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Combination between lacunary polyoxometalates and high-nuclear
transition metal clusters under hydrothermal conditions: first (3,6)-
connected framework constructed from sandwich-type polyoxometalate
building blocks containing a novel {Cug} clustert
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An unprecedented (3,6)-connected 3-D framework con-
structed from sandwich-type polyoxometalate building blocks
containing a {Cug} cluster, [Cu(H,O),JH,[Cug(dap),(H,0),-
(0-B-GeW4034),] (dap = 1,2-diaminopropane) has been hydro-
thermally made, which provides a novel topological structure in
transition metal substituted polyoxometalates.

The continuous interest in designing and making novel transition
metal substituted polyoxometalates (TMSPs) has persisted because
of their impressive compositional diversity and versatile applica-
tions in catalysis, medicine and material science.! Since the first
sandwich-type [Cos(H>0)»(0-B-PW4O34),]'" was found in 1973,
sandwiched TMSPs have developed as one of the most important
subfamily in polyoxometalate (POM) chemistry.® So far, many
sandwiched TMSPs have been reported, however, only 2- to
6-nuclear coplanar sandwiched TM clusters in sandwich belts were
found (Fig. la—g). Although several inorganic-organic composite
sandwiched TMSPs containing 2- to 4-nuclear TM clusters have
been made,” the design and synthesis of novel inorganic-organic
composite sandwiched POMs incorporating more TM centers
remain less explored. Recently, we developed an effective strategy
of using (a) the lacunary sites of the XWyO34 (X = P/Si/Ge)
fragments as structure-directing agents to induce the formation of
large oligomers of TM clusters and (b) multidentate amines as
structure-stabilizing agents to capture and stabilize TM oligomers
formed in situ, to construct further novel inorganic-organic

Fig. 1 Polyhedral views of some coplanar TM cluster units previously
reported (a)-(g) and herein investigated (h) in the sandwich belts.
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composite POMs under hydrothermal conditions. In this way,
we obtained a series of POMs based on a single trivacant Keggin
fragment capped by a {Nig} cluster.’ In the realization of these
TMSPs, if two trivacant XWgO34 fragments simultaneously
interact with the TM oligomers generated in situ, novel sandwiched
TMSPs may be formed under hydrothermal conditions. Great
efforts have been made to attain this target and, fortunately, a
novel {Cug} sandwiched silicotungstate was first isolated (Fig. 1g).®
As a continuance of our work, a novel 3-D (3,6)-connected {Cug}
sandwiched germanotungstate [Cu(H,O),]H,[Cug(dap),(H,0)x(a-
B-GeWoOu)] (1) with a (4-6%)(4*6*87-10%) topological net was
made. Similarly, an isomorphous [Cu(H,O),]H,[Cug(en)4(H,0)-
(0-B-SiWgO14)2]” (2) was also obtained by using ethylenediamine
(en) as a structure-stabilizing agent in our lab.

