1CW@P,0O; (in a

- _ doubly bridgedtrans fashion) and 1Cu@4P,0; connect-

e e o e ehosen o . i of - 2 The wide range framework variation, once again
comparison using Friedel pairs. The absolute configuration was €xemplifies the versatility of transition metal phosphate
determined by the Flack factor; a value of zero was given in the final  structures, as simi|ar|y seen in a vast number of open-
refinement indicating a correct configuration. framework aluminosilicates and aluminophosphétes.
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Figure 4. Framework structures of (left) and 2 (right) showing the
connectivity between parallel network slabs (represented by the outer
columns of BOy units) shown in Figure 3.

propagate into a linear chain. The G@&I units are realized

as nonframework units tipping into the channels (Figure 1).

CompoundL (Figure 4, left), otherwise, consists of two such
Figure 2. Extended salt sublattices af(left) and2 (right) showing the linear chains interlinked by additional square-planar CuO

connectivity with copper cations. Each chlorine coordinates to six cations; ; ; ; ;
for clarity, only one asymmetric unit of Cu and Cl is labeled. The bridging units, which adopt the 1CuP,0; configuration.

copper atoms form the shortest-€Gl bonds (see text). The anionic frameworks df and2 can be formulated as
[Cu21CUioAP207)4i2(P207)ei3]>~ and  [CuiCugio(P207) 2/
(P,0)eil]?, respectively. The former consists of 2 non-
framework and 10 framework Cu, foup®; groups that are
shared by 2 window units, and 6 more(? groups shared
at the joint of 3 neighboring window units (Figure 1). The
10CuQy/(4+6)PQ, polyhedra sum up to the 20-ring (with
respect to the total number of &uand P*) window.
Likewise, the formula of reflects one nonframework Cu
and the 16-ring (8Cu&)(2+6)PQ,) structure.

As a final remark, the structural principles discussed here
lead to an outline of the fascinating NCS open-framewaorks
and extended salt lattices. Several recent reports also have

Figure 3. Partial structure ol showing the Ct-P—O network along the demonstrated the utility of inorganic salt for the formation
(002) plane. The (020) plane @ adopts exactly the same connectivity.  Of novel frameworkg! The current discoveries reaffirm the

The building block (circled) of the network structure consists of one £uO implications to the synthesis of noncentrosymmetric solids
and a ROy bridging unit (see text). via salt-inclusion

The network consists of corner-shared GiRaD- building Acknowledgment. Financial support for this research
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whereas the parallelogram-shaped window can be considereqC026060I

as the result of pore condensation of two inverted heart-
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