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Combination of Lacunary Polyoxometalates and High-Nuclear Transition
Metal Clusters under Hydrothermal Conditions: IX. A Series of Novel
Polyoxotungstates Sandwiched by Octa-Copper Clusters
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Abstract: The reaction of CuCl,»2H,0
with trivacant Keggin polyoxoanions
K¢Na,[A-a-GeW,05]-25 H,0 or K j[A-
a-SiW,03,]25H,0 in the presence of
1,2-diaminopropane (dap), ethylenedia-
mine (en) or 2,2'-bipyridine (2,2’-bpy)
under hydrothermal conditions afford-
ed five novel hybrid inorganic—organic
octa-Cu sandwiched polyoxotungstates
(POTs): H,[Cu"g(dap),(H,0),(B-a-Ge-
W03, 13H,0 (1), (Hsen),[Cu's-
(en)4,(H,0),(B-a-GeW,03),]-5 H,O(2),
(Hyen),[Cu'y(en),(H,0),(B-0-SiWs-
03),-8H,0 (3), [Cu'(H,0),]H,[Cu"-
(en)4(H,0),(B-0-SiW05),] (4), and
[Cu",(H,0),(2,2-bpy),]{[Cu"(bdy1)],-
[Cu"§(2,2"-bpy)4(H,0),(B-0-GeW,-
03,),]}4H,0 (bdyl=2,2"-bipyridin-
y1)(5). Additionally, CuCl,-2 H,O reacts
with the mixture of  GeQO,,
Na,WO,2H,0, H,SiW,,0,2H,0 in
the presence of 2,2-bpy and 4,4’-bpy

under hydrothermal conditions leading
to another novel mixed-valent octa-Cu
sandwiched POT hybrid: [Cu'(2,2'-
bpy)(4,4"-bpy) L[{Cu'y(2,2"-bpy),(4.4"-

bpy)]o[Cu',Cu''4(2,2"-bpy),(4,4'-bpy),(B-
a-GeW,05,),}]2H,0 (6). 1, 2, and 3
are discrete dimers constructed from
two trivacant Keggin [B-a-XW,0,,]"""
(X=Ge"/Si") fragments and an octa-
Cu cluster whereas 4 displays the 3D
(3,6)-connected nets with  (4-6%)-
(4%6*87-10%) topology, which are built
by octa-Cu sandwiched polyoxometa-
late building blocks through copper
cation bridges. § is a novel 2D layer
based on octa-Cu sandwiched POT
clusters and [Cu",(bdyl)] units. Inter-
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estingly, the rollover metalation of 2,2'-
bpy is firstly observed in the system
containing the copper complex under
hydrothermal conditions. 6 is a discrete
mixed-valent octa-Cu sandwiched POT
supported by two Cu'-complexes [Cu',-
(2,2"-bpy),(4,4-bpy)** through 4.4'-
bpy bridges, which constructs a novel
dodeca-copper cluster. Notably, the
octa-Cu cluster in 6 is mixed-valent
and is different from those in 1-5. To
our knowledge, 1-6 represent a rare
family of POTs incorporating novel
octa-nuclear transition-metal clusters in
polyoxometalate chemistry. They were
structurally characterized by FT-IR
spectra, elemental analysis, thermogra-
vimetric analysis, and single-crystal X-
ray diffraction. The magnetic proper-
ties of 1, 4, and 5§ were quantitatively
analyzed by the MAGPACK software
package.

Introduction

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Polyoxometalates (POMs) have been attracting extensive in-
terest in solid-state material chemistry in the past several
decades, not only because of enormous compositional and
electronic tenability, the unique topologies, but also the
wide range of potential applications in medicine, catalysis,
analytical chemistry, electrochromism, and magnetism.!
Since the occurrence of a multitude of lacunary polyoxoan-
ions derived from Keggin-type [XW,04]" (X=PV/As"/
Si'"/Ge') and Dawson-type [a-X,Ws0x]"" (X=PY/AsY)
polyoxoanions, the discovery and investigation of their lacu-
nary derivatives, such as phosphotungstates, silicotungstates,
and germanotungstates, has been a significant focus in POM
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chemistry.” It is well known that monovacant ([a-PW/;-
O3], [0-SiW,,05]",  [0-GeW, ;03] or  [a-P,W,;-
Oa]"*). divacant ([y-PWoOs]"", [y-SiWyOse]* or [y-
GeW ,,O5]*),> 9 trivacant ([a-PWy05,]°", [0-SiW,05,]'",
[0-GeW,05,]"" or [0-P,W,505]'27),#¥ and polyvacant ([a-
H,P,W,,0,4]'"", [H,PgWs0,5 )" precursors can be
easily prepared in one- or two-step processes in high yields,
which provide us abundant initial materials to search and
exploit their derivatives under hydrothermal conditions.
More importantly, these lacunary fragments can work as
multidentate inorganic ligands and incorporate in situ
formed transition-metal (TM) clusters, generating a rapidly
growing class of transition-metal substituted polyoxometa-
lates (TMSPs). Furthermore, the ability of lacunary poly-
oxoanions to incorporate magnetic TM clusters between
nonmagnetic POM matrixes makes them especially valuable
for the quantification of magnetic interactions.To date, the
progress in TMSP chemistry chiefly focus on synthesis and
characterization of new POMs possessing unique structures
and properties, but the rational design and synthesis of these
materials remains a longstanding challenge. Past advances
have largely depended on the chance discovery of new ma-
terials.

The current trend is towards “rational design” based on
the accumulated knowledge of crystal chemistry, thermody-
namics and reactivity, as well as the relationship between
structures and properties. Since 1970s, the functionalization
of lacunary Keggin polyoxoanions by TM cations has been
heavily exploited, directly resulting in the appearance of the
largest inorganic sandwich-type subfamily, in which the typi-
cal structural types mainly include: mono-nuclear TM sand-
wiched species [M(a-PW,;05),]"~ and [M(a,-P,W,,04,),]"*~
M=2zr"V/Hf"V);¥ di-nuclear: [(a-AsW,0;5), WO(H,0)M,-
(H,0),]'"- (M =2Zn"Mn"/Co™),"  [Cs’K(H,0),Pd,WO-
(H,0)(A-a-SiW,05,),]" " and [(NaOH,),M,(P,W;5056),]"*
(M =Co"/Fe)P=! (Figure 1a); trinuclear: [(a-XW,0s3),M;-
(H,0),]" (M=Cu'/Zn"; X — ASIII/SbIII/SeIV/TeIV)’[Sa,e]
[Zr;(OH);(A-B-SiWo05,),]" [ and  [(NaOH,)Cos(H,0)-
(P,W5054),] P (Figure 1b,c); tetranuclear: [(Mn(H,0);),-
(Mn(H,0),),(TeWOs3),]* .5 [My(H,0),(XW,03,),]" (M=
Mn'/Co"Y/Zn/Co/Ni!; X =PV/Si"V/Ge') 27 [Zr,0,-
(OH),(H,0)4(B-SiW1¢037),]'" .V} [M4(H,0),(P,W505¢),]"
(M =Mn"YFe/Co/Ni'"/Cu"/Zn"/Cd"),?>*8  and  [Zr,(us-
0),(p,-OH),(H,0),(P,W4055),]'* B (Figure 1d,e); pentanu-
clear: [Cus(OH),(H,0),(a-A-SiW,055),]""," and [CosW-
(H,0),(CoW,05,),]"> 1 (Figure 1f,g);  hexanuclear:
[McCli(XWo033),]'>  (M=Cu'yMn"; X=As"Y/Sb!) 10
[(Nig(H,0)4(1o-Hy0 )4(ps-OH), J(SiW,O3,),] 1) [Ni,-
(H,0),(-NiW,05,),]'" 1" and  [Feq(OH);(A-a-GeWyOsy-
(OH),),]"'~,1™1 (Figure 1h-k); heptanuclear: [Ni,(OH),-
(H,0)(CO;),(HCO3)(A-a-SiW,O3,) (B-SiW405;)]* '™ and
[Co;(H,0),(OH),P,W,50,,]" " (Figure 1o,p); as well as an
octa-Co [(A-a-SiW,05,),Cog(OH)s(H,0),(CO,);]"* ! (Fig-
ure 1q). Recently, four sandwich-type POT dimers [{(B-f3-
SiW,035(OH))(B-SiWs0,0(OH),) Cos(H,0)},Co(H,0),]*
[{Cos(B-B-SiWOs3(OH))(B-SiWs059(OH),) |2 [Cuyy-
(OH),(H,0),5(SiW503,),]"",l"*" [Cug(Hy0)2(N3)o(GeW,-
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Figure 1. Polyhedral illustrations of the connection fashion of some repre-
sentative transition-metal clusters previously reported (a—q) and herein
investigated (r-s).

.,‘

03,),(GeW0;),]*~,1?! and doubly sandwich-type POTs
[Ni6AS3W24O94(HZO)2]177?[1331 [Ni4Mn2P3W24094(H20)2]177,[13"‘]
and [((MOH,)M,PW,05,),(PW0y)]"~ (M =Mn"/Co')*!
have been depicted by Kortz and Hill, respectively. In addi-
tion, a few inorganic-organic (2-6)-TM-sandwiched POM
derivatives have been reported.'*! For instance, Hill et al
demonstrated the tri-Zr"-sandwiched POTs {[0-P,W;50s;-
(H,0)]Zr5(p5-O)(H,0)(L/D-tartH)[a-P, W Os, ]~ with
chirality transfer through zirconium coordination centers to
inorganic clusters.'* In general, the majority of aforemen-
tioned sandwich-type TMSPs were made by conventional
aqueous solution methods.

