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A Combination of Lacunary Polyoxometalates and High-Nuclear Transition-
Metal Clusters under Hydrothermal Conditions. Part II: From Double
Cluster, Dimer, and Tetramer to Three-Dimensional Frameworks**

Jun-Wei Zhao, Hong-Peng Jia, Jie Zhang, Shou-Tian Zheng, and Guo-Yu Yang*'"

Abstract: The hydrothermal reactions
of trivacant Keggin A-a-XW,0;, poly-
oxoanions (X=P"/Si") with transition-
metal ions (Ni'"/Cu"/Fe") in the pres-
ence of amines result in eight novel
high-nuclear transition-metal-substitut-
ed polyoxotungstates [{Ni,(u;-OH);0,-
(dap);(H,0)}(B-0-PW,Os,) ] [{Nig(pa-
OH);(dap);(H,0)}(B-a-PW,05,)][Ni-
(dap),(H,0),]-4.5H,0 (1), [Cu(dap)-
(H,0);,[{ Cug(dap),(H,0),}(B-0-SiWo-
O3),6H,O  (2), (enH,);Hs[{Fe", 5-
Fe'''},(43-OH) 15(1u-PO,),} (B-0-PW-
Os4)y]:ca.130H,0  (3), [{Cuy(ps-OH)s-

pounds have been structurally charac-
terized by elemental analyses, IR spec-
tra, diffuse reflectance spectra, ther-
mogravimatric analysis, and X-ray crys-
tallography. The double-cluster com-
plex of phosphotungstate 1
simultaneously contains hepta- and
hexa-Ni"-substituted trivacant Keggin
units [{Ni;(p-OH);0,(dap);(H,0)}(B-
a-PW,05)" and [{Nig(1s-OH);(dap)s-
(H,0)¢}(B-a-PW,05,)]. The dimeric sil-
icotungstate 2 is built up from two tri-
vacant Keggin [B-0-SiW,05,]""" frag-
ments linked by an octa-Cu" cluster.
The main skeleton of 3 is a tetrameric

05,)]>” Keggin units linked by a central
Fe',0, cubane core and four p,-PO,
bridges. Complex 4 is an unprecedent-
ed three-dimensional extended archi-
tecture with hexagonal channels built
by hexa-Cu" clusters and trivacant
Keggin [B-0-PW,0,]”" fragments. The
common feature of 5-8 is that they
contain a B-o-isomeric trivacant
Keggin fragment capped by a hexa-Ni"!
cluster, very similar to the hexa-Ni"-
substituted trivacant Keggin unit in 1.
Magnetic measurements illustrate that
1, 2, and 5 have ferromagnetic cou-

(en); (H,0)3}(B-a-PW,0,,)]-7H,0O (4),
[{Nig(p5-OH);(en)5(H,0)g} (B-a.-PWo-
O3 7TH,O  (5), [{Nig(us-OH);(en),-
(H,0)3}(B-a-PW,03,)]-7H,0 (6), [{Ni¢-
(u3-OH);(dap),(H,0)s}(B-a-PW,03,)]-
7H,O (7), and [{Nig(us-OH)s(en)s-
(H,0)}(B-a-SiW,054)][Nigs(en)]
35H,0 (8) (en=ethylenediamine,
dap =1,2-diaminopropane). These com-

substituted

properties

cluster constructed from four tri-Fe
[Fe'3(1s-OH)3(B-a-PW,
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plings within the magnetic metal cen-
ters, whereas 3 and 4 reveal the antifer-
romagnetic ~ exchange  interactions
within the magnetic metal centers.
Moreover, the magnetic behavior of 4
and 5 have been theoretically simulat-
ed by the MAGPACK magnetic pro-
gram package.

1I_

compounds

Introduction

The search for and discovery of transition-metal-substituted
polyoxometalate (TMSP) clusters based on classical lacuna-
ry Keggin or Dawson fragments have been extremely inten-
sive interesting owing to the widespread applications in cat-
alysis, material science, medicine, and magnetism.[” So far,
most of the above work focuses on the syntheses of pure in-
organic lacunary polyoxometalates (POMs), usually by the
conventional aqueous solution method;® however, the reac-
tion systems based on lacunary POM precursors and transi-
tion-metal complexes (TMC) remain unexplored under
hydrothermal conditions. Lately, the hydrothermal tech-
nique has been proved to be an extraordinary powerful syn-
thetic method in making new POMs containing saturated
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polyoxoanions.**¥ Although several lacunary polyoxotungs-
tates (POTs) decorated with TMCs*®! were made by hy-
drothermal treatments of simple tungstates, no systematic
investigation of the syntheses of the lacunary POMs as pre-
cursors under hydrothermal conditions has been performed.
Hence, lacunary POM precursors combined with hydrother-
mal techniques may provide an easy route to the formation
of new TMSPs in the presence of transition-metal (TM) cat-
ions. This is because lacunary fragments with high negative
charges not only have diverse structural types that can be
easily obtained, such as monovacant a-/$-XW,;;03 and o-
P,W,,0q,, divacant y-XW;(Os, trivacant a-/f-XW,0;, (X=
Si"/GeV/PY), a-SbW,04; and a-P,W,50s as well as hexava-
cant o-H,P,W,0,, but they can also act as good donors
to coordinate to electrophiles of TM cations. To develop the
synthetic strategy of POMs and synthesize novel TMSPs
with good magnetic properties, we extended the synthesis of
TMSPs from conventional aqueous solution methods to hy-
drothermal techniques and are exploring new reaction sys-
tems containing lacunary POM
fragments, paramagnetic TM
cations, and organoamines
under hydrothermal conditions.
Hydrothermal synthesis®™! is
an effective method for growing
crystals of numerous inorganic

a) A-a-XWs

4) Under such nonequilibrium crystallization conditions,
the metastable kinetic TMSPs phases rather than the
thermodynamic phases are most likely to be captured?®*!
before lacunary POM precursors are transformed to sa-
turated POM species or are decomposed to other small
fragments.

Recently, by using this approach, we have successfully
grown single crystals of many novel TMSPs® that cannot be
made by conventional aqueous solution methods. Our ex-
ploratory studies have shown that the hydrothermal envi-
ronment is suitable not only for making TMSPs, but also for
preparing new TMSPs, especially organic-inorganic hybrid
TMSPs, that cannot be obtained under conventional aque-
ous solution methods.