The phase purity of 1 was made by hydrothermal reaction of
KgNaz[OL-A-GeW9034]‘25H20 (O(-A-GGWQ) and CuC122H20 in
the presence of dap at 100 °C for 5 days.I Notice that the o-A-
GeWy unit in the starting material was transformed to the o-B-
GeWy unit in 1, mostly because the o-A-GeWy unit has six
exposed surface oxygen atoms in the vacant site while the o-B-
GeW, unit has seven exposed surface oxygen atoms, which favors
the case that the o-B-GeWy unit can work as a heptadentate ligand
to coordinate to the {Cug} cluster and enhance the stability of 1
(Scheme S17). The structural unit of 1 consists of a dimer
[Cug(dap)4(H20)z(a-B-GeW9034)2]47, {Cug(GeWy),} and one
[Cu(H,0),]*" cation (Fig. 2a).§ A crystallographically imposed
C, axis passes through (0, 1/2, 0). The dimer of {Cug(GeWy),} is
built by two trivacant Keggin o-B-GeW, fragments in a staggered
pattern linked by a {Cug} cluster unit, {[Cu(dap)];CusO 4
(H,0),}(Fig. 1h, Fig. 2b), via eight p3-O and four py-O atoms
from the lacunae of two a-B-GeWy units and two central py-O
atoms from two GeO,4 groups. In comparison with the classical
{Cuy} sandwiched cluster [Cu4(H20)2(oc-B-GeW9034)2]12_,8 the
{Cug} sandwiched {Cug(GeWy),} unit can be viewed as a deriva-
tive of the [Cuy(H,0)(0-B-GeWoO14)5]'> ™ cluster (Fig. S271). The
{Cug} cluster in 1 (Fig. 2b) can be considered as four five-
coordinate [Cu(dap)]*" groups that are grafted onto four corners
of the rhombic {CusO;4(H>O),} unit in [Cuy(HyO)x(o-B-
GeWy034),]'? " via twelve O atoms from the lacunae of two o-B-
GeW,y fragments. To our knowledge, 1 represents the first 3-D
inorganic—organic composite {Cug} sandwiched POM, although a
{Cog} POM KgNag[(0-A-SiWg034),Cos(OH)e(H,0)5(CO3)3] was
recently reported,”” in which two {Co4O4(OH)(H,0)} units are
linked via three carbonato groups (Fig. S31). Moreover, the nearly
coplanar {Cug} cluster in 1 is unprecedented in coordination
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Fig. 2 (a) Coordination environment of the dimer {Cug(GeWy),}. The
{Cug} cluster: green polyhedra; the [Cud(H>O),J*" bridges: green balls. (b)
The linking mode of the {Cug(GeWy),} cluster. Atoms with “A-G” in
their labels are generated by symmetry (A: y, 0.5 — 1, =0.5+ I; B: 0.5 — y,
x,=05+zC —05+»,05+x, —zD:=05+x,1 —»,05—z E: —x,
05+,05—-2zF05-y05-xz2G: —x,1—y —2).(c) The 3-D
framework viewed down the c-axis, showing two types of helical channels,
A and B. The [Cud(H,O),*" bridges: red polyhedra. The carbon and
hydrogen atoms are omitted for clarity. (d) The dual left-/right-handed
helices (L1/R1 and L2/R2) enclosing two different A and B channels,
respectively. For clarity, L1/R1 helices are only shown in {Cug(GeWy),}
nodes, and [Cud(H,O),]** bridges are omitted, while L2/R2 helices are
only shown in [Cud(H,O),]*" nodes, and {Cug(GeWo),} bridges are
omitted. (¢) The 3-D topological net along the c-axis. {Cug(GeWy),}
nodes: blue; [Cud(H,O),]** nodes: red.

chemistry. As shown in Fig. 2b, the 3 : 2 : 3 distribution of eight
Cu®" ions in the motif leads to three types of coordination
environments: one type (Cul/CulC/CulF/CulG) resides in a five-
coordinate square pyramid, in which the basal plane is defined by
two N atoms from a dap ligand [Cu-N: 1.975(10)-1.993(10) A]
and two 13-O atoms from the lacunae of two a-B-GeWy fragments
[Cu-ps-O: 1.990(7)-2.015(7) A], and one u,-O atom from the
lacunae of a a-B-GeW, fragment occupies the apical position
[Cu-O: 2.418(7) A]; another (Cu2/Cu2C) is a six-coordinate
octahedral geometry with two pi3-O and two y-O atoms from the
lacunae of two o-B-GeW, fragments building the equatorial plane
[Cu—p3-O: 1.979(7) A and Cu—py-O: 2.010 (7) A), and one py4-O
atom from a GeOy group and one water O atom standing on the
axial positions [Cu—14-O: 2.392(9) A and Cu-Ow: 2.296(11) AJ;
the other (Cu3/Cu3G) has two p13-O and two py-O atoms from the
lacunae of two a-B-GeW, units in approximately square-planar

equatorial plane [Cu—ps-O: 1.951(7) A and Cu—-O: 1.967(6) A],
and its coordination sphere is completed by two pu-O atoms from
the lacunae of two 0-B-GeW, fragments [Cu—14-O: 2.446(7) Al.
The adjacent Cu-+-Cu distances are in 3.107(1)-3.224(1) A. The
[Cu4(H,0).]*" bridge employs a square pyramidal geometry, in
which the basal plane is defined by two H,O ligands and two
terminal oxygen (O) atoms from two o-B-GeWy units [Cu-Oy:
1.85(3)-2.07(4) A and Cu-Oy: 2.805(8) A], and one O, atom from
another o-B-GeWy unit occupies the apical position [Cu-Oy
1.957(12) A]. Owing to the coexistence of octahedral and square
pyramidal geometries of Cu”* ions, the Jahn—Teller effect of CuOg
octahedra, the pseudo-Jahn-Teller effect of CuO3;N, square
pyramids and the different linkage modes possibly lead to different
isomers or configurations (see ESIT).