However, the combination of lacunary POM precursors
and hydrothermal conditions to synthesize novel POMs re-
mains less explored.!****) On one hand, hydrothermal tech-
nique has been proved to be a useful method in making in-
organic-organic hybrid materials in POM field. Hydrother-
mal conditions are able to make the reaction shift from the
thermodynamic to the kinetic so that the equilibrium phases
are replaced by structurally more complicated metastable
phases.!'®*l Under such nonequilibrium crystallization con-
ditions, before lacunary POM precursors are transformed to
saturated POM species, metastable kinetic POM phases
rather than thermodynamic phases are most likely to be
captured,’®¥ thus we can obtain novel phases, which are
not made by the conventional aqueous solution methods.
On the other hand, a multitude of lacunary POM precursors
provides us accessible starting materials. Thus, recently, we
developed an effective method of using the lacunary sites of
[0-XW,05,]"1% (X =PY/Ge"V/Si'V) fragments as structure-di-
recting agents to induce large TM oligomers and multiden-
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tate N-ligands as structure-stabilizing agents to capture and
stabilize the in situ generated TM oligomers or aggregates
to construct novel POTs under hydrothermal conditions.**®!
In this manner, we have obtained a series of novel POTs
[[N(L),], [{Nig(ps-OF)5(L)s_,(H;0)g. 0} (B-a-XW,05,)]
-vH,0 (L=organoamines, X=P"/Si""), [Cuy(us;-OH);(en),-
(H,0);(B-0-PW,05,)]-7H,0 (Figure Im), and [{Ni;(us-
OH);0,(dap);(H,0)}(B-0-PW,O5,)|[{Nig(ps-OH);(dap)s-
(H,0)6}(B-a-PWyO5,)][Ni(dap),(H,0),]-4.5H,O  (Figure 1n)
based on a single trivacant Keggin fragment capped by a
[Nig}/{Cug)/{Ni;} unit.'>**! In the enlightenment of these find-
ings, we think that if two trivacant [a-XW,0;,]"'"" frag-
ments simultaneously interact with an in situ formed TM
oligomer, novel sandwiched TMSPs will be formed under
appropriate conditions. In an effort to realize this target,
eventually, a family of inorganic-organic tetra-TM sand-
wiched POTs with discrete and extended structures have
been isolated in our lab (Figure 1d).1**l For example, we
have already obtained three rare 2D tetra-TM sandwiched
POTs built by sandwich-type building blocks of [Ni,(Hdap),
(B-0-HXW,0,,),] (X=Si"V/Ge'V/PY)."] Whereas, a novel
hexa-Cu sandwiched POT [Cu(enMe),],{{Cu(enMe),-
(H,0)],[Cu¢(enMe), (B-a-SiW,03,),]}+4 H,O was also isolat-
ed (Figure 11).11 As an extension of our work, the reaction
of CuCl,2H,0 with trivacant Keggin precursors of
KgNa,[A-a-GeWy03,]25H,0 or Kjo[A-0-SiW,05,]25H,0
in the presence of aliphatic amines or rigid aromatic amines
led to five novel inorganic-organic hybrids of octa-Cu sand-
wiched POTs (Figure 1r):  H,[Cu"(dap),(H,O),(B-a-
GeW,05,),]13H,0(1), (H,en),[Cu'y(en),(H,0),(B-a-GeW,-
03,):]5H,0 (2), (Haen),[Cu'g(en),(H,0),(B-a-SiW,03,),]-
8H,0 (3), [Cu''(H,0),]H,[Cu"y(en),(H,0),(B-a-SiW,O3,),]-
(4), and  [Cu"y(H,0),(2,2"-bpy),|{[Cu"(bdyl)L[Cuy(2,2"-
bpy)s(H,0),(B-0-GeW,03,),]}+4H,O(5), besides two octa-
Cu sandwiched POTs [Cu(dap)(H,O)s),[{Cug(dap),-
(Hy0),}(B-0-SiW,05,),]-6H,0 (7)™ and [Cu'(H,0),]H,-
[Cu"¢(dap),(H,0),(B-a-GeW,05,),] (8)"* reported by us
recently. Alternately, a mixture of CuCl:2H,0, GeO,,
Na,WO,2H,0, H,SiW,,04-2H,0, 2,2"-bpy, and 4,4'-bpy af-
forded another mixed-valent octa-Cu sandwiched POT [Cu'-
(2,2"-bpy)(4.4"-bpy) L{[Cu'5(2,2"-bpy),(4.4-bpy) |o[ Cu',Cu''s-
(2,2-bpy),(4,4"-bpy),(B-a-GeWyOs,),]}2 H,O (6) (Figure 1s).
1, 2, and 3 are discrete dimers constructed from two triva-
cant Keggin [B-a-XW,0,,]'"" (X=Ge"/Si") fragments in-
corporating an octa-Cu cluster whereas 4 displays 3D (3,6)-
connected nets with (4:6%)(4%6%8"10%) topology based on
octa-Cu sandwiched trivacant Keggin POMs as building
blocks, which is isostructural to 8.1 5 is a novel 2D layer
based on octa-Cu sandwiched POM clusters and [Cu',-
(bdyl)] units. Interestingly, the rollover metalation”! of 2,2’
bpy is firstly observed in the system containing copper com-
plex under hydrothermal conditions. 6 is a discrete mixed-
valent octa-Cu sandwiched dimer supported by two symmet-
rical di-Cu' complexes [Cu'y(2,2-bpy),(4,4-bpy)]*" through
4,4'-bpy bridges except for two free mono-Cu complexes
[Cu'(2,2-bpy)(4,4-bpy)]*. To the best of our knowledge, 1-
6 represent a novel and rare family of POTs incorporating
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octa-nuclear TM clusters in POM chemistry. The successful
syntheses of these POTs not only further testify that the
combination of lacunary POM precursors and hydrothermal
conditions is an effective strategy in preparing novel hybrid
inorganic—organic TMSPs, but also enrich the structural di-
versity of sandwich-type TMSPs.

Results and Discussion

Synthesis and IR spectra: Many inorganic TMSPs can be
easily obtained based on mono-, di-, tri-, or even multi-
vacant POM precursors by virtue of conventional aqueous
solution methods under the standard pressure, especially for
Keggin- and Dawson-type POTs. However, this method is
not suitable to prepare hybrid inorganic-organic POTs con-
taining octa-Cu clusters in the presence of aliphatic amines
such as 1,2-diaminopropane (dap) and ethylenediamine (en)
or rigid aromatic amines such as 2,2"-bipyridine (2,2'-bpy)
and 4,4'-bpy. Therefore, we chose the hydrothermal method
to explore this subject. Because the solubilities of different
phases are increased, a variety of organic and inorganic
components can be introduced. As we know, the rational
design of an experiment implies two steps: the first is to
identify the structural type and probable chemical composi-
tions that would give rise to the desired properties; the next
step is to find an appropriate method to make the materi-
als."! Although we are far from the ultimate dream of
“tailor-making” desired products with specified structures
and properties, the rational design has been possible to a
limited extent within selected families of compounds. In our
case, it is possible to predict the existence of new phases
within the same structural types by analogy to already
known phases.

At the beginning, the reaction of the trivacant Keggin
polyoxoanion [A-0-SiWy05]""" (A-a-SiW,) with the Cu"
ion in the presence of dap resulted in the first hybrid inor-
ganic-organic octa-Cu sandwiched POT 7" (Table 1).
With the further exploitation of our experiments, we also
isolated another two silicotungstates, 3 and 4. The structure
of 3 is very similar to that of 7,°® however, 4, unlike 3, is a
novel 3D structure with a (4-6%)(4%6%8"-10%) topological net.
Considering the structural similarity between [A-a-
GeW,0,,]"" (A-0-GeW,) and A-a-SiW,, if A-a-GeW, was
employed, three hybrid inorganic—organic germanotung-
states 1, 2 and 8" were consecutively separated. 2 and 8"
are isostructural to 3 and 4, respectively. Unfortunately, if
[A-0-PW,05,]""" (A-a-PW,) was introduced, a completely
distinct POT [Cu4(en);(H,O);(OH);][B-a-PW,0,4]:7H,O (9)
was afforded. POT 9 was recently reported by us,'*®! with a
3D 4°%° “Archimedean-type” net built by hexa-Cu incorpo-
rated trivacant Keggin-type phosphotungstate units. Hither-
to, the octa-Cu sandwiched phosphotungstate have not been
synthesized in our lab so far, we think that the key factor
may be intimately related to the nature of A-a-PW,.

These intriguing results ignited and spurred on our inten-
sive interest. Can the replacement of dap/en with 2,2"-bipy
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Table 1. Summary of synthetic conditions and related phases in the preparations of 1-5.

A comparison of 1-4 with 5-

Reactant

Molar ratio of reactants T Phase

6 shows that they all contain
[°C] octa-Cu cluster units, but the

A-0-SiW,*/CuCl,-2 H,0/dap/H,O 0.097/0.75/0.589/278 100 7% formation pH values are differ-
At ST CUC TR0 oonzsoms w4 oo For 14 the inial pH
A—Z-SGevzf/ﬁ’};gLfCIZ-ZzHZO/dazp/HZO 0.08/0.75/0.589/278 oo guw  values vary between 3.5-4.5,
A-0-GeW,/CuCly2 HyOlen/H,0 0.08/1.25/0.74/278 100 2 whereas for 5-6, the starting
A-a-GeW9/CuCl,2 H,0/2,2'-bpy/4,4'-bpy/H,O 0.12/0.5/0.25/0.50/444 150 5 pH values range between 9.0-
A-0-GeW9/CuCl,-2 H,0/2,2-bpy/4,4'-bpy 0.08/0.5/0.25/0.25/444 150 10" 10.5. Under the pH values sim-
GeO,/Na;WO,-2 H,O/H,SiW,,0,2 H,OE/CuCL2 H,0/2,2bpy/  0.15/0.6/0.6/0.15/0.13/ 170 5 ilar to 1-4, 5-6 can not be
4,4-bpy/H,0 0.065/278

GeO,/Na,WO,2 H,0/H,$iW,,0,2 H,0/CuCl,2 H,022-bpy/  0.15/0.6/0.15/0.13/00.06/5/ 170 6 made. In contrast, under the
4.4 bpy/H,0 278 pH values similar to 5-6, 1-4
GeO,/Na; WO, 2 H,O/H,SiW,,0,02 H,0/CuCL2 H,0/2,2-bpy/  0.15/0.6/0.150.13/0.06/5/ 170 10!  can not be obtained. As a
4.4’-bpy/H,0O ) . o " s 371850601501542 . O result, we conjecture that the
Sj%gfé\zzvom H,O/H,SiW,,0,02 H,0/CuCl,:2 H,0/2.2"-bpy/ 15/0.6/0.15/0.154/27 7 formation of 1-6 may be relat-
A-a-PW,/CuCl,2 HyO/en/H,0 0.094/1.0/0.74/278 go  ouww  ed to the basicity of ligands.

[a] A-a-SiW,: K o[A-a-SiW,0;,]-25 H,0. [b] A-0-GeW,: KiNa,[A-a-GeWy05,]-25 H,0![c] H,SiW,,0,,-2 H,O

is the commercial material. [d] A-a-PW,: Nag[A-a-PW,05,] -7 H,08!

or 4,4'-bpy form octa-Cu sandwiched POTs? After many ex-
periments, we finally made a 2,2’-bpy-containing octa-Cu
sandwiched germanotungstate 5. Notably, 4,4'-bpy is very
necessary in making 5, although it is not found in the struc-
ture of 5. The role of 4,4'-bpy is not well understood to date.
Unfortunately, similar silicotungstates and phosphotung-
states have still not been harvested. Further investigations
are in progress. During the course of our exploration, we
also obtained another novel copper-complex-substituted
POT dimer {[Cu"(2,2"-bpy)s(H,0)][B-a-GeW,054]},*7H,O
(10),*2) which contains two hybrid trivacant {[Cu(2,2-
bpy)]u[B-a-GeW,05,]}*" units linked by two five-coordinate
[Cu"(2,2-bpy)(H,O)]** bridges. Although a tetravacant
Keggin POT dimer Na,[{Cug(2,2-bpy)s}(PW;03,),]:7H,0,
which is very similar to 10, was reported by Lisnard et al by
virtue of a mixture of Na,WO,2 H,O, CuCl,-2H,0, 2,2"-bpy,
H;PO,, and H,0O under 160°C hydrothermal conditions,'®!
to date we still have not obtained similar silicotungstates
and phosphotungstates by the reaction of a-XW, (X=Si""/
PY) fragments with Cu" ions. To extend our work, we react-
ed CuCl,»2H,0O with a mixture of GeO,, Na,WO,2H,0,
H,SiW,0,,2H,0 in the presence of 2,2'-bpy and 4,4"-bpy, §
and an unprecedented mixed-valent octa-Cu sandwiched
germanotungstate 6 were successfully obtained. In the ab-
sence of H,SiW,,0,,2H,0, under similar conditions to
those of § and 6, we harvested two copper-complex-substi-
tuted tungstogermanates 10 and [Cu"5(2,2-bpy)s(H,O)][B-B-
GeW,0;,]'9H,0 (11),'%] which are distinct from 5 and 6.
Compound 11 is a tetravacant B-Keggin [B-B-GeW 05,]'""
polyoxoanion supported by five Cu"-2,2-bpy coordination
cations. Experimental results proved that when
H,SiW,0,,2H,0 was removed from the reaction system, §
and 6 could not be isolated. The role of H,SiW,,0,,2H,0 is
not well understood. Until now, 6 could not be obtained by
the reaction of A-a-GeW, with Cu" ions in the presence of
2,2'-bpy and 4,4'-bpy.
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It is necessary that the trans-
formation between isomers oc-
curred in the formation of 1-5.
Compounds 1, 2, and 5 inevita-
bly experienced the isomeriza-
tion of A-a-GeW,—B-a-GeW,. In the formation of 3 and 4,
the isomerization of A-0-SiW,—B-0-SiW, was also ob-
served. The isomerization of A-a-GeW,—B-a-GeW, was
previously observed in conventional aqueous solution® and
under hydrothermal conditions,"*! respectively. Further-
more, the isomerization behaviors between different silico-
tungstate polyoxoanions in aqueous solution were systemati-
cally studied by Tézé et al and well understood.® This iso-
merization of A-a-XW,—B-a-XW, (X=Ge"/Si") may be
closely related to the reaction conditions and the stability of
the resulting products. On one hand, if the reaction is car-
ried out under heating condition, it is favorable for this iso-
merization of A-0-XW,—B-a-XW,,°*¥ which is in good
agreement with the driving force of isomerization controlled
by the thermodynamic factors.'”! On the other hand, the A-
o-XW, unit has six exposed surface oxygen atoms in the
vacant site, whereas the B-0-XW, unit has seven exposed
surface oxygen atoms in the vacant site, therefore, the B-a-
XW, unit can work as a heptadentate ligand to coordinate
to the in situ generated TM clusters and further enhance the
stability of the resulting compounds.!™"!