We choose trivacant Keggin A-0-XW,0;, (A-a-XW,, Fig-
ure 1a) fragments as a model reaction based on the follow-
ing considerations:

compounds based on the fol-
lowing reasons:

1) The reduced viscosity of
water under hydrothermal
conditions enhances the dif-

cug f) Fe13.5

fusion processes so that sol-
vent extraction of solids and
crystal growth from solution
are favored, thus the forma-
tion of good quality crystals
is possible.’* ¥ Additionally,
the solvent effect under hy-
drothermal conditions is
beneficial for the improved
crystallization and the con-
trol of the crystal quality,
which is helpful for X-ray structural characterization.

2) Hydrothermal 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,”™® that is, the metasta-
ble phases or intermediate phases can easily be captured
under hydrothermal conditions.

3) Because solubilities of materials are increased under hy-
drothermal conditions, a variety of precursors with low
solubilities may be introduced to the reaction system.
Moreover, a number of organic or inorganic structure-di-
recting or structure-stabilizing agents with appropriate
size and shape may be selected for efficient crystal pack-
ing during the crystallization process.*®

are omitted for clarity.
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Figure 1. Schematic polyhedral illustration of the isomerization of A-a-XW, — B-a-XW, and the assembly
process of Nig/Cug, Ni;, Cug or Fe,;5 and B-a-XW, SBUs (X =P/Si). The en and dap groups in c)-¢) and g)-k)

1) The a-XW, unit has relative high stability in diverse la-
cunary fragments, and its exposed surface oxygen atoms,
formed by removal of a W;04 trimer from a saturated
Keggin a-XW,04 unit, are available and possess high
reaction activity.

2) The lacunary sites of a-XW, unit may act as the struc-
ture-directing agent (SDA) and induce the formation of
TM clusters (Figure lc—e) or large oligomers of TM clus-
ters (Figure 1f)

3) The subtle combinations between two structural building
units (SBUs), trivacant POMs as donors and TM clusters
as electrophiles generated in situ, may produce novel
high-nuclear TMSPs with isolated, finite polymeric and
even extended structures.
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4) The hydrothermal reaction can be extended from triva-
cant Keggin POM fragments to other lacunary POM
units.

On the basis of aforementioned points, we have success-
fully made a series of novel high-nuclear TMSP hybrid clus-
ters 1-4 (Figure 1g-k) and some unique trivacant Keggin
POTs capped by hexanuclear nickel clusters, 5-8. [{Ni;(us-
OH),05(dap)s(H,0)¢) (B-a-PW,05)][{Nig(15-OH)s(dap) -
(H,0)4}(B-a-PW,05,)][Ni(dap),(H,0),]-4 5SH,O (1, [Nis-
(dap);sPW,][Nig(dap);sPWo]),  [Cu(dap)(H,O)s],[{Cus(dap).-
(H,0),}(B-a-SiWO3,),]-6 H,O (2,  [Cug(dap).(SiW,),]),
(enH,);H;s[{Fe' sFe™ 5(11-OH) (1P O,)}(B--PWoOy3,),]-
ca.130H,0 (3, [Fei35(PW,)u]), [{Cus(ps-OH)s(en)s(H,0)5}(B-
a-PW,0,,)]7TH,0 (4, [Cug(en);PWo]), [{Nig(us-OH)s(en)s-
(H20)6}(B-a-PWoO5,)-7TH,O (5, [Nig(en);PWo]), [{Nig(ps-
OH);(en),(H,0)s}(B-0-PWo05,)]-7H,0 (6, [Nig(en),-
PWo]), [{Nig(ns-OH)s(dap),(H,0)g}(B-0-PW,05,)[-7H,O (7,
[Nig(dap),PWo]), [{Nis(ms-OH)s(en)s(H,0)}(B-0-SiWoOs,)]-
[Nigs(en)]-3.5H,0 (8, [Nig(en);SiW,]) (en=ethylenediamine,
dap=1,2-diaminopropane). Notice that the A-a-XW, (X=
PY/Si") (Figure 1a) unit as a starting material was trans-
formed to the B-a-XW, (Figure 1b) unit in all the products,
indicating that the isomerization of A-0-XW,—B-a-XW,
must have taken place during the course of the reactions.
Complex 1 not only is a double-cluster complex of POT-con-
taining hexa-/hepta-Ni" clusters incorporated trivacant
Keggin units, but it also incorporates the highest number of
3d TM ions in reported trivacant Keggin/Dawson POT mon-
omers to date. Complex 2 is a dimeric TMSP constructed
from two trivacant Keggin B-a-SiW, units linked by an
octa-Cu" cluster. Complex 3 is an unique tetramer contain-
ing four tri-Fe™ substituted Keggin B-a-PW, fragments
bridged by a central Fe",0, cubane core and four u,-PO,
bridges. Complex 4 is a three-dimensional framework with
an unusual six-connected 4°6°% topological framework built
up of hexa-Cu" clusters and trivacant Keggin B-a-PW, frag-
ments. Notably, 4 represents an unprecedented three-dimen-
sional extended architecture with hexagonal channels en-
closed by three interweaved helical chains in the POM
chemistry. Complexes 5-8 are each composed of a B-a-iso-
meric trivacant Keggin fragment capped by a hexa-Ni" clus-
ter.

Results and Discussion

Synthesis considerations and spectroscopic characterization:
Owing to complicated and largely unknown reaction mecha-
nisms, it is quite difficult to design a straightforward synthet-
ic route of the organic-inorganic hybrid TMSP clusters by
using conventional aqueous solution methods. Recently, hy-
drothermal techniques have proved to be an extraordinarily
powerful synthetic method for the preparation of one-, two-,
and even three-dimensional organic—inorganic hybrid mate-
rials in the POM field. In a specific hydrothermal process,
many factors can affect the formation and crystal growth of
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the product phases, such as initial reactants, starting concen-
tration, pH value, reaction time, and temperature, etc. In
our case, initial reactants, reactant concentration and tem-
perature greatly influence the crystallization and structural
construction of the products.