The most striking structural feature is that each dimer
{Cug(GeWo),} joins six [Cud(H,O),]*" bridges (Fig. 2a), while
each [Cud(H,O),*" bridge links three dimers {Cug(GeWs),}
(Fig. S47), resulting in an unprecedented 3-D (3,6)-connected
framework (Fig. 2c). The alignments of {Cug(GeWs),} units and
[Cud(H,0),]*" bridges along the 4, screw axis form two types of
helical channel, A and B, with cross-section dimensions of 2.7 X
2.7 Aand 1.4 x 1.4 A, respectively (Fig. 2c, Fig. S5t). Noticeably,
channels A and B are enclosed by two couples of interweaved dual
left-/right-helices, L1/R1 and L2/R2, with a pitch of 18.85 A
(Fig. 2d). For L1/R1 chains, each chain is built by {Cug(GeWoy),}
units via [Cud(H,0),]" bridges (Fig. S6at). The dap ligands and
the O, atoms from the o-B-GeW, units protrude into the inner of
A channels (Fig. S5f). Hydrogen-bonding interactions exist
between N atoms of dap ligands and O atoms of o-B-GeW, units
(N-+-O: 3.038(14)-3.283(13) A). For L2/R2 chains, each chain is
constructed from [Cud(H,0),)*" cations via {Cug(GeWs),} units
(Fig. S6bt). Different from A channels, coordination water
molecules from [Cud(H,0),]** cations point to the inner of the
B channels (Fig. S5t). Although 3-D frameworks with helical
channels built by plenary Keggin units and amino acid complexes
have been reported,” to the best of our knowledge, 1 still represents
the first 3-D (3,6)-connected trivacant Keggin POM derivative
with helical channels based on sandwich-type TMSP building
blocks. Topologically, the 3-D architecture is a (3,6)-connected net
(Fig. 2¢), in which the dimer {Cug(GeWs),} and the [Cud(H,0),]*"
group act as a 6- and 3-connected nodes, respectively. A
topological analysis of this net was performed with OLEX.'°
The Schifli symbol of this net is (4-6%)(4%6*87-10%).

A plot of ymT vs. T and the fitting line under a 5 kOe
external field for 1 are shown in Fig. 3. The ym7 product of
343 emu mol ' K at 300 K is in good agreement with the
sum of the spin-only contribution (3.38 emu mol ' K) for
9 Cu" considering g = 2 per formula unit. Upon cooling,
the ym7 product gradually increases to a maximum of
3.84 emu mol ' K at 12 K, and then sharply decreases to
2.44 emu mol ! K at 2 K. The magnetic susceptibility can be well
fitted by a Curie-Weiss expression with C = 3.45 emu mol ! K
and 0 = 0.568 K (Fig. S7f), indicative of the presence of
weak ferromagnetic exchange interactions among the Cu™® centers.
To analyze the observed magnetic data, a magnetic exchange
model has been used for the {Cug} cluster (Fig. 3). The isostropic
spin Hamiltonian for the {Cug} cluster is given as follows:
H==2J(518 + 82853 + S6S7 + 5758) — 2J5(S184 + 5355 + S4S¢ +
S5Sg) - 2.]3(5254 + SzSS + S4S7 + S5S7) - 2J4S4S5. The molar
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Fig. 3 The plot of the y7 vs. T for 1 between 2 and 300 K. The solid
line represents the best fit to experimental data. The inset is a magnetic
exchange model.

magnetic susceptibility of the {Cug} cluster (y) is described as
e = (NEBBEDY.SH(SE +1)Q2ST + Dexp[—EJKTIHY.(2S) +
Dexp[—E,/kT]}."! Considering the contribution of a paramagnetic
[Cu4(H,0),]*" bridge, the molar magnetic susceptibility (y) of 1
is discribed as y = y. + (1/2)3/2)Ng’f3kT. A molecular field
correction in the form of yv = y/(1 — zJ'yJ/Ng*f?) is introduced
to describe the intercluster interactions. The best-fitting parameters
obtained using the MAGPACK program package'? are J, =
—236cm ', J,=445cem !, J; =303 cm ™', J, = —223 cm ™,
g =198 and zJ’ = —0.01 cm™". The agreement factor R, defined
as Y[0dobs — (eal 1Y (tmdons™ is equal to 252 x 107, The
negative zJ' value accounts for the very small antiferromagnetic
phenomenon observed below 12 K. Note that the magnitudes of
all J values are comparable, so the {Cu'} cluster in 1 is a
frustrated system with many low-lying excited states.'>
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2.12; Cu, 10.14; Ge, 2.57; W, 60.39.

§ Crystal data for 1: C;;HsoNgO7,CugGe, W g, Mr = 5484.94, tetragonal,
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