The IR spectra of 1-6 have been recorded between 4000
and 400 cm™' and display four characteristic vibration pat-
terns derived from the Keggin framework in 7=600-
1000 cm ™!, namely, »(W—0,), »(X—0,) (X=Ge"/Si"), v(W—
0,), and »(W—0,). In the IR spectra of 1-4, the stretching
bands of -OH, -NH,, and -CH, groups are observed at 7=
3420-3450, 3100-3350, and 2950-3000 cm ™, respectively and
the bending vibration bands of -NH, and -CH, groups also
appear at #=1570-1640 and 1450-1470 cm™, respectively.
The occurrence of these resonance signals confirms the pres-
ence of amino groups in 1-4. In the IR spectra of 5, four vi-
bration peaks at #=1473, 1447, 1318, and 1252 cm ™' are in-
dicative of 2,2’-bpy and are in good agreement with the re-
ported characteristic vibration peaks of 2,2-bpy.'*! In the
IR spectrum of 6, in addition to the four characteristic vi-
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bration peaks of 2,2-bpy, two vibration peaks at 7=1410
and 1220 cm ™! denote the presence of 4,4'-bpy.!*"!

Structures of H,[Cu"y(dap),(H,0),(B-0-GeW,0;,),]-13H,0
(1) (Hzen),[Cu"g(en),(H,0),(B-a-GeW,0;,),]-:5H,0 (2) and
(Hen),[ Cu"y(en) ,(H,0),(B-a-SiW,05,),]-8H,0  (3):  The
structure of 1 crystallizes in the monoclinic space group P2,/
¢, whereas both 2 and 3 are isostructural and crystallize in
the monoclinic space group P2,/n (Table 2). The molecular
structure consists of a dimeric polyoxoanion [Cu"g(dap),-
(H,0),(B-a-GeWy0y,),]*” (1a) for 1 (Figure2a) and
[Cu"s(en),(H,0),(B-a-XW,405,),]* (X=Ge"/Si") for 2 and
3 (Figure Sla in the Supporting Information), which are all
built by two B-a-XW, fragments and an octa-Cu cluster.
Therefore, only 1 is described in detail. The dimeric 1a can
be considered as a fusion of two [Cu",(dap),(H,O)(B-o-
GeW,05,)]* subunits symmetrically related by an inversion

LT[

:Cu1 Je—9
i

@M Cu2A

J

4 [Cu(dap)]*

Figure 2. a) Ball-and-stick/polyhedral representation of 1a. b) The con-
nection motif of the {[Cu(dap)],Cu,04,(H,0),} cluster in 1a. Atoms with
“A” in their labels are symmetrically generated (A: —x, 1—y, —z). c¢) Re-
lationship between the tetra-Cu cluster {Cu",0,,(H,0),} in the [Cu",-
(H,0),(B-a-GeW,03,),]'"*" polyoxoanion and the octa-Cu cluster {[Cu'-
(dap)],Cu",0,,(H,0),} in 1. d) The connection motif of the {[Cu(en)],
Cu,0,4(H,0),} cluster in 3. Atoms with “B” in their labels are symmetri-
cally generated (B: 1—x, —y, —z). e) The packing arrangement of 1 along
the b axis, and the yellow dashed bonds represent the hydrogen-bonding
interactions.
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center (0, ‘%, 0), in which two staggered B-a0-GeW, frag-
ments are linked by eight Cu" ions through eight p,-O and
four p,-O atoms from lacunae of two B-a-GeW, fragments
and two w,-O atoms from two GeO, groups, resulting in a
novel sandwich-type structure (Figure 2a).

It is of special interest to investigate the structure of the
octa-Cu" {[Cu(dap)],Cu,0,,(H,0),} cluster in 1a (Fig-
ure 2b). Eight Cu" cations are almost coplanar in the motif
of 3:2:3, leading to three types of the coordination environ-
ments: the first type (two Cul, two Cu3) resides in a five-co-
ordinate square pyramid, in which the basal plane is defined
by two N atoms from a bidentate dap ligand [Cu—N: 1.958
(17)-2.01(2) A] and two ps-O atoms from two B-a-GeW,
fragments [Cu-p;-O: 1.978(13)-2.011(15) A] and one p,-O
atom from a B-a-GeW, fragment occupies the apical posi-
tion [Cu—O: 2.394(15)-2.442(14) A]; the second (two Cu2)
is a six-coordinate octahedral geometry with two W;-O and
two ,-O atoms from two B-a-GeW, fragments building the
equatorial plane [Cu-p,-O: 1.984(14)-1.988(14) A and Cu-
w-0: 1.993(13)-2.022(14) A], and one w,-O atom from a
GeO, group and one water O atom standing on the axial po-
sitions [Cu-p,-O: 2.336(13) A and Cu—Oy;: 2.278(18) A]; the
third (two Cu4) has two p;-O and two p,-O atoms from two
B-a-GeW, fragments in the square planar coordination [Cu-
u-O:  1.947(14)-1.978(13) A and  Cu-p,-O:  1.981(12)-
1.985(12) A], and its coordination sphere is completed by
two W-O atoms from two B-a-GeW, fragments [Cu-p,-O:
2.413(14)-2.415(14) A]. To our knowledge, such a coplanar
octa-Cu cluster is novel, not only in coordination chemistry,
but also in POM chemistry. The octa-Cu cluster is formed
by four interior Cu"Og octahedra and four exterior
Cu"O;N, square pyramids in the edge-sharing fashion (Fig-
ure 1r), in which four exterior Cu""O;N, groups have two co-
ordination orientations: the pyramidal vertices of two
Cu"O;N, groups point to one side of the plane defined by
eight Cu" ions, whereas the pyramidal vertices of the other
two Cu"O;N, groups point to the other side of the plane.
Additionally, four interior edge-sharing CuOy4 groups form a
centrosymmetric rhomboid-like cluster {Cu,O,,(H,0),},
which was observed in a tetra-Cu" sandwiched [Cu,-
(H,0),(B-0-GeW,04,),]'>",/4 as a consequence, 1a can be
considered as a novel derivative of [Cu,(H,O),(B-a-
GeW,04,),]""". The octa-Cu cluster {[Cu(dap)],Cu,Oy,-
(H,0),} in 1a can also be considered that four exogenous
five-coordinate [Cu(dap)]*" cations graft to four corners of
the rhombic cluster {Cu,0,,(H,0),} in [Cu,(H,0),(B-a-
GeW,05,),]'*" through twelve oxygen atoms from the lacu-
nae of two B-a-GeW, fragments (Figure 2c). Furthermore,
the {[Cu(en)],Cu,0,,(H,0),} clusters in 2 and 3 are very
similar to that in 1 (Figure 2d). Owing to the coexistence of
octahedral and square pyramidal geometries of Cu" ions,
the Jahn-Teller effect of octahedra, pseudo-Jahn-Teller
effect of square pyramids and different linkage modes possi-
bly lead to different isomers or configurations. In 1, all the
Cu" ions exhibit the axial elongation, whereas in 8,° Cul,
Cu2, and Cu3 ions exhibit the axial elongation and Cu4 ion
shows the axial compression. Moreover, one copper-substi-
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Table 2. X-ray crystallographic data for 1-6.

1 2l 3
empirical formula C,H.,NO¢;CugGe, Wog C,HgN,0,5CuGe, Wig C,H,,N,0,5CugSi, Wig
formula weight 5621.59 5541.57 5506.62
crystal system monoclinic monoclinic monoclinic
space group P2,/c P2y/n P2/n
a[A] 13.2438(1) 13.417(3) 13.2929(17)
b [A] 16.5562(2) 21.315(8) 21.195(4)
c[A] 23.6087(1) 15.780(4) 15.591(2)
a[°] 90 90 90
A 1°] 98.696(1) 91.009(10) 91.674(7)
y [°] 90 90 90
vV [AY 5117.10(8) 4512(2) 4390.6(11)
V4 2 2 2
0. [gem™] 3.649 4.079 4.165
absorption coefficient, mm™' 22.436 25.435 25.500
T [K] 293(2) 293(2) 293(2)
limiting indices —-13<h<16 —-15<h<15 —-15<h<15
—15<k<20 —25<k<20 —-25<k<17
—28<1<26 —-18<1<18 —-18<1<18
no. of reflections collected 27426 26920 25864
no. of independent reflections 9630 7913 7420
data/restrains/parameters 9630/6/572 7913/12/471 7420/38/519
goodness-of-fit on F? 1.103 1.096 1.097
final R indices [/>20([)]
R, 0.0618!! 0.1793 0.0797
WR, 0.1110"! 0.4180 0.1813
R indices (all data)
R, 0.1177 0.1970 0.0875
WR, 0.1327 0.4271 0.1855
4 5 6
empirical formula C3H,CugNgO,,S1,W g CgoH76Cuy,Ge,N O76Wog Ci4H116Cu1,Ge, N0 Wi
formula weight 5339.84 6694.53 7654.65
crystal system tetragonal monoclinic triclinic
space group P4yncm C2m P1
a[A] 21.3874(13) 21.308(8) 15.374(2)
b [A] 21.3874(13) 22.250(7) 15.958(2)
c[A] 18.634(2) 17.756(6) 20.163(4)
a[°] 90 90 96.988(12)
£ 1°] 90 121.366(3) 108.544(7)
v [°] 90 90 108.919(8)
VA% 8523.4(12) 7188(4) 4295.0(12)
V4 4 2 1
0. [gem™] 4.161 3.093 2.959
absorption coefficient, mm™! 26.499 16.569 14.123
T [K] 293(2) 293(2) 293(2)
limiting indices —25<h<25 —25<h<25 —-16<h<18
—-25<k<21 —26<k<15 —-18<k<18
—22<1<21 -21<1<21 —23<1<23
no. of reflections collected 51668 23017 27445
no. of independent reflections 3859 6514 14887
data/restrains/parameters 3859/1/285 6514/86/523 14887/17/1027
goodness-of-fit on F* 1.077 1.049 1.009
final R indices [/>20(])]
R, 0.0747 0.0656 0.0512
WR, 0.1870 0.1668 0.1332
R indices (all data)
R, 0.0834 0.0909 0.656
wR, 0.1966 0.1801 0.1451

[a] Ry =X||F,| = | F.||/2|F,|. [b] wR, = [Sw(E,2~FHYSw(E)"; w=1[c*(F,2)+ (xP)*+yP], P=(F,24+2F>)/3, in which x=0.0276, y=270.2291 for 1,
x=0.1134, y=3502.4368 for 2, x=0.0520, y =859.8872 for 3, x=0.1155, y=0.0000 for 4, x=0.0851, y=565.6891 for 5 and x=0.0923, y=0.0000 for 6.
[c] Although the final residuals (R,/wR,) are somewhat large, owing to poor crystal quality, the POM backbone and organic ligands in 2 are well be-
haved, and there are no unusual temperature factors in the structure.

tuted POT K,Na[Cu",K,(H,0)4(a-AsW4043),]:5.5H,0 in- Cu" jons.™ In addition, since the adjacent Cu--Cu distances
cluding simultaneously the axial elongation/compression of are in the range of 3.057-3.209 A and Cu-O-Cu angles vary
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in 80.6(5)-107.1 (6)° in 1, competitive ferromagnetic and an-
tiferromagnetic interactions are expected in such a system
mediated by oxo-bridges.