In the present paper, a series of novel high-nuclear TMSP
clusters have been hydrothermally synthesized by the tuna-
ble role of the nature of TM ions in the presence of amines
(Scheme S1 in the Supporting Information). Initially, an un-
expected double-cluster complex simultaneously containing
a hepta-/hexa-Ni"-substituted cluster anions [Nig(dap);PW,]-
[Ni,(dap);PW,] (1) was obtained by reaction of A-a-PW,
with NiCl,-6 H,O at 160°C in the presence of dap. Here, the
excess of NiCl,:6 H,O was used to enhance its reaction abili-
ty with A-a-PW, and entailed the reaction shift to the direc-
tion of the desired products. Under similar conditions, we
expected that using en in place of dap would lead to an iso-
structural species to 1; however, we failed to isolate such a
product. When the temperature was lowered to 130 and
80°C, the reaction of A-a-PW, with NiCl,:6 H,O led to two
novel hexa-Ni"-encapsulated trivacant Keggin POTs
[Nig(en),PW,] (6) and [Nis(en);PW,] (5). Interestingly, the
structure of 5 is analogous to the [Nig(dap);PWy] unit in 1,
while the structure of 6 is very similar to that of §, except
that two water molecules replace one en ligand in 6. In the
light of the above experimental results, efforts were devoted
to obtain the hexa-Ni'"-encapsulated compounds with the re-
moval of two or three en ligands and replacing them by four
or six water molecules in the asymmetric structural unit by
varying the temperature or the amount of en ligand; howev-
er, we failed to isolate such complexes. Finally, under the
similar synthetic procedure to 6, replacing en with dap re-
sulted in the formation of [Nig(dap),PW,] (7), which is
almost isostructural to 6. However, to date, the phospho-
tungstate isostructural to 5 with three dap ligands was not
isolated. Subsequently, in order to investigate the influence
of the distinct trivacant Keggin polyoxoanion precursors on
the structural construction of products, the synthetic proce-
dure used for the preparation of 5§ was modified; A-a-SiW,
was used instead of A-a-PW, to afforded [Nig(en);SiW,] (8)
and the reported [{Nig(s-OH);(dap);(H,O)e}(B-a-SiW,
03,)][Nips(dap)]-SH,O by our group.” In addition, the iso-
structural germanotungstates [Ni(en),],s[{Nis(ps-OH)s(en)s-
(H,0)4}(B-0-GeW,05,)]-3H,0 and [Nig(dap);(H,0)s(OH);]
[B-a-GeW,0,,]-H;0-4H,0 were isolated.® During the
course of exploring the reaction of A-a-GeW, with
NiCl,,6 H,O, we also obtained a novel two-dimensional
tetra-Ni'-sandwiched POT {[Ni(dap),(H,0)],[Ni(dap),],[Ni,-
(Hdap),(B-a-HGeW,05;,),]}:6 H,O.’®  Unfortunately, the
double-cluster complexes of silicotungstate or germanotung-
state simultaneously containing hepta-/hexa-Ni" units were
not obtained, which may be related to the nature of distinct
trivacant Keggin polyoxoanion precursors.

To further investigate the assembly mechanism and struc-
tural diversity that can be tuned by the nature of different
transition-metal ions, we extended our studies from the Ni"
ion to the Fe' and Cu" ions. When A-a-PW, reacted with
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FeSO,7H,0 at 80°C, we obtained a brown-prismatic Fe,O,-
cubane-containing tetramer [Fe;;s(PW,),] (3), built up of
four tri-Fe-substituted Keggin units connected by a central
Fe',0, cubane and four PO, groups. However, the tetramer-
ic analogues containing B-a-SiW, or B-a-GeW, fragments
have not been made to date. In the reaction system used for
the preparation of complex 5 at 80°C, when NiCl,-6 H,O is
replaced by CuCl,2H,0, an unprecedented three-dimen-
sional architecture [Cug(en);PWy] (4) with hexagonal chan-
nels was afforded in the hexagonal space group P6;. Also
when similar conditions for the reaction system to give 8
were used, but with an elevated of 100°C and by replacing
NiCl,,6 H,O with CuCl:2H,0O, a new dimer [Cug(dap),-
(SiWy),] (2), constructed from two trivacant Keggin B-a-
SiW, fragments combined by an octa-Cu™ cluster, was
formed. Unexpectedly, a novel hexa-Cu"-sandwiched POT
[Cu(enMe),],{[Cu(enMe),(H,0)],[Cus(enMe),(B-a-SiW,-
03,),])+4H,0 was also isolated at 160°C.[) Under the simi-
lar conditions used for the preparation of complex 2, an
analogous  dimeric  germanotungstate  H,[Cug(dap),-
(H,0),(B-a-GeW,03,),]-13H,0 was also obtained.!

From the systematic exploration of the experimental con-
ditions, the final products of the reaction systems are strong-
ly dependent on the molar ratio of trivacant Keggin precur-
sors/TM ions, the nature of TM ions, and reaction tempera-
ture. Thus, the structural differences between 1 and 5-6 are
mainly controlled by reaction temperature and the amount
of A-0-PW,. The structural variety between 1 and 8 is tuned
by the distinct trivacant Keggin precursors. The architecture
diversities from 1, 5-7 to 3 and 4 are principally influenced
by the nature of TM cations. In addition, under conditions
similar to those used in the preparation of 5, a tetra-Mn'-
sandwiched POT  (enH,),o[Mn,(H,0),(B-0-P-W,O5,),],*
20H,0 was obtained when the Ni"" ion was replaced by the
Mn" ion.¥! Later, when Zn" ions were introduced at 100°C,
two novel two-dimensional tetra-Zn"-sandwiched POTSs
[Zn(enMe),(H,0)].{[Zn(enMe),],[Zn,(HenMe),(PW,05,),]}+
8H,0 and [Zn(enMe),(H,0)],[Zn(enMe),],{(enMe),{[Zn-
(enMe),,[Zn,(HSiW,05,),]}{[Zn(enMe),(H,0) L,[Zn,(HSiW,-
03,),]}):13H,0 were isolated./®) When replacing the Ni'' ion
with the Co" ion, only pink amorphous powder was ob-
tained. Other TM ions, such as Ti'V, Cr', and Cd" ions, have
also been investigated; however, no analogous species were
obtained. In a word, the aforementioned facts indicate that
the nickel(IT) and copper(II) ions have the high tendency to
forming the trivacant Keggin-type POMs anchored by a
hexa-/hepta-/octanuclear TM cluster. However, when using
triethylenetetramine (teta) or tetraethylenepentamine (tepa)
in place of en or dap, only the organic-inorganic hybrid
sandwiched structural POTs were obtained, such as [Ni-
(tepa)(H,0)],H,[Ni,(H,0),(B-0-PW,05,),]-8 H,0.*! Never-
theless, the use of 1,3-diaminopropane or 1,6-diaminohexane
in place of en or dap led to the formation of amorphous
powders. Therefore, organoamines play a key role in the
construction of structural diversity under the studied system.
In addition, 1-8 cannot be obtained by the conventional
aqueous solution method by using the same staring materi-
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als. In a word, the lacunary sites of a-XW, unit may act as
the structure-directing agent and induce the formation of
TM clusters or large oligomers of TM clusters. In the combi-
nation procedure of trivacant o-XW, fragments with TM
clusters generated in situ, five key factors are concluded as
follows:

1) The molar ratio of lacunary POM precursors/TM ions
significantly influences the nuclearity number of TM
clusters generated in situ and the structural diversity of
products; that is, the formations of tetra- or hexa-TM
clusters are mainly controlled by the molar ratio of reac-
tants.

2) The nature of different lacunary POM precursors can
also tune the nuclearity number of TM clusters generat-
ed in situ; that is, the octa-Cu" clusters are only generat-
ed by a-SiW, or a-GeW,.

3) The nature of TM ions decides their activity to react la-
cunary POM precursors; that is, the tetrameric iron-con-
taining POT is only formed by the reaction of Fe" with
a-PW,.

4) The control of temperature can tune the formation of
different phases; that is, the preparation of 1, §, and 6
are typical examples.

5) The size and shape of organoamines do not only influ-
ence their activity and chelating capability, but also fur-
ther decide whether they can work as structure-stabiliz-
ing agents to enhance the stability of the resulting prod-
ucts.

In fact, these five key factors have been proved in our
continuous work. For example, apart from trivacant Keggin
POM precursors, monovacant Keggin/Dawson POM and
tri-’/hexavacant Dawson POM precursors have been intro-
duced to this reaction system and have led to several types
of novel and unique TMSPs. The work is in progress and
will be reported in due time.

Notably, although the A-a-XW, polyoxoanions were used
as starting materials, all the products contain the B-a-XW,
fragments, indicating that the isomerization of A-0-XW,—
B-a-XW, must have taken place during the course of the re-
actions. Such isomerization phenomena have previously
been observed under the conventional aqueous solution
conditions,”*Y and the driving force of isomerization may
be the thermodynamic factors."*! This isomerization of A-
o-XWy,—B-a-XW, may be closely related to the reaction
conditions and the stability of the resulting compounds. On
one hand, when the reaction is carried out under heating,
isomerization is favored,"***!l 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 at each
vacant site, while the B-a-XW, unit has seven exposed sur-
face oxygen atoms at each vacant site (Figure 1a,b); hence,
the B-a-XW, unit can work as a heptadentate ligand to co-
ordinate to the in situ-generated TM clusters and further en-
hance the stability of the resulting compounds. The follow-
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ing experimental facts also proved this viewpoint. For exam-
ple, in 1986, Knoth et al. demonstrated that A-a-PW, can be
transformed to B-a-PW, in solution in the presence of the
first-row TMs upon heating.) When they reacted A-a-PW,
with divalent first-row TMs in a ratio of about 1:2 at room
temperature, they obtained the dimeric polyanions [M;(A-
a-PW,03,),]"*” (M =Mn", Fe, Co", Ni", Cu", Zn"). Howev-
er, heating of these solutions above 60°C resulted in a trans-
formation to the well-known family of tetra-M-sandwiched
polyoxoanions [M,(H,0),(B-a-PW,03,),]"*~. In 1990, Do-
maille showed that the same isomerization could be accom-
plished in the solid state.l*) In 2002, Kortz also observed this
isomerization when A-a-PW, reacted with the Ni" ion to
make [Ni;Na(H,0),(B-0-PW,05,),]" .l

In the low-wavenumber regions (Figure S1 in the Support-
ing Information), IR spectra of 1-8 display the characteristic
vibration patterns of the trivacant Keggin-type precursors.
Four characteristic vibration bands, namely, ¥(W—0y), v(P/
Si—0,), v(W—0,), and »(W—0,), appear at 935-967, 1024—
1060, 842-875, and 714-798 cm™' for 1 and 3-7, and 939-
943, 875-883, 826-836, and 710-778 cm™' for 2 and 8, re-
spectively. In addition, the appearance of the resonance
band centered at 3253-3350 cm ™! attributed to the v(N—H)
vibration of amines confirms the presence of organic
ammine groups.

To explore the conductivity of compounds 1-8, the meas-
urements of diffuse reflectance spectra for powdered crystal
samples were performed to obtain their band gaps (E,). The
band gap was determined as the intersection point between
the energy axis and the line extrapolated from the linear
portion of the absorption edge in a plot of Kubelka—Munk
function against energy E (Figure S2, Table S1 in the Sup-
porting Information).**! Optical absorption spectra suggest
the presence of optical band gaps and semiconductive
nature, with large band gaps E,=2.88, 2.74, 2.14, 2.84, 2.95,
2.89,2.97 and 2.88 eV for 1-8, respectively. These band gaps
are related to the energy-level difference between the
oxygen ni-type HOMO and the tungsten m-type LUMO.!!
Similar behaviors have been observed in several reported

POM-based organic-inorganic hybrid solids, such as
[n-BU4N]2[MO6017(ENAr)2 (AI‘ = 0'CH3OC6H4) (Eg =
2.25eV)B [Co,(bpy)s(WeOyo),] (bpy=4, 4-bipyridine;

(E,=22¢V),B [Cd(bpe)(a-M0gO,,)][CA(BPE)(dmf),]-
2DMF (bpe =1,2-bis(4-pyridyl)ethane, dmf=N,N-dimethyl-
formamide) (E,=3.45¢eV),* [Agy(3atrz)s][PMo,,0,],xH,O
(E,=194¢V) and [Ag,(3atrz),,[HPMo",(Mo0",0y] (E,=
2.15 eV) (3atrz =3-amino-1,2,4-triazole).*! The comparison
of their band gaps reveal that they vary only slightly for
the those compounds with similar structural types (1 and
4-8), whereas the change in the band gap is large when
the structural type (2 and 3) is distinct. In our opinion,
these POM-based clusters in the hybrid solids appear to
be responsible for their optical band gaps. The variety of
the E, values suggests that the optical band gaps of
POM-based clusters can be tuned effectively through
the chemical modification by using suitable organic compo-
nents.
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Structural description: Compounds 1-8 were only obtained
by the hydrothermal reaction of trivacant Keggin A-a-XW,
precursors and TM salts in the presence of en or dap, and
not made by the conventional aqueous solution method at
atmosphere pressure. Systematic investigation on the syn-
thetic conditions proved that in the absence of en or dap
only well-known sandwich-type POMs?*? or amorphous
powders were obtained, indicating that en or dap played a
key role in the formation of 1-8. All above compounds can
be reproducibly synthesized in a good yield under hydro-
thermal conditions.