It should be mentioned that the assembly of metal-in-
volved supramolecular architectures is currently of great in-
terest in the field of supramolecular chemistry and crystal
engineering because they can provide novel topology and
functional materials.”! Moreover, Keggin-based supra-
molecular architectures are regarded as one of the most
promising materials potentially applied in the field of
chemistry, biology and material sciences.”?! From the view-
point of supramolecular chemistry, supramolecular architec-
tures are also present in 1-3 taking into account hydrogen-
bonding interactions between the nitrogen atoms of amine
ligands and the surface oxygen atoms of polyoxoanions and
water molecules (Figure 2e, and S1b in the Supporting Infor-
mation). The N-H--O distances are in the range of 2.94(3)-
332(3) A for 1, 2.73(10)-3.24(10) A for 2, and 2.17(6)-
3.29(3) A for 3, respectively.

Except several POTs sandwiching coplanar octa-Cu clus-
ters reported in our previous!'"®* and present papers, only
two POTs sandwiching coplanar hexa-Cu clusters have been
addressed by Yamase’s group and our group in 2006 and
2007 respectively,'® %! in which the coplanar hexa-Cu clus-
ters adopt two distinct distribution motifs: in (nBuNH;);,-
[Cu'Cl¢(B-a-AsW,03;),]-4 H,0,1% the hexa-Cu cluster with
D;y symmetry shows an equatorial hexagonal alignment
formed by the edge-sharing mode (Figure 1h), in which each
Cu" ion is square-pyramidally coordinated by four O atoms
from two [B-a-AsW,0s;]’" fragments and an exterior Cl
ion; whereas in [Cu'(enMe),],{[Cu"(enMe),(H,O)],-
[Cu's(enMe),(B-a-SiW,0s3,),]}+4 H,O,041 the hexa-Cu cluster
with C; symmetry exhibits a belt-like arrangement generated
by the edge-sharing mode (Figure 11), in which there are
three kinds of Cu'" coordination environments, two central
Cu" ions octahedrally coordinated by six O atoms from two
B-a-SiW, fragments, two Cu" ions square-pyramidally coor-
dinated by five O atoms from two B-a-SiW, fragments, and
two Cu" ions square-pyramidally coordinated by three O
atoms from two B-a-SiW, fragments and two N atoms from
enMe ligands.'*! Very recently, a new POT [Cu,(OH),-
(H,0),5(SiW305,),]'" was reported by Wang et al,'®! in
which the hexa-Cu cluster sandwiched by two [B-SiWO4,]""~
fragments exhibits C, symmetry, although six Cu" ions have
octahedral geometries, they are not situated on one plane:
three CuOg octahedra are edge-sharing to form a trigonal
trimer, the remaining three are also edge-sharing and gener-
ate a linear trimer, and then two trimers are further linked
by two corner-sharing vertices (Figure S2 in the Supporting
Information). Additionally, a C-shaped octa-Co-incorporat-
ed silico-tungstate with a discrete structure, KgNag[(A-a-
SiW,03,),Cos(OH)4(H,0),(CO5)5]-52H,0, was recently re-
ported by Mialane et al,™ in which two {Co,0,(OH);(H,0))}
clusters are linked edge-shared through three carbonato
groups (Figure 1q). The structures 1-3, and 7 represent rare,
discrete, inorganic-organic octa-Cu sandwiched POTs,
whereas 4 and 8 represent unique, 3D, hybrid-inorganic—or-
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ganic octa-Cu sandwiched POTs with a (4-6%)(4%6%87-10%)
topology in POM chemistry.

Structure of [Cu"(H,0),]H,[Cu"s(en),(H,0),(B-0.-SiW,-
034),] (4): Different from 1, 2, and 3, compound 4 crystalli-
zes in the tetragonal space group P4yncm. In 1, 2, and 3, a
crystallographic imposed C, axis passes through an inversion
center (0, 0.5, 0) and (0.5, 0, 0), respectively, whereas in 4
there is a crystallographically imposed C, axis that passes
through an inversion center (0, 0.5, 0). The structural unit of
4 consists of a dimeric unit [Cu'g(en),(H,O),(B-a-
SiW,04,),]*" (4a) and one [Cu"(H,0),]** cation (Figure 3a).
The connection mode of the octa-Cu” cluster
{[Cu"(en)],Cu",0,,(H,0),} (Figure 3b) in 4 is similar to that
in 1, therefore, we do not discuss it here. However, it is of
special interest that adjacent dimeric units 4a are connected
by [Cu"4(H,0),]** bridges constructing a 3D framework
that is isostructural to [Cu"(H,0),]H,[Cu"(dap),(H,0),(B-
a-GeW,0;,),] (8) recently reported by us.l>

The most striking structural feature of 4 is that each 4a
joins an adjacent six [Cud(H,O),]** bridges (Figure 3a),
each [Cu4(H,0),]*" bridge links to an adjacent three 4a
units (Figure 3c¢), leading to a novel 3D (3,6)-connected net-
work. The inerratic arrangements of such 4a units and [Cu4-
(H,0),]** bridges along the 4, screw axis result in two types
of small helical channels (A and B) with the cross-section
sizes of 2.5x2.5A and 13x13 A along the c-axis (Fig-
ure 3d). Notably, channels A and B are enclosed by two
couple of interweaved dual left-/right helices, L1/R1 and L2/
R2, with a pitch of 18.63 A (Figure 3e). For L1/R1 chains,
each chain is built by 4a units through the [Cu4(H,0),]**
bridges. The en ligands and the terminal O atoms of B-a-
SiW, units protrude into the inner of A channels. There
exist the hydrogen-bonding interactions between N atoms of
en ligands and O atoms of B-0-SiW, units (N-H--O:
3.02(3)-3.19(2) A). For L2/R2 chains, each chain is con-
structed from the [Cud(H,0),]*" cations through 4a units.
Different from A channels, the coordination water mole-
cules from [Cu4(H,0),]** cations point to the inner of B
channels. Although two 3D architectures with helical chan-
nels built by plenary Keggin units and amino acid com-
plexes™ and a novel 3D architecture with hexagonal chan-
nels enclosed by three inter-weaved helical chains construct-
ed from hexa-Cu" clusters and trivacant Keggin B-a-PW,
fragments*® have been reported, to our knowledge, 4 and 8
represent the first 3D (3,6)-connected trivacant Keggin de-
rivatives with helical channels based on the octa-Cu sand-
wiched POTs as building blocks. Topologically, the nonpene-
trating 3D (3,6)-connected network can be simplified by
considering that each dimer 4a is regarded as a 6-connected
node and every [Cu4(H,0),]** functions as 3-connected
node, the resulting net is shown in Figure 3f. The 6- and 3-
connected nodes are in the ratio 1:2. A topological analysis
of this net was performed with OLEX.** The Schifli
symbol of this net is (4-6%)(4%6*8"-10?).
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Figure 3. a) Coordination environment of the dimeric unit 4a. b) The
connection motif of the {[Cu"(en)],Cu",0,,(H,0),} cluster in 4. Atoms
with “A—G” in their labels are symmetry-generated (A: y, 0.5—x, —0.5+
z; B: 05—y, x, =0.54+2z; C: =0.54+y, 0.54+x, —z; D: —=0.5+x, 1—y, 0.5—z;
E: —x, 054y, 0.5—z; F: 0.5—y, 0.5—x, z; G: —x, 1—y, —z). ¢) The combi-
nation of one [Cu4(H,0),]** ion and three 4a units. d) The 3D frame-
work viewed down the c-axis, revealing two types of A and B helical
channels. The [Cu4(H,0),]** bridges are highlighted in red polyhedra.
The carbon and hydrogen atoms are omitted for clarity. e) 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 4a
nodes, and [Cu4(H,0),]** bridges are omitted, whereas L2/R2 helices
are only shown in [Cu4(H,O),]’* nodes, and 4a bridges are omitted.
f) The 3D (4-6%) (4*6"8"-10%) net along the c-axis. Dark green: 4a nodes;
Blue: [Cu4(H,0),]** nodes.

Structure of [Cu™,(H,0),(2,2"-bpy),l{[Cu™(bdyl)],[Cu"(2,2"-
bpy),(H,0),(B-0-GeW,05,),]}-4 H,0 (5): Structure S crystal-
lizes in the monoclinic space group C2m. Its molecular unit
(Figure 4a) consists of an unprecedented POT dimer sup-
ported by four [Cu,(bdyl)]** bridges, {[Cu(bdyl)],[Cug(2,2"-
bpy)4(H,0),(B-0-GeW,05,),]}* (5a) (Figure 4b), a dimeric
cation [Cu,(H,0),(2,2"-bpy),]** and four lattice water mole-
cules. Notably, the bdyl ligand on the supported [Cu,-
(bdyl)]** groups is derived from 2,2'-bpy by eliminating two
protons, and adopts an unique trans-four-coordination mode
to bond two Cu'" atoms, resulting in a novel [Cu,(bdyl)]**
group. The linking mode of two B-a-GeW, and one {[Cu-
(2,2"-bpy)]4Cuy04(H,0),} cluster in 5 is similar to those in
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Figure 4. a) Ball-and-stick/polyhedral representation of the molecular
unit of 5. Hydrogen atoms and lattice water molecules are omitted for
clarity. b) The connection fashion of [Cu",(bdyl)]** groups and the [Cu'-
(2,2-bpy)4(H,0),(B-a-GeW,0,,),]*~ unit in 5. ¢) The connection motif of
the {[Cu"(2,2"-bpy)],Cu",0,,(H,0),} cluster. Atoms with “A-D” in their
labels are symmetry-generated (A: x, 1-y, z; B: 1—x, 1—y, —z; C: 1—x, y,
—z; D: —x, —y, 1-z). d) The 2D layer of 5 along the a-axis showing rec-
tangular pores with sizes of 14.0x7.2 A. The dimeric [Cu,(H,0),(2,2'-
bpy),]** cations were omitted for clarity. ) The coordination environ-
ment of the [Cu',(bdyl)]** group. f) Topological view of the 2D layers
along the g-axis showing the (4,4)-network and the -ABAB- mode. A:
green, B: red; 5a nodes: green/red balls. g) The arrangement of hybrid
polyoxoanions 5a (green) and free dimeric cations [Cu',(H,0),(2,2-
bpy),]** (yellow) exhibiting the m—m interactions between pyridyl rings.
The red dashed bonds represent the - interactions.

1-4. Intriguingly, § exhibits four obvious structural features
different from 1-4. First, although the {[Cu(2,2-
bpy)],Cu,0,,(H,0),} cluster in 5 also displays the alignment
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motif of 3:2:3, four five-coordinate Cu® cations are stabi-
lized by four 2,2"-bpy ligands rather than en or dap ligands
(Figure 4c¢).

Secondly, [Cu,(bdyl)]** groups cap to the windows on the
“polar” positions of 5a to give a beautiful flower-shaped ap-
pearance. Each [Cuy(bdyl)]** group grafts to a window
through three stronger p;-O bridges and one weaker p;-O
bridge with Cu—O distances of 2.181(18)-2.521(21) A. Simi-
lar grafting fashions between [Cu(2,2-bpy)]** groups and la-
cunary Keggin units have been observed in two inorganic—
organic hybrid POTs, [Cus(2,2-bpy)s(H,O)][B-p-Ge-
W05 9H,0!  and  Na{Cu(2,2-bpy)(H,0)},{Cu(2,2-
bpy)},(B-a-SbW,05;)]-2 H,0.%! For example, in the latter,
each [Cu"(2,2-bpy)]** group also grafts to a window on the
“polar” position of [B-a-SbW,05;]°~ unit with Cu-O distan-
ces of three stronger p;-O bridges and one weaker p;-O
bridge in the range of 2.019(7)-2.411(7) A1

Thirdly, in the 2D architecture the bdyl group acts as a
twofold-deprotonated anionic N,CA CN ligand that forms
an unique trans-four-coordination mode to two Cu" atoms
(Figure 4e). This is the first time that such rollover metala-
tion'”! of 2,2'-bpy has been observed in a system containing
a copper complex under hydrothermal conditions.

Fourthly, there is a discrete di-Cu complex cation [Cu,-
(H,0),(2,2"-bpy),]** in 5, in which each Cu" ion coordinates
to two N atoms of a 2,2"-bpy ligand and two bridging water
ligands with Cu—N and Cu—O distances of 1.975(14) and
1.936(15) A, respectively. Although it is not possible to
locate the protons of the bridging water ligands during the
structure refinement, its presence is required to balance the
charge of the crystal structure and can be deduced from a
calculation of the bond valence sum (BVS) around the
oxygen atom (BVS=0.99 for the oxygen using only two
Cu—O bonds).?! Of particular interest is that each hybrid
dimer 5a links to adjacent four others through four [Cu,-
(bdy)]** bridges to form a 2D (4,4)-network showing rec-
tangular pores with sizes of 14.0x7.2 A in the bc plane (Fig-
ure 4 f), which is distinct from known sandwich-type family
of TMSPs. Apart from five 2D tetra-Zn"/Ni"" sandwiched
POTs, [Zn(enMe),(H,0)],{[Zn(enMe),],[Zn,(HenMe),(PW,
05,),]}-8 H,0, [Zn(enMe),(H,0)]y[Zn(enMe),],[(enMe),]
{{Zn(enMe),],[Zn,(HSiW,0;,),]H{[Zn(enMe),(H,0)],[Zn,
(HSiW,05,),]}]-13H,0,1"") and {[Ni(dap),(H,O)L[Ni(dap),],-
[Ni,(Hdap),(B-a-HXW,03,),]}:n H,0 (n=1, X=Si"/Ge";
n=0, X=P")!'® reported by our lab and a 2D tetra-Ni"
sandwiched POT, (NH,),[Ni,(enMe)y(H,0),Nij(enMe),-
(PW,03,),]*9H,0, addressed by Wang et al,'*! to the best of
our knowledge, S is the first 2D layer architecture construct-
ed from octa-Cu" sandwiched TMSP in POM chemistry.
Notice that adjacent layers are aligned in the -ABAB- mode
along the a- axis (Figure 4f). The discrete dimeric cations
[Cu,y(H,0),(2,2-bpy),]*" as spacers are filled with interlay-
ers. The 2D layer of 5 is mainly governed by the [Cu,-
(bdyD)]** functionality. In the 2D architecture, the bdyl
group acts as a twofold-deprotonated anionic N,CA CN
ligand bridging two Cu" ions, forming a unique [Cu,-
(bdyD)]>* unit (Cu—N: 2.03(4) and Cu—C: 1.92(3) A)
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(Scheme S1 in the Supporting Information). The formation
of the bdyl can be interpreted by the rollover metalation of
2,2-bpy. The so-called “rollover” metalation of 2,2'-bpy,
which entails cleavage of a C—H bond of pyridine ring, was
first observed in an Ir'"-complex in the 1980s.”** Since
then, the rollover metalation containing cyclometalated N,C
species has also been discovered in a 2,2'-bpy-based Pt!
complex!"”) and the derivatives of 2,2"-bpy, such as N-substi-
tuted 2,2"-bpyridines,”’¥ 6-substituted 2,2'-bipyridines,!
and 6,6'-substituted 2,2’-bipyridines,[27g] as well as 2,2":6',2"-
terpyridine (see Scheme S2 in the Supporting Informa-
tion).”™™ In addition, the activation of C—H bonds has been
invoked to explain the formation of Ar—H, and mononu-
clear species was isolated in a process of thermal rearrange-
ment of (Ar),Pt(bpy) complexes.'”! Notice that most work
in this field was focused on the reactivity of the noble metal
jons with derivatives of 22-bpy: IrlL27a<l pll [17.27d-]
Pd" K and Au™. Furthermore, the behaviors of the
above ligands are not easily predicable, especially in the
case of Pd" ions, the reactions often are driven toward unex-
pected results, although the related results, in the case of Pt"
ions, have been summarized in detail.”"®! Surprisingly, no ex-
ample of cyclometalated N,C species has been described in
the 2,2’-bpy-based low-priced Cu" complexes. Recently, it
has been found that the Cu" cations play a very important
role in the following reactions under hydrothermal condi-
tions, such as rearrangement reactions,”! oxidative hydrox-
ylation of aromatic rings,”**< dehydrogenative coupling of
carbon—carbon bonds,®¥ cycloaddition of organic nitriles
with azide or ammonia,” transformation of inorganic, and
organic sulfur,”"! decarboxylation of carboxylic acids,*"
hydrolysis of cyanopyridine,? etc (Scheme S3 in the Sup-
porting Information). Here the rollover metalation of 2,2'-
bpy in the presence of Cu ions has been discovered.

From the viewpoint of topology, if the {{Cu(bdyl)],{Cus-
(Ge W,4034,),}} units are considered as four-connected nodes,
the 2D structure possesses a 2D (4,4)-network topology
(Figure 4f), which not only enriches topological types of
POMs, but also provides the guidance for development of
coordination network and discovery of novel topologies in
POM chemistry. Additionally, the perpendicular distances
between pyridyl rings of [Cuy(H,0),(2,2-bpy),]** cations
and pyridyl rings of [Cu,(bdyl)]** bridges are ~4.1 A, indi-
cating the presence of weak m—m interactions. Taking into
account such weak m—m interactions, the 2D structure of 5 is
extended to the 3D supramolecular architecture (Figure 4g).

Structure of [Cu'(2,2"-bpy)(4,4'-bpy)],{[Cu',(2,2"-bpy),(4,4-
bpy)LICu',Cu"¢(2,2'-bpy),(4,4-bpy),(B-a-GeW, 05,1}

22H,0 (6): Unlike compounds 1-5, compound 6 crystallizes
in the triclinic space group P1. The molecular structure of 6
contains a mixed-valent octa-Cu sandwiched dimer
[Cu',Cu'4(2,2-bpy),(4,4'-bpy)(B-a-GeWoOs,),]' (6a), two
supporting di-Cu' coordination cations [Cu',(2,2"-bpy),(4,4"-
bpy)]**, two free mononuclear Cu' cations [Cu'(2,2"-bpy)-
(4,4-bpy)]* and two lattice water molecules (Figure 5a).
The dimer 6a is built by two trivacant Keggin B-a-GeW,
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moieties linked by a novel octa-Cu {[Cu%,Cu",(2,2"-bpy),-
(4,4-bpy),]Cu",0,,} (6b) cluster. The connection motif of
two B-a-GeW, moieties and 6b is analogous to those in 1-5.
An interesting structural characteristic is that the linking
mode of 6b is quite different from those in 1-5, although
eight copper centers in 1-6 are all distributed in the fashion
of 3:2:3. The unprecedented 6b (Figure 1s, Figure 5b) is
composed of two Cu"Og4 (two Cu4) octahedra [Cu—O:
1.928(8)-2.443(12) A], two Cu"Os (two Cu2) square pyra-
mids [Cu—O: 1.939(7)-2.260(7) A], two Cu''O;N, (two Cul)
square pyramids [Cu—O: 1.947(7)-2.344(8) A and Cu—N:
2.002(7)-2.011(7) A] and two Cu'O;N (two Cus) tetrahedra
[Cu—O: 2.083(8)-2.250(8) A and Cu—N: 1.941(7) A], which
are connected in the edge-shared fashion, whereas the octa-
Cu {[Cu"(L)],Cu",0,,(H,0),} clusters (L=en/dap) in 1-4
are built by four Cu"O; octahedra and four Cu™O;N, square
pyramids, which are also combined together in the edge-

:' A\_aCu2_a_ cu3 @_@ Cus,
4‘.} CudA®e” s

5A .*”‘ m 1 " ‘.
CusA Ny Ny CusA > Tu2k™”
b &

Figure 5. a) Ball-and-stick/polyhedral representation of the molecular
structure of 6. Hydrogen atoms and lattice water molecules are omitted
for clarity. b) The octa-Cu cluster 6b symmetrically connecting two di-
Cu' coordination cations [Cu',(2,2-bpy),(4,4-bpy)]** generating an un-
precedented hybrid inorganic—organic dodeca-Cu cluster. Atoms with
“A” in their labels are symmetry-generated (A: 1—x, 1—y, 1-z). ¢) The
packing of 6 along the b-axis showing parallelogram channels, in which
free mononuclear Cu' cations [Cu'7(2,2-bpy)(4,4-bpy)]* are filled. The
[Cu'7(2,2"-bpy)(4,4-bpy)]* cations are highlighted in yellow. d) The verti-
cal distance between two parallel 2,2-bpy rings is 3.5 A. ) The vertical
separation between two parallel 4,4'-bpy rings is 3.7 A.
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shared fashion. Similarly, the mixed-valent 6a can be also
viewed as another derivative of the tetra-Cu sandwiched
unit [Cu'y,(H,0),(B-0-GeW,03,),]'>~.4 Under the condition
of removal of two coordinated water molecules, 6b can be
also considered that two five-coordinate [Cu"(2,2-bpy)]**
cations and two four-coordinate [Cu'(4,4-bpy)]* cations di-
agonally graft to the four corners of the rthombic {Cu™,0,,)
unit through twelve oxygen atoms from the lacunae of two
B-a-GeW, fragments.

Another remarkable structural characteristic is that two
di-Cu' coordination cations [Cu'y(2,2-bpy),(4,4-bpy)]**
symmetrically link to 6b through two 4,4-bpy bridges, gen-
erating an unprecedented hybrid inorganic—organic dodeca-
Cu cluster (Figure 5b) that can not be found in coordination
chemistry stored in the Cambridge Crystallographic Data
Center (CCDC). In [Cu'y(2,2"-bpy),(4.4-bpy)]** group, two
Cu' (Cu5, Cub6) cations are unique and both have different
coordination configurations. One (Cu5) is four-coordinate
Cu'N, tetrahedral geometry defined by two N atoms from
one 2,2"-bpy and two N atoms from two 4,4-bpy with Cu—N
distances of 2.020(9)-2.064(9) A, the other (Cu6) is tri-coor-
dinate Cu'N; trigonal configuration constituted by two N
atoms from one 2,2’-bpy and one N atoms from one 4,4’-bpy
with Cu—N distances of 1.927(9)-2.070(13) A. In addition,
two [Cu'(2,2-bpy)(4,4-bpy)]* groups adopt tri-coordinate
Cu'Nj; trigonal geometry built by two N atoms from one
2,2"-bpy and one N atom from one 4,4-bpy with Cu—N dis-
tances of 1.896(11)-2.016(12) A. Notably, although there are
some reports on trigonal coordinate Cu' complexes with cya-
nide ligands® or other mixed ligands in which the L-Cu-L
angles are nearly 120°” such trigonal coordination mode
of Cu' ions is rather rare in POM chemistry.*!! Additionally,
the tri-coordinate T-shaped geometry of Cu' ions was also
observed.’” Notice that there are seven unique Cu ions in
6: three are +2 (Cul, Cu2, and Cu4), and the rest are +1
(Cu3, Cu5, Cu6, and Cu7) that further confirmed by the
bond valence sum (BVS) calculations.”***! The BVS values
of Cul-Cu7 are 2.09, 2.08, 1.06, 2.13, 1.17, 1.01, and 1.08, re-
spectively, which are in good agreement with their coordina-
tion geometries. As no Cu' ions were used in making 6, the
Cu' ions must result from the reduction of Cu" ions. It is a
common phenomenon that the high oxidation state metals
are reduced by bipyridine under hydrothermal condi-
tions."®3%3! For example, Wang et al. made a mixed-valent
hybrid  inorganic-organic = POM,  [Cu’5Cl(4,4"-bpy),]-
[Cu"(1,10-phen),Mo30,], in which 4,4'-bpy not only worked
as a rigid ligand, but also a reducing agent.!'*!