[Ni,(dap);PW,][Nis(dap);PW,] (1): Compound 1 is a unique
double-cluster complex (Figure2a) of phosphotungstate
containing both hexa- and hepta-Ni"-substituted trivacant
Keggin clusters of {Nig(dap);PW,} (Figure 1g) and {Ni;-
(dap);PW,} (Figure 1i). Both ({Ni¢(dap);PW,} and ({Ni;-
(dap);PW,} clusters consist of two SBUs, the well-known tri-
vacant B-0-PW, fragment!'” and a new {Nis(dap),}/{Ni,-
(dap);} unit. The {Nig(dap)s} unit (Figure 3) contains a hexa-
Ni" [Nig(us-OH);]’* core surrounded by the trivacant sites
of the B-a-PW, unit; the core is made up of six nearly co-
planar Ni" ions in a triangle motif linked together by three
w;-OH bridges (Ni—ps-Oop: 1.990(3)-2.049(2) A), and stabi-
lized by six p;-O bridges from six WO, octahedra (Ni—u;-O:
2.039(2)-2.159(3) A) and one p,-O bridge from the central
PO, tetrahedron (Ni—p,-O: 2.145(2)-2.171(2) A), subse-
quently the octahedral coordination sphere of each Ni" ion
is completed by dap or water ligands (Ni—N: 2.047(4)-
2.091(3) A and Ni—Oy: 2.049(2)-2.129(3) A). In the hexa-
Ni" [Nig(us-OH);]°* core, each of three interior Ni atoms
(Ni11-Ni13) is located at the trivacant sites of the B-a-PW,
unit and bond to one water molecule, while each of three
exterior Ni atoms (Ni8-Nil0) coordinates to one bidentate
dap and one water ligand, respectively, resulting in the for-
mation of the {Nig(dap);} cluster unit (Figure Ic and3b).
This {Nig(dap);} unit caps to the B-a-PW, unit through ex-
posed seven O atoms from six WOy octahedra and one PO,
tetrahedron, forming a novel hexanuclear Nigz-incorporated
large neutral cluster {Ni¢(dap);PW,} (Figure 1g). Three ps-
OH bridges and six terminal water molecules are localized
by bond valence sum (BVS) calculations.''* In addition, the
distribution motif of the six octahedral Ni" ions exhibits a
completely triangular arrangement: three exterior Ni (Ni,)
atoms are situated in three corners of the triangle with
Ni,,-Ni,, distances of 6.224(8)—6.238(8) A, another three in-
terior Ni (Ni;,) atoms are positioned on the midpoints of
three edges with Ni;,-Ni;/Ni.,Ni;, separations of 3.103(5)-
3.132(7) A. Alternatively, the distribution motif of the [Nis-
(us-OH);°* core is also considered as three edge-sharing
truncated cubanes, Ni;O;(OH) (Figure 2b). The hepta-Ni'-
substituted {Ni,(dap);PW,} cluster (Figure 3a) can be viewed
to be formed by two O atoms of the Ni70,(H,0), tetrahe-
dron replacing the terminal water ligands on Ni8 and Nil2
ions in {Nis(dap);PW,} cluster accompanying the reversal of
the coordination orientation of the dap ligands on Ni8 and
Nil0 ions (Figure 3a,b). Interestingly, the two negative
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Figure 2. a) Polyhedral/ball-and-stick representation of 1. b) The distribu-
tion motif of the [Nig(u;-OH);]’* core as three edge-sharing truncated cu-
banes, Ni;O3(OH). c) Side view of molecular unit built from two B-a-
SiW, fragments and the Cug cluster core in 2. All hydrogen atoms and
crystal water molecules were omitted for clarity. For 1, W—O,: 1.675(12)—
1.735(12) A, W—Oy:  1.839(13)-2.015(11) A, W-0,:  2.400(10)-
2.504(11) A, W—Oy;: 1.787(11)-1.823(11) A, P—O: 1.529(10)-1.567(11) A,
Ni—0: 1.903(15)-2.261(11) A for octahedral geometry, Ni—O: 1.870(9)-
1.939(10) A for tetrahedral geometry, Ni—N: 2.009(17)-2.19(3) A. For 2,
W-0;: 1.699(8)-1.727(8) A; W-Oy: 1877(7)-1.975(7) A; W-O,:
2.309(7)-2.430(6) A; W—Og,: 1.716(7)-1.877(7) A; Si—O: 1.638(7)—
1.643(7) A; Cu—0: 1.956(6)-2.38(5) A and Cu—N: 1.88(3)-1.89(2) for oc-
tahedral geometry; Cu—O: 1.971(7)-2.404(7) A and Cu—N: 1.962(9)-
2.001(10) A for square pyramidal geometry.

charges of the {Ni;(dap);PW,} cluster are balanced by a [Ni-
(dap),(H,0),]** ion. Moreover, these water and diamine li-
gands provide good electron donors for the derivation of
the supramolecular interactions through hydrogen bonds
(Table S2 in the Supporting Information). Although the tri-/
tetra-Ni-substituted ~ trivacant ~Keggin POTs, [Ni,-
(H,0);PW,,05(H,0)]" P and [H,PW,Ni,O3(OH)-
(H,0)¢]* ™ have been reported, the hepta-Ni'-substituted
trivacant Keggin POT 1 is, to the best of our knowledge, re-
ported here for the first time.
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Figure 3. Ball-and-stick illustrations of a) Ni;, b) Nis cores in 1, c) Nig
core in 5, d) Ni4 core in 6, ) Ni4 core in 7, f) Ni4 core in 8, g) Cu, core in
4 and h) Cug core in 2 with selected numbering scheme and yellow
oxygen atoms from B-a-XW, fragments. The atoms with “A”, “B”, “C”,
“D”, “E”, or “F” in their labels were symmetrically generated (A: 1—x,
2—y,1-z; B: 3=y, 24+x—y,z; C: 1—x+y,3—x, z; D: 3—x,3-y,0.5+z; E:
v, 2=x+y, 0.5+z; F: 1+x—y, x, 0.5+ z). All hydrogen atoms were omit-
ted for clarity.