In addition, provided that the weak C-H--O hydrogen
bonding interactions between carbon atoms of bpy ligands
and O atoms of B-0-GeW, units (C-H--O: 2.975(13)-
3.44(2) A) are considered, thus, the 3D supramolecular ar-
chitecture of 6 comes into being. Such weak C-H--O inter-
actions were also observed in hybrid inorganic—organic
POMs.PY For instance, Gutiérrez-Zorrilla et al used the d,
Hirshfeld surface to depict C-H--O weak interactions be-
tween phenanthroline aromatic rings and POM surface O
atoms.’*! The packing of 6 along the b-axis exhibits paral-
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lelogram channels, in which [Cu'7(2,2-bpy)(4,4-bpy)]* cat-
ions are filled (Figure 5c). In the channels, adjacent pyridyl
rings of [Cu'7(2,2-bpy)(4,4-bpy)]* cations surround a
pseudo-square window. The vertical distance between two
parallel 2,2'-bpy/4,4"-bpy rings is 3.5/3.7 A (Figure 5d.e), in-
dicating the presence of weak m—m interactions. Therefore,
the [Cu'7(2,2"-bpy)(4,4-bpy)]" cations can not only act as
counteract-ions to interact with the skeletons of polyoxoan-
ions through electro-static interactions, but also form 1D
supramolecular chain by means of weak m—m interactions.
These two types of interaction are responsible for stabilizing
the structures.

Comparing 6 with 1-5, five notable differences are ob-
served: 1) 6 is a mixed-valent POT containing Cu"/Cu" cat-
ions, whereas 1-5 only contain Cu" cations; 2) 6 contains
two kinds of ligands of 2,2'-/4,4’-bpy, to our knowledge, the
TMSPs with mixed ligands are rare,*“'*! 1-5 only include
one kind of ligand; 3) The octa-Cu {[Cu',Cu",(2,2-bpy),-
(4,4"-bpy),]Cu",0,,} cluster in 6 is stabilized by two chelat-
ing 2,2"-bpy and two mono-coordinate 4,4’-bpy, whereas the
octa-Cu {[Cu"(L)],Cu"™,0,,(H,0),} clusters in 1-5 are stabi-
lized by four identical didentate ligands (L=en, dap, 2,2-
bpy); 4) The {[Cu’,Cu',(2,2"-bpy),(4.4-bpy),]Cu",0,,) clus-
ter in 6 is built by two Cu"Og4 octahedra, two Cu'O;N tetra-
hedra, two Cu"Os and two Cu"O;N, square pyramids,
whereas all the octa-Cu {[Cu"(L)],Cu",0,,(H,0),} clusters
in 1-5 are constituted by four Cu'O4 octahedra and
Cu"O;N, square pyramids; 5) In 6, two di-Cu' coordination
cations [Cu'y(2,2-bpy),(4,4-bpy)]** symmetrically link to
the octa-Cu {[Cu’,Cu",(2,2-bpy),(4,4-bpy),]Cu™,0,,} cluster
through two 4,4-bpy bridges forming a novel dodeca-Cu
cluster, whereas no such phenomenon exists in 1-5.

Magnetic properties: The nonmagnetic polyoxoanion frame-
works not only guarantee an effective magnetic isolation of
in situ formed TM clusters, providing good opportunity for
investigating magnetic exchange interactions and electron
delocalization in highly symmetrical clusters, but also can
control the magnitude of magnetic couplings.'*'"¥! Of par-
ticular interest is to probe their magnetic properties of 1-5,
because all contain a well-isolated octa-Cu" cluster sand-
wiched by two nonmagnetic fragments, although their struc-
tures possess some differences. Here, the magnetic proper-
ties of 1, 4, and 5 are investigated. In order to quantitatively
describe magnetic exchange interactions within octa-Cu"
clusters, all the magnetic analyses are subjected to a theoret-
ical model as shown in Figure 6a giving four exchange path-
ways within octa-Cu" clusters.

The temperature dependence of magnetic susceptibility
data for 4 is shown in Figure 7 in the form of yy and yy7T
versus T. The yy slowly increases from 0.01 emumol™' at
300K to 0.13 emumol ™" at 30 K, then exponentially to the
maximum of 128emumol™’ at 2K. The yyT of
3.25emumol ' K at 300K is in good agreement with the
value expected for eight noncorrelated Cu" ions (3.31 emu
mol ' K, with g=2.1). As the temperature is lowered, the
amT increases slowly and then reaches a maximum value of
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Figure 6. a) The magnetic exchange model used for the octa-copper" clus-
ters in 1, 4 and 5. b—d) Comparison of the Cu-O-Cu angles of the octa-
copper” clusters in 1, 4 and 5, respectively.
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Figure 7. The plots of y\ and yu7 vs T in the temperature of 2-300 K for
1. The solid line represents the fit to experimental data.

4.08 emumol ' K at 13 K. This behavior demonstrates domi-
nant ferromagentic interactions among magnetic centers.”"!
The sharp drop in the yy7 value below apex temperature
can be attributed to antiferromagnetic interactions, which
has been proved by the theoretical simulation (vide infra).
The magnetic interactions between nearest magnetic neigh-
bors are evaluated by employing the Curie-Weiss equation
[xm= C/(T—6)], which gives values of C=3.24 emumol ' K
and 0=4.49 K (Figure S3 in the Supporting Information).
The positive Weiss constant also supports dominant ferro-
magnetic interactions within Cu' centers mediated by
oxygen bridges.

According to the C, symmetry of the octa-Cu" cluster in 1
and structural parameters of single-crystal structural analysis
(Figure 6b), we suppose that magnetic exchange interactions
between Cul--Cu2, Cu2--Cu3, CulA--Cu2A and
Cu2 A--Cu3 A are equal. On this assumption, there exist
four exchange constants in the octa-Cu" cluster. The vertices
with numbers 1, 2, 3, 4, 5, 6, 7, and 8 stand for Cul, Cu2,
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Cu3, Cud A, Cu4, Cu3 A, Cu2A, and Cul A, respectively.
The interactions between Cul---Cu2, Cu2---Cu3,
Cu3 A--Cu2A, and Cu2 A--Cul A are given by the exchange
constant J;; the interactions between Cul--CudA,
Cu3--Cu4, Cu4 A--Cu3 A, and Cu4--Cul A are given by the
exchange constant J,; the interactions between Cu2--Cu4 A,
Cu2-+-Cu4, Cu2 A--Cu4 A, and Cu2 A--Cu4 are given by the
exchange constant J;; and the interaction between
Cu4--Cu4 A is given by the exchange constant J,. Since
second- and third-neighbor exchange interactions between
Cu" centers with significantly long distances (more than
5.5 A) in the octa-Cu" cluster are very weak, enough to be
negligible, only first-neighbor exchange interactions will be
considered. The magnetic behavior of 1 is analyzed by the
MAGPACK program package®” based on the isotropic Hei-
senberg spin Hamiltonian in Equation (1):

H ==27,(5,5, + 5,5, + S¢S, + $,S)
—27,(8,84 + 8585 + S4Ss + S5S¢)
—274(8,84 + 5,85 + 8,8, + S58;)
—27,8,8s

Substitution of the eigenvalues of Equation (1) into the
standard Van Vleck equation yields the expression of molar
magnetic susceptibility (y.) of the octa-Cu" cluster, as shown
in Equation (2):%

NGB (XSS, + D@2, + Dexp[~E,kT]}

Xe = ZkT - (28,7 + 1)exp[—E, /kT]} @

Here, N is the Avogadro number, k is the Boltzmann con-
stant, T is the temperature in Kelvin, and E, is the spin ex-
change energy associated with a spin state S,”.

A molecular field approximation®™! was applied to Equa-
tion (2) to account for the intermolecular interactions (zJ')
to produce Equation (3):

Xe
M= -227y JNEF) ®)

The best fit of the experimental data in the overall tem-
perature range is shown in Figure 7 with J,=—-4.03cm™,
J,=380cm!, J;=858cm™!, J,=0.12cm™!, g=2.09, and
zJ'=0cm™. The agreement factor R, defined as
S0 obs— ) call 7E Gat)ops > i equal to 2.34x107*. Simula-
tion results manifest that the contribution from the inter-
cluster magnetic interactions could be negligible since zJ' =
0 cm™'. The ferromagnetic and antiferromagnetic exchange
constants obtained by this analysis approximately conform
to the correlation between the experimental exchange con-
stants and the Cu-O-Cu bond angles that is concluded from
extensive experimental and theoretical studies performed on
the spin exchanges within [Cu,O,] units constituted by hy-
droxide™® and alkoxide*™* bridges. It is clear from this
vast amount research that the nature and strength of the ex-
change are chiefly affected by the Cu-O-Cu bond angles
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(®). The classical correlation between the exchange con-
stants and the Cu-O-Cu bond angles indicates that the com-
plexes are generally antiferromagnetic for @ >98°, whereas
ferromagnetic for @ <98°.# The Cu-O-Cu angles vary
from 80.6 to 107.1° in 1, thus competitive ferromagnetic and
antiferromagnetic interactions are expected. The field de-
pendence of magnetization reveals that the magnetization
curve at 2K increases with raising applied field, but its
value stays smaller than the theoretical value calculated
from the Brillouin function for eight uncoupled Cu" spins
(Figure 8). Such behavior can suggest the coexistence of fer-

[l J .-".

MINB
a

1 " " 2 M " 2 2 2 1
0 10 20 30 40 50 60 70 80
H I kOe

Figure 8. The filed dependence of magnetization for 1 at 2 K.

romagnetic interactions (J, >0, J;>0, and J,>0) and antifer-
romagnetic interactions (/,; <0) in the structure. This explan-
ation is also ascertained by the fact that the maximum of
the yuT value of 4.08 emumol™ K at 13K is far smaller
than the theoretical expected value of 11.03 emumol ' K
(considering g=2.1) for the ferromagnetic octa-Cu" cluster
mediated by oxygen bridges. This phenomenon of coexis-
tence of ferromagnetic and antiferromagnetic exchanges be-
tween Cu" centers has been observed in K;Na[Cu,K,-
(H,0)4(0t-AsWoO3;3),]-5.5 H,0.2

The temperature dependence of magnetic susceptibility
data for 4 is shown in Figure 9 in the form of yy and 7T
versus 7. The yyT value corresponds to 3.39 emumol ' K at
300 K, which is in good consistence with the spin-only con-
tribution (3.38 emumol ' K) expected for nine isolated Cu™
(§=1/2) ions assuming g=2 per formula unit. Upon cooling,
the yyu7T product experiences a gradual rise and reaches a
maximum value of 8.52 emumol™' K at 8 K. This behavior
indicates ferromagnetic interactions within Cu' centers. A
sharp drop below the cusp temperature is observed, desig-
nating that prevalent antiferromagnetic interactions are op-
erative. The inverse magnetic susceptibility data in 2-300 K
are fitted with the Curie-Weiss equation, providing parame-
ters of C=3.35emumol ' K and §=12.54 K (Figure S4a in
the Supporting Information). The larger positive Weiss con-
stant () suggests that individual Cu" spins interact stronger
ferromagnetically in the lattice.
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Figure 9. The plots of yy and yyT vs T in the temperature of 2-300 K for
4. The solid line represents the fit to experimental data.

Since the octa-Cu" cluster in 4 employs the C, symmetry,
there are four types of Cu-Cu distances: 3.15 A
(Cul-Cu2), 3.09 A (Cul--Cu3), 3.16 A (Cu2--Cu3), and
2.93 A (Cu3--Cu3B) and seven types of Cu-O-Cu angles:
107.8° (Cul-O16-Cu2), 92.2° (Cul-O9C-Cu2), 80.3° (Cul-
09C-Cu3), 103.2° (Cul-O12-Cu3), 91.7° (Cu2-O9C-Cu3),
89.6° (Cu2-020-Cu3), and 96.5° (Cu3-020-Cu3B). Thus, the
magnetic property of 4 can be analyzed by magnetic ex-
change model as shown in Figure 6a. The vertices with num-
bers 1, 2, 3,4, 5, 6,7, and 8 symbolize Cul, Cu2, CulF, Cu3,
Cu3G, CulC, Cu2C, and CulG, respectively. The interac-
tions between Cul--Cu2, Cu2--CulF, CulC--Cu2C, and
Cu2C--CulG are defined by the exchange constant J,; the
interactions between Cul--Cu3, CulF--Cu3G, CulC:--Cu3,
and CulG--Cu3G are defined by the exchange constant J,;
the interactions between Cu2---Cu3, Cu2---Cu3gG,
Cu2C-+Cu3, and Cu2C--Cu3G are defined by the exchange
constant J; and the interaction between Cu3:--Cu3G is de-
fined by the exchange constant J,. In the presence of an ex-
ternal magnetic field, the isotropic spin Hamiltonian of the
octa-Cu" cluster is given in Equation (1).

Considering the paramagnetic bridging [Cu4(H,O),]**
ion, the paramagnetic contribution of [Cu4(H,0),]** ion is
added to Equation (2), which leads to the expression of the
molar magnetic susceptibility () of 4:

7= o+ LIRS @)

Here, the second term refers to the susceptibility of a par-
amagnetic Cu" contribution. To assess intercluster magnetic
interaction (zJ'), the molecular field correction is incorpo-
rated into the magnetic model. A more general computa-
tional method has been used for this system, such as MAG-
PACK program package.’! A best fit of the experimental
data in the temperature range of 8-300 K affords magnetic
parameters of J;=-128cm™, J,=17.10cm™, J;=
16.22cm™, J,=1534cm™', g=2.11, z//=— 0.03cm™' and
R=8.32 x107°. These coupling constants confirm the exis-
tence of stronger ferromagnetic interactions within Cu" cen-
ters.
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The field dependence of magnetization (Figure S4b in the
Supporting Information) reveals that the magnetization
curve at 2K increases with raising applied field, but its
value stays slightly smaller than the theoretical value calcu-
lated from the Brillouin function for uncoupled nine Cu"
spins. Such phenomenon may suggest that ferromagnetic in-
teractions (J,>0, J;>0, and J,>0) coexist with antiferro-
magnetic interactions (J; <0) in the structure, which is fur-
ther consolidated by the fact that the maximum of the yy7T
value of 8.52 emumol ™' K at 8 K is smaller than the theoret-
ical expected value of 13.64 emumol ' K (g=2.1) for ferro-
magnetic octa-Cu" cluster through oxygen bridges and one
isolated paramagnetic Cu" ion. Notably, ferromagnetic inter-
actions within Cu" centers in 4 are stronger than those in 1,
the main reason for which can be explained as follows: Al-
though both contain an octa-Cu" cluster in their structures,
their structural parameters and symmetries are somewhat
different (Figure 6b,c). In 1, the B-a-GeW, fragment impos-
es its geometry to the in situ formed octa-Cu" cluster,
whereas in 4, the B-a-SiW, fragment also imposes its geom-
etry to the in situ formed octa-Cu" cluster. As we know, the
atomic radius of the Ge atom is larger than that of the Si
atom, which leads to the geometrical differences of B-a-
GeW, and B-a-SiW, fragments. The geometrical differences
impose to the octa-Cu" cluster and further result in their
magnetic differences. The magnetic differences between 1
and 4 prove that the nonmagnetic polyoxoanion frameworks
can control the magnitude of magnetic couplings.!'>

Variable-temperature magnetic susceptibility for 5 was
measured in the temperature range 2-300 K at a constant
magnetic field of 10 kOe. The temperature dependence of
xm and yy T is shown in Figure 10. The value of y,, slowly in-
creases from 0.02 emumol™ at 300 K to 0.12 emumol™ at
40 K, then exponentially to the maximum of 1.56 emumol !
at 2K. At 300K, the yxu7 value is equal to
5.13 emumol ! K, which is slightly larger than the spin-only
value (4.96 emumol ™ K) expected for twelve uncoupled
Cu" ions assuming g=2.1. Upon cooling until 40 K, the y\T
value shows a slight decrease. Below 40 K, the y\7T value
decreases rapidly with further cooling, reaching the mini-
mum of 3.13 emumol ' K at 2 K. Such magnetic behavior is
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15 0 0600 5.0
) e gl =
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© 445
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= g
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~ {35 2
R o T
: 430 X
{25
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Figure 10. The plots of yy and yu7 vs T in the temperature of 2-300 K
for 5. The solid line represents the fit to experimental data.
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characteristic of antiferromagnetic interactions within Cu"
centers. Fit the magnetic susceptibility data between 2 and
300 K to the Curie-Weiss expression affording Curie con-
stant C=5.08 emumol™' K and Weiss constant §=—-3.29 K
(Figure S5 in the Supporting Information). The negative
Weiss constant confirms existence of antiferromagnetic in-
teractions within Cu" centers.

The magnetic exchange model of the octa-Cu" cluster in 5
is very similar to that in 4, the vertices with numbers 1, 2, 3,
4,5, 6, 7, and 8 symbolize Cul, Cu2, Cul A, Cu3B, Cu3,
CulC, Cu2C, and CulB, respectively. The interactions be-
tween Cul--Cu2, Cu2:--CulA, CulC-Cu2C, and
Cu2C--CulB are defined by the exchange constant J; ?the
interactions between Cul--Cu3B, Cul A---Cus3,
CulC:-Cu3B, and CulB--Cu3 are defined by the exchange
constant J,; the interactions between Cu2---Cu3B, Cu2--Cu3,
Cu2C--Cu3B, and Cu2C-+Cu3 are defined by the exchange
constant J;, and the interaction between Cu3---Cu3B is de-
fined by the exchange constant J,. In the free di-Cu com-
plex cation [Cu",(H,0),(2,2-bpy),]**, the interaction be-
tween Cu5--Cu5D is defined by the exchange constant J5. In
the octa-Cu" cluster of 5, four types of Cu--Cu distances are
present: 3.38 A (Cul--Cu2), 3.28 A (Cul--Cu3B), 3.14 A
(Cu2--Cu3B), and 3.23 A (Cu3--Cu3B) and seven types of
Cu-O-Cu angles are shown in Figure 6d. In the di-Cu" com-
plex cation [Cu",(H,0),(2,2-bpy),]**, the Cu5--Cu5D dis-
tance and the Cu-O-Cu bond angle are 2.90 A and 97.2°, re-
spectively. The isotropic Heisenberg spin Hamiltonian of the
magnetic behavior of the octa-Cu" {[Cu"(2,2"-bpy)],Cu",O,-
(H,0),} cluster and the free di-Cu" complex cation [Cu",-
(H,0),(2,2"-bpy),]** can be approximated by only first-
neighbor interactions given by Equation (5):

H=-2J,(5,8; + 8,8; + S¢S, + $:5%)
C205(8184 + 8555+ S4Ss + SsS5)
—2J5(8,84 + 8585 + 8487 + S557)
27,8,85—27585S1

The pendant [Cu4(bdyl)] groups are treated as paramag-
netic ions and the similar method to 4 was adopted. All cal-
culations were performed using the MAGPACK package.””
A good fit with this magnetic susceptibility leads to the fol-
lowing magnetic parameters: J,=—5.15cm™, J,=2.51 cm™,
J;=062cm™!, J,=—401lcm™, Js=655cm™, g=2.11, zJ'=
0 cm™, and the agreement factor R=1.29x 103, which con-
firms the overall antiferromagnetic coupling interactions in
5. Such dominance of antiferromagnetic couplings in the
polynuclear Cu" complexes has been already observed.#!
Compare 5 with 1 and 4, their magnetic differences may be
related to the variation of Cu-O-Cu bond angles (Figure 6b—
d).

Thermogravimetric analysis (TGA): The thermal stability
was investigated on the crystalline samples under air atmos-
phere for 1-3, and 5§ from 30 to 800°C. For 6, in order to
prevent the oxidation of Cu' ions, its TG curve was per-
formed under nitrogen atmosphere from 30 to 1000°C. The
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thermogravimetric processes of 1-3, and 5§ are very similar
and reveal two steps of slow weight loss in the range of 30-
800°C. For 1, in the range of 30-280°C, the weight loss of
4.31% is caused by the loss of thirteen lattice water mole-
cules (calcd 4.16 %), after 280°C, a gradual weight loss of
7.60% until 800°C is approximately attributable to the re-
moval of four dap ligands, two coordinated water molecules
and the dehydration of four protons (caled 6.56%). For 2,
the first weight loss of 2.63 % between 30 and 178°C is as-
signed to the release of five lattice water and two coordinat-
ed water molecules (calcd 2.31%). The second weight loss
of 6.91 % between 178 and 800 °C corresponds to the remov-
al of six en ligands and the dehydration of four protons
(caled 7.26%). For 3, the first weight loss of 3.39% from 30
to 270°C is assigned to the release of eight lattice water and
two coordinated water molecules (calcd 3.30%), followed
by a weight loss of 6.69% approximately corresponding to
the loss of six en ligands and the dehydration of four pro-
tons from 270 to 800°C (calcd 7.20%). For 5, in the range
30-103°C, the first weight loss occurs (1.83 %), correspond-
ing well to the release of four lattice water and two coordi-
nated water molecules (calcd 1.62%). The second weight
loss from 103 to 800°C (18.62 %) corresponds to the decom-
position of six 2,2"-bpy and two bdyl ligands and the dehy-
dration of two protons and two hydroxyl groups (calcd
19.18%). For 6, the TGA curve indicates that the weight
loss can be divided into three steps. The first weight loss is
0.75% from 40 to 104°C, corresponding to the release of
two lattice water molecules (calcd 0.48%). The combined
weight loss of the second and third steps is 28.43 % between
104 and 1000°C, assigned to the removal of eight 2,2-bpy
and six 4,4’-bpy ligands (calcd 28.56 % ).

Conclusion

In this work, we have shown that the hydrothermal reaction
of Cu", A-a-GeWy/A-a-SiW, with didentate N-ligands (en,
dap, 2,2"-bpy) can afford a family of novel hybrid inorganic—
organic octa-Cu" sandwiched POTs (1-5), realizing the as-
sembly from discrete fragments, 2D sheet to 3D frameworks
in sandwich-type TMSP chemistry. The successful syntheses
of these POTs not only further testify that the combination
of lacunary POM precursors and hydrothermal technique is
a quite effective strategy in making novel hybrid inorganic—
organic TMSPs, but also validate our consideration that the
lacunary sites of lacunary POM fragments can function as
structure-directing agents to induce larger TM oligomers, as
well as the didentate N-ligands as structure-stabilizing
agents to capture and stabilize in situ generated TM oligo-
mers to construct novel and unique POTs under hydrother-
mal conditions.® Alternatively, a mixture of CuCl,-2H,O,
GeO,, Na,WO,2H,0, H,SiW,0,,2H,0, 2,2"-bpy, and 4,4"-
bpy under hydrothermal conditions led to another unprece-
dented hybrid inorganic—organic mixed-valent octa-Cu sand-
wiched POT 6, however, to date, 6 can not be obtained by
the similar method to 1-5. The systematic exploration is in
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progress. To our knowledge, 1-8 represent the first family of
hybrid inorganic-organic octa-Cu sandwiched POTs in
POM chemistry. Interestingly, the rollover metalation of
2,2'-bpy in the presence of low-priced Cu" cations has been
observed under hydrothermal conditions. The magnetic
properties of 1, 4, and 5 have been preliminary studied. Ex-
perimental results have proved that the bulky nonmagnetic
poly-oxoanion frameworks can control the magnitude of
magnetic couplings. On the other hand, the flexible coordi-
nation modes and obvious Jahn-Teller distortion of Cu"
ions provide a significant probability of constructing high-
nuclear copper clusters, and continuous work is in progress
in our lab. In addition, in order to obtain other novel poly-
(TMSPs), besides trivacant Keggin POM precursors, tri-/
hexa-vacant Dawson POM precursors have also been intro-
duced to this system. We are currently working on the reac-
tivity of these POM precursors with other transition metals
or rare earth metals.