[Cug(dap)4(SiW,),] (2): In contrast to compound 1, com-
pound 2 consists of two B-a-SiW, fragments and a {Cus-
(dap),} unit (Figures 1j, and 2c), with two pendant [Cu(dap)-
(H,0);]** cations; to the best of our knowledge this not
only represents a novel octa-TM cluster {Cug}, but also has
the greatest number of 3d TM cations sandwiched in the tri-
vacant Keggin or Dawson POM dimers of those reported to
date. In the structure of 2, two trivacant Keggin B-a-SiW,
fragments are staggered with respect to each other and are
linked by a {Cug(dap),} cluster (Figure 2c) through eight ps-
O and four p-O atoms from the lacunae of the B-a-SiW,
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fragments as well as two central p,-O atoms from two SiO,
tetrahedra. The distribution motif of the eight Cu" ions in
the form of 3:2:3 leads to three types of the coordination
environments of Cu" ions (Figure 3h): the first type (Cul,
CulA, Cu3, Cu3A) resides in a five-coordinate square pyra-
mid, in which the basal plane is defined by two nitrogen
atoms from a bidentate dap ligand (Cu—N: 1.962(9)-
2.001(10) A) and two us-O atoms from the lacunae of two
B-a-SiW, fragments (Cu—ps-O: 1.971(7)-2.003(7) A), and
one W,-O atom from the lacunae of a B-a-SiW, fragment oc-
cupies the apical position (Cu—O: 2.358(7)-2.404(7) A); the
second type (Cu2, Cu2A) is a six-coordinate octahedral ge-
ometry with two p;-O and two p,-O atoms from the lacunae
of two B-a-SiW, fragments building the equatorial plane
(Cu—ps-O: 1.956(6)-1.978 (7) A and Cu—p,-O: 1.978(7)-
1.988(7) A], and one p,-O atom from a SiO, tetrahedron
and one water O atom standing on the axial positions (Cu—
w-0: 2.376(7) A and Cu—Oy: 2.317(9) A]; the third type
(Cu4d and Cu4 A) also adopts an octahedral geometry with
two Ls-O and two u,-O atoms from the lacunae of two B-a-
SiW, fragments building the equatorial plane (Cu—p,;-O:
1.951(7)-1.981 (7) A and Cu—p,-O: 1.982(6) A), and two p,-
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O atoms from the lacunae of two B-a-SiW, fragments in the
axial positions (Cu—p,-O: 2.361(7)-2.3614(7) A). Additional-
ly, adjacent Cu--Cu separations range from 2.980(1)-
3.186(1) A. Note that the occurrence of 2 not only enriches
the dimeric POM chemistry, but also provides a novel syn-
thetic method for incorporating much more 3d TM cations
between two trivacant Keggin or Dawson POM fragments.

[Fe;35(PW,y),] (3): The large {Fe55(PW,),} cluster in 3 about
18.2x20.0 A in size (Figures 1k and 4a,b), is a new member
of poly(POM) family.?*'3' Its main skeleton is a tetrameric
poly(POM) with an approaching T, symmetry, which con-
tain four tri-Fe'™ substituted [Fe"™(u;-OH);(B-0-PW,05,)]*~
({Fe;PW,}) Keggin units linked by a central Fe,0, cubane
core and four p,-PO, bridges (Figure 4c). Each u,-PO, unit
links four vertex-sharing Fe,(O,0OH), cubanes (one central
Fe™,O, and three Fe™,Fe"O(OH);, Figure 4d). Note that
four O vertices of the Fe',O, core come from four p,-PO,
bridges. Each {Fe;PW,} unit links not only to one Fe' vertex
of the central Fe",0, core through three p;-OH bridges
from the {Fe;PW,} unit, but also to three O vertices of the
Fe™,0, core through three P atoms, respectively (Figure 4e).

Figure 4. a) and b) Polyhedral/ball-and-stick representations of the tetrameric Keggin poly(POM) 3. The water and protonated en molecules were omit-
ted for clarity. ¢) Combination of the central Fe"";O, core and four PO, bridging groups. The atoms with “A” in their labels were symmetrically generated
(A: x, -y, z).d) Coordination environment of one PO, group linking one central Fe,O, and three Fe"';Fe"O(OH); cubanes. €) The connection motif of
the {FesPW,} unit, the central Fe,0, core and three PO, groups. f) Four {Fe,} trimers of {Fe;PW,} units linking the central Fe,"O, cubane to form a
{Fe,s) cluster containing one interior Fe,"O, and four exterior Fe''';Fe""O(OH); cores. g) The polyhedral stacking of 3 along the a axis shows two types
of elliptical channels with the sizes of 10.8x19.8 A and 6.3x9.5 A, respectively. h) Polyhedral/ball-and-stick view of the linking model of Fe'";Fe"O(OH),
cubanes (purple), Fe',0, cubane (green), PW, (cyan) and PO, groups (yellow) in 3.
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Thus, four {Fe;} trimers of {Fe;PW,} units combine with the
central Fe",O, cubane to form a {Fe,;s} cluster containing
five Fe,(O,0H), cubanes sharing Fe" vertices with each
other (one interior Fe",O, and four exterior
Fe";Fe"O(OH), cores, Figure 4f). If each B-a-PW, unit acts
as a node, four B-a-PW, units are situated in the four verti-
ces of a tetrahedron (Figure 4h). The interior Fe',O, cubane
resides in the center of this tetrahedron, while four exterior
Fe",Fe"O(OH); cubanes are located just inside the four
pyramidal angles. Intriguingly, four p,-PO, groups are locat-
ed exactly at the center of four faces of the tetrahedron. It
differs markedly from the tetrameric [Nb,O¢(a-Nb;Si
W,0,0),] tetramer™ in which each [0-Nb;SiW,0,0]"~
Keggin unit joins to three Nb atoms located on one face of
the [Nb,O¢]*" tetrahedral core through three Nb-O-Nb
bonds. Thus, the connection modes between the Fe",O, core
and four tri-Fe"-substituted {Fe;PW,} units in 3 are unique
in the poly(POM) family.?**"*¥l The M,O; core has been re-
ported in several complexes,*?] while the M,O, cubane has
only been observed in a [(Cp*Nb),O,] complex containing
Nb' centers reduced from the Nb" centers.”*! Unlike the
Nb" centers in [(Cp*Nb),0,]® and the NbY centers in
[Nb,O4(0-Nb;SiWo0,0), ], the {Fe,;5(PW,),} cluster con-
tains mixed Fe" and Fe™ centers: Fe centers in the Fe,O,
core and Fe' centers, formed from the oxidation of Fe! cen-
ters, in the trivacant sites of [Fe;(u;-OH)3(B- a-PW,05,)]*~
units. Alternatively, the {Fe;5(PW,),} tetramer may also
viewed as four [B-a-PW,0,]°" units anchored by a
[Fe", sFe™ ,(us-OH) 1»(1s-PO,),]°* core, such a large Fe-P-O
polymeric cation containing five vertex-sharing cubanes and
four PO, groups is first observed in a isolated molecule.
Owing to the approaching 7, symmetry for the tetramer,
there are three sets of tetrahedral topologies in the {Fess-
(PW,),} cluster, corresponding to four B-a-PW, fragments,
four Fe";Fe"O(OH); cubanes, and four PO, groups (Fig-
ure 4h). The Fe™,0, cubane resides in the center of three
tetrahedra. In addition, the {Fe;s(PW,),} cluster are stacked
along the a axis, forming two types of channels with the di-
mensions of 10.8x19.8 and 6.3x9.5 A, in which the solvent
water molecules are filled (Figure 4¢g).

In the [Fe",sFe™,(u;-OH) »(us-PO,), ] unit, the BVS
calculations show that the oxidation states of all octahedral
Fe centers can be classified into two types: the Fel-Fe7
atoms on the lacunae of four B-a-PW, units and the Fe8-
FelO atoms in the central Fe,O, cubane are +3 (Fe™-O:
1.86(2)-2.38(2) A) and +2 (Fe"-O: 2.02(2)-2.22(2) A), re-
spectively;"®! this assignment was also confirmed by X-ray
photoelectron spectroscopy (Figure S3 in the Supporting In-
formation). In 3, the Fe2p,, and Fe2p;, binding energy
values of 725.9 and 713.9 eV indicate the presence of the
Fe™ centers, while the Fe2p,, and Fe2p;, binding energy
values of 723.1 and 709.8 eV reveal the presence of the Fe"
centers. These values are in good agreement with the values
found in the literature.”!! The P4-P6 atoms are disordered
and split into two positions, while the Fe8-Fel0 atoms only
occupy 0.25 of the sites based on the rationality of their
atomic thermal displacement parameters, which is in agree-
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ment with the results of inductively coupled plasma (ICP)
and energy-dispersive X-ray analysis (EDXA). Furthermore,
compound 3 is highly hydrated, so that when it is exposed to
the X-ray beam for the collection of intensity data, the
water molecules of crystallization are easily lost from the
structure. Therefore, some water molecules of crystallization
cannot be directly determined by X-ray diffraction. A com-
bination of elemental analysis and thermogravimetric analy-
sis (Figure S4) confirms the number of water molecules of
crystallization in 3, which is not uncommon in giant poly-
(POM) species.[']

So far, although several poly(POM) species have been re-
ported, such as trimer [Niy(OH);(H,0),(HPO,),(PWo-
034)]'*" ) tetramers [{(SiW4034)(SiWs035(OH))(Cu(OH));-
Cul,X]?~ (X=Cl, Br),™ [Nb,O4(a-NbsSiW,0,), >~
[PM2W10038]4(W3014)]307 (M=Eu, Y)>[151 [{Ti;P,W50s575-
(OH) L1 [{B-TisSiWgOsla* 17 [CuyyCI(OH) -
(Hy0)12(PsW5015) 177 [HsgPgW isFesOnys]™ ¥ [HysPy-
W49Fez70248]267’[lga] and [KFe,(OH)5(-1,2,3-P, W5
Os)? %1 as well as two dodecamers [{Sn(CH,),-
(H,0)54{Sn(CH;),} 1o(A-XW503) 1}~ (X=P, As),'”™ and
[As;,Ce16(H,0)36W 145054~ these  poly(POM) species
were mostly obtained by the conventional aqueous solution
method. Here 3 is an unique poly(POM) species in POM
chemistry, as it is formed under hydrothermal conditions. To
date, some novel poly(POM) species, from isolated, finitely
polymeric and one-dimensional chains!®! to three-dimen-
sional frameworks (see below, compound 4), have been
made in our laboratory under hydrothermal conditions.