Experimental Section

The trilacunary Keggin polyoxoanion precursors KgNa,[A-a-Ge-
W,0;4]-25 H,O,1%! K o[A-0-SiW,05,]-25 H,0OB! and  Nay[A-a-
PW,0,,]-7H,0P were synthesized as previously described. All other
chemicals were used as purchased without purification.

Synthesis of H,[Cu"s(dap),(H,0),(B-a-GeW,0,,),]-13H,0 (1): K;Na,[A-
a-GeW,0,]25H,0  (0246¢, 0.08mmol), CuCL2H,0 (0213g,
1.25 mmol), dap (0.10 mL, 1.178 mmol) were successively dissolved in
H,0 (5 mL, 278 mmol), and then K,CO; (2m, 0.05 mL) was added (the
starting pH; 4.0). The resulting mixture was stirred for 1.5 h, sealed in a
Teflon-lined steel autoclave (20 mL), kept at 100°C for 5 days and then
cooled to room temperature (the end pH, 3.6). Dark green prismatic
crystals were obtained by filtering, washed with distilled water and dried
in air. Yield: ~40%. Elemental analysis caled (%): C 2.56, H 1.33, N
1.99; found: C 2.74, H 1.40, N 2.03; IR(KBr pellet): 3435(vs), 3286(s),
3221(m), 2965(w), 1628(s), 1583 (m), 1458(w), 1386(w), 1193(w), 1128(w),
1060(m), 1024(m), 939(vs), 887(vs), 778(vs), 714(vs), 508(m), 452 cm™"
(m).

Synthesis of  (H,en),[Cu"y(en),(H,0),(B-0-GeW,05,),]-5H,0  (2):
KsNa,[A-a-GeW,05,]-25 H,0 (0.246 g, 0.08 mmol), CuCl,2H,0 (0.213 g,
1.25 mmol), en (0.05 mL, 0.740 mmol) were successively dissolved in H,O
(5 mL, 278 mmol) (pH, 4.0). The resulting mixture was stirred for 1 hour,
sealed in a Teflon-lined steel autoclave (20 mL), kept at 100°C for 5 days
and then cooled to room temperature (pH, 3.5). Dark green prismatic
crystals were obtained by filtering, washed with distilled water and dried
in air. Yield: ~31%. Elemental analysis caled (%): C 2.20, H 1.22, N
2.57; found: C 2.14, H 1.50, N 2.49; IR(KBr pellet): 3424(vs), 3309(s),
3229(m), 1618(s), 1578 (m), 1508(w), 1458(w), 1277(w), 1132(w), 1098(w),
1051(m), 942(vs), 878(vs), 774(vs), 710(vs), 508(m), 455 cm ™" (m).
Synthesis of [H,en],[Cu"s(en),(H,0),(B-a-SiW,0;,),]-8 H,0 (3): K [A-
a-SiW,05,]-25H,0 (0297 g,  0.097 mmol), CuCl,2H,0 (0.170 g,
0.10 mmol), en (0.05 mL, 0.740 mmol) were successively dissolved in H,O
(5 mL, 278 mmol), and then K,CO; (2™, 0.05 mL) was added (pHj 4.4).
The resulting mixture was stirred for 1.5 h, sealed in a Teflon-lined steel
autoclave (20 mL), kept at 100°C for 5 days and then cooled to room
temperature (pH, 3.7). Dark green prismatic crystals were obtained by
filtering, washed with distilled water and dried in air. Yield: ~33 %. Ele-
mental analysis caled (%): C 2.62, H 1.32, N 3.05; found: C 2.52, H 1.44,
N 2.87; IR(KBr pellet): 3447(vs), 3310(m), 3258(w), 1599(s), 1458(w),
1394(w), 1354(w), 1277(w), 1172(w), 1100(w), 1044 (m), 1008(m), 947(s),
899(vs), 798(vs), 738(s), 706(w), 686(m), 521 cm™" (m).
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Synthesis of [Cu"(H,0),]H,[Cu"s(en),(H,0),(B-a-SiW,05,),] (4): K, [A-
a-SiW,05,)-25H,0  (0.246g, 0.08 mmol), CuCl,2H,0 (0213 g,
1.25 mmol), ethylenediamine (0.05 mL, 0.740 mmol) were successively
dissolved in H,O (5 mL, 278 mmol), and then K,CO; (2m, 0.05 mL) was
added (pH; 4.0). The resulting mixture was stirred for 5 h, sealed in a
Teflon-lined steel autoclave (20 mL), kept at 100°C for 5 days and then
cooled to room temperature (pH, 3.3). Dark green octahedral crystals
were obtained by filtering, washed with distilled water and dried in air.
Yield: ~23%. Elemental analysis calcd (%): C 1.80, H 0.79, N 2.10, Cu
10.71; W 61.97; found: C 1.72, H 0.94, N 2.04, Cu 10.21, W 61.38;
IR(KBr pellet): 3451(vs), 3314(m), 3242(w), 1627(s), 1583(s), 1458(w),
1361(w), 1072(s), 951(s), 883(vs), 814(s), 722(vs), 524 cm ™' (m).

Synthesis  of  [Cu",(H,0),(2,2-bpy),l{[Cu" (bdyl)],[Cu"s(2,2"-bpy),-
(H,0),(B-a-GeW,0;,),1}-4H,0 (5):

Method A: KgNa,[A-a-GeW,05,]-25H,0  (0.369 g, 0.12 mmol),
CuCl,»2H,0 (0.085 g, 0.50 mmol), 2,2’-bpy (0.039 g, 0.25 mmol) and 4,4'-
bpy (0.078 g, 0.50 mmol) were successively dissolved in H,O (8 mL,
444 mmol), and then NaOH (2™, 0.15 mL) was added (pH, 10.1). The re-
sulting mixture was stirred for 5 h, sealed in a Teflon-lined steel autoclave
(20 mL), kept at 150°C for 5 days and then cooled to room temperature
(pH. 7.7). Blue parallelepiped crystals were obtained by filtering, washed
with distilled water and dried in air. Yield: ~43 %.

Method B: A mixture of GeO, (0.016 g, 0.15 mmol), Na,WO,2H,0
(0.198 g,  0.60 mmol), H,SiW,,0,,2H,0  (0.174g, 0.06 mmol),
CuCl,»2H,0 (0.026 g, 0.15 mmol), 2,2"-bpy (0.020 g, 0.13 mmol), 4,4"-bpy
(0.010 g, 0.065 mmol) and H,O (5 mL, 278 mmol) was stirred for 1 hour,
and its pH value was adjusted to pH; 9.0 using NaOH (1 m). The resulting
mixture was sealed in a Teflon-lined steel autoclave (20 mL), kept at
170°C for 5 days and then cooled to room temperature (pH,=8.1). Blue
parallelepiped crystals were obtained by filtering, washed with distilled
water and dried in air. Yield: ~30%. Elemental analysis calcd (%): C
14.35, H 1.14, N 3.35, Cu 11.39, W 49.43; found: C 14.50, H 1.24, N 3.60,
Cu 11.43, W 49.24; IR(KBr pellet): 3447(vs), 1631(m), 1603(s), 1568(w),
1497(w), 1474(w), 1447(m), 1318(w), 1252(w), 1158(w), 1106(w), 1060(w),
1034(w), 953(vs), 889(vs), 834(vs), 777(vs), 730(vs), 708(s), 490 cm™" (m).
Synthesis  of  [Cu'(2,2-bpy)(4,4-bpy)],{[Cu'(2,2-bpy),(4,4"-bpy) ],
[Cu',Cu"((2,2"-bpy),(4,4-bpy),(B-0-GeW,03,),1}-2H,0 (6): The method
is similar to the method B of 5, only the amount of H,SiW, O,+2H,0
was decreased to 0.087 g (0.03 mmol) (pH;=9.5 and pH.=8.6). Finally,
dark polyhedral crystals were obtained. Yield: ~35 %. Elemental analysis
caled (%): C 21.97, H 1.53, N 5.12; found: C 21.95, H 1.50, N 5.11;
IR(KBr pellet): 3441(vs), 1600(m), 1491(w), 1471(w), 1441(w), 1410(w),
1313(w), 1245 (w), 1172(w), 1104(w), 1016(w), 944(vs), 884(s), 854(s),
818(m), 773(vs), 730(s), 719 (s), 525(m), 495 cm ™' (m).

Physical measurements: Elemental analyses (C, H, and N) were per-
formed by using a PE 2400 II elemental analyzer. Inductively coupled
plasma (ICP) analysis was performed by means of a Jobin Yvon ultima?2
spectrometer. IR spectra were obtained by means of an ABB Bomen
MB 102 spectrometer with pressed KBr pellets in the range of 4000-
400 cm ', Thermo-gravimetric analyses (TGA) were performed by using
a Mettler TGA/SDTASS51 thermal analyzer in the flowing air atmosphere
in the temperature region of 30-800°C for 1-3, 5 and in the flowing ni-
trogen atmosphere in the temperature region of 30-1000°C for 6 with a
heating rate of 10°Cmin'. Magnetic susceptibility measurements were
carried out by using a Quantum Design MPMS-5 magnetometer in the
temperature range of 2-300 K. The susceptibility data were corrected
from the diamagnetic contributions as deduced by using Pascal’s constant
tables.

X-Ray crystallography: A single-crystal was mounted on a glass fiber for
indexing and intensity data were collected at 293 K on a Siemens Smart
1 K CCD for 1, Rigaku Mercury 70 CCD diffractometer for 2, 3 and 6,
and Rigaku Saturn 70 CCD diffractometer for 4 and 5 with graphite-
monochromated MoK, radiation (A1=0.71073 A). Direct methods were
used to solve the structures and to locate the heavy atoms using the
SHELXTL-97 program package.*!! The remaining atoms were found
from successive full-matrix least-squares refinements on F> and Fourier
syntheses. Routine Lorentz polarization corrections and empirical ab-
sorption correction were applied to intensity data. No hydrogen atoms
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associated with water molecules were located from the difference Fourier
map. Hydrogen atoms attached to carbon and nitrogen atoms were geo-
metrically placed. All hydrogen atoms were refined isotropically as a
riding mode using the default SHELXTL parameters. For 1, all non-H
atoms were refined anisotropically except for the free water molecules
(O3W, 04W, O6W-O10W) and two carbon atoms (C4 and C6). The C6
atom was disordered over two positions with the occupation factors of
0.6 and 0.4, respectively. For 2, all non-H atoms were refined anisotropi-
cally except for some oxygen, free water molecules and some carbon
atoms. Although the crystal quality is poor, its structure has been com-
pletely determined by X-ray diffraction. We tried many times to improve
the crystal quality, however, failed. For 3, all non-H atoms were refined
anisotropically except for the free water molecules (O2W-O5W), two ni-
trogen atoms (N5 and N6) and two carbon atoms (C3-C5). For 4, all non-
H atoms were refined anisotropically except for two free water molecules
(O2W and O3W). For 5, Cu2, C1, C3-C10, C12, N2 and N3 atoms were
also disordered over two positions. 020, 022, O1W and O2W atoms
were refined isotropically and the remaining atoms were refined aniso-
tropically. For 6, both W6 and O7 atoms were disordered over two posi-
tions with the occupation factors of 0.9 and 0.1 for W6 and W6, and 0.65
and 0.35 for O7 and O7/, respectively. O7, O1W, C41-C43, C48, C49, C63
and C64 atoms were refined isotropically and the remaining atoms were
refined anisotropically. Crystallographic data and structure refinements
for 1-6 are summarized in Table 2. CCDC 664128 (1), 664129 (2), 664130
(3), 663471 (4), 664132 (5), and 664133 (6) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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