[Cug(en);PW,] (4): Compound 4 is a novel three-dimension-
al framework constructed from trivacant Keggin POM frag-
ments and hexa-Cu" clusters (Figures 1h and 5, and Fig-
ure S8 in the Supporting Information). Such an example has
not been made by conventional aqueous solution methods.
The large neutral cluster unit {Cug(en);PW,} in 4 is different
from the {Nig(en);PW,} unit in 5 (Figure 3c—f and Fig-
ures S5-S7 in the Supporting Information for 5-8), although
the backbones of the hexanuclear {M¢(en);} clusters are sim-
ilar in 4 and 5. In 5, each of three exterior Ni atoms in the
{Nis(en);} unit binds to one water ligand (Figure 3¢ and Fig-
ure S5 in the Supporting Information), while three terminal
water ligands of three exterior Cu atoms in {Cuy(en);} unit
of 4 are substituted by three terminal O atoms from three
adjacent B-a-PW, units (Figure 3g and Figure S8 in the Sup-
porting Information). Furthermore, each B-a-PW, unit also
joins three {Cug(en);} clusters (Figure 5a). Thus, each large
{Cug(en);PW,} SBU as a complete cluster unit connects six
such SBUs through six Cu-O-W linkages (Figure 5b) to
form an unprecedented three-dimensional framework with
hexagonal channels of dimensions of 5.6x5.6 A (Figure 5c).
Interestingly, each hexagonal channel is enclosed by three
interweaved helices (Figure 5d—f). The helical chains along
the 6; screw axis are constructed from the {Cug(en);PWo}
SBUs through the Cu-O-W linkages. All the hexagonal heli-
cal channels are connected through the square-like windows
surrounded by four {Cug(en);PW,} SBUs (Figure 5e,f). Such
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Figure 5. a) The staggered arrangement of the [Cug(en);PW,] units in the
-ABAB- mode along the c¢ axis. The lattice water molecules, and the
carbon and hydrogen atoms were omitted for clarity, similarly herein-
after. b) The coordination environment of each [Cug(en); PW,] SBU con-
necting six the same SBUs through six Cu-O-W linkages. ¢) The hexago-
nal channels in 4 viewed along the c axis. d) The left-/right-handed heli-
ces enclosing a hexagonal channel. Triple helical chains are marked with
red, purple and yellow. ¢) The tubular channel constructed from triple-
helical chains (red, yellow, and purple) made from the [Cug(en);PW,]
SBUs through the Cu-O-W bridges along the 6; screw axis, generating
the hexagonal channel and square-like windows in 4. f) The topological
view of the tubular channel made of interweaving two sets of triple-heli-
cal chains: one contains yellow, purple, and red lines, the other consists
of white, blue, and cyan lines, respectively. g) Archimedean-type six-con-
nected three-dimensional topological net along the ¢ axis. The yellow
balls are six-connected nodes on behalf of [Cuy(en);PW,] units.

helical channels built by interweaved helical chains are very
rare in POM chemistry.”? In the structure of 4, the
{Cu¢(en);PW,} SBUs are staggered in the -ABAB- mode
along the c¢ axis (Figure 5a). From the topological point of
view, the three-dimensional framework of 4 is a six-connect-
ed network, belonging to the “Archimedean-type” three-di-
mensional net,® in which each {Cug(en);PW,} SBU acts as
a six-connected node (Figure 5g). A topological analysis of
this net was performed with OLEX.?! The long topological
(O’Keeffe) vertex symbol is 4ededyoded,ededsldsd106,46,26,426,46,:6,4
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for the {Cuq(en);PWo} node, which gives the short vertex
(Schifli) symbol 4°6°. The novel poly(POM) species with the
extended structures obtained under hydrothermal conditions
indicates that the flexible coordination modes of M clusters
and B-a-PW, fragments play a key role in the formation of
one-dimensional chain made by {Nig(dien);PW,} SBUs!*!
(dien=diethylenetriamine) and three-dimensional frame-
work built by {Cuy(en);PWo} SBUs. In the one-dimensional
chain structure, each {Nig(dien);PW,} SBU acts as a two-
connected node; while in the three-dimensional frame-
work of 4, each {Cug(en);PW,} SBU functions as a six-con-
nected node.

Structures of 5-8: Compounds 5-8 consist of B-a-XW, frag-
ments and Nig-containing units (Figures 1g and 3c—f, and
Figures S5-S7 in the Supporting Information). Because the
Nig-containing units in 5-8 are very analogous to the Nig-
containing unit in 1, we will not discuss them again in great
detail. However, it is worth noting that the coordination en-
vironment of {Nig(en);} cluster in 5 (Figure 3c) is somewhat
different from that of the {Nis(dap),}, {Nig(en),}, and {Ni,-
(dap),} clusters in 1, 6, and 7, respectively. For compound 5,
three en ligands coordinate to three exterior Ni atoms
(Figure 3c). In contrast to 5, three dap ligands coordinate to
three exterior Ni atoms in 1 (Figure 3b); two water mole-
cules in 6 replace one en ligand of the Nil atom (Figure 3d),
whereas in 7, two water molecules coordinate to Nil atom
and two dap ligands coordinate to Ni2 and Ni3 atoms (Fig-
ure 3e). In the case of 8, the {Ni¢(en),} cluster is almost iso-
structural to that of 5 except the coordination orientation of
en ligands (Figure 3f); unlike 5-7, the trivacant Keggin frag-
ment in 8 is B-a-SiW,, thus the [Niys(en)]* cation is need
for the charge balance in 8 (Figure S7 in the Supporting In-
formation). By a close inspection, the coordination water
molecules and amine ligands in Nig-containing units have
different orientations in 1 and 5-8.

Magnetic properties: The magnetic susceptibilities of 1-5
were measured at 2-300 K. The plot of y\7 versus 7 of 1
under a constant magnetic field of 10 kOe is shown in
Figure 6. The value of yy7T at 300K is 16.93 emumol 'K,
consistent with the spin-only value expected for fourteen
non-correlated S=1 Ni" ions with g=2.2. Upon cooling,
ymT increases to a maximum of 37.59 emumol 'K at 13 K.
This magnetic behavior typifies the ferromagnetic coupling
interactions between adjacent Ni" centers, which is con-
firmed by the positive Weiss constant §=14.17 K (Figure S9
in the Supporting Information). A sudden decrease of yyT
value below 13 K suggests the presence of the significant
zero-field- splitting (ZFS) effects in the ground state and/or
antiferromagnetic intercluster interactions.’™ Within the two
{Nis(dap);} and {Ni,;(dap);} clusters in 1, the exchange cou-
plings between adjacent Ni' ions are mainly transmitted
through the w,-O, w;-O, and p;-OH and p-O bridges. Except
the Ni7-O-Nil and Ni7-O-Ni5 angles, the Ni-O-Ni bond
angles are in the range of 91.7-105.2° at which the Ni--Ni
ferromagnetic exchange interactions are dominant (90+
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Figure 6. The temperature dependence of the molar magnetic susceptibil-
ity yu (m) and the product of the molar magnetic susceptibility and tem-
perature y\7 () for 1 between 2 and 300 K.

14°).2°l Thus dominant ferromagnetic exchange interactions
are not unexpected in this system.

The magnetic behavior of 2 is similar to that of 1 (Fig-
ure S10 in the Supporting Information). The y\ T product of
5.10 emumol 'K at 300K is higher than the sum of the
spin-only contribution (3.75 emumol ' K) for ten Cu" atoms
considering g=2 per formula unit. Upon cooling, the y\T
product gradually increases to a maximum of
9.10 emumol™'K at 7K, and then sharply decreases to
6.51 emumol 'K at 2 K. The magnetic susceptibility can be
fitted to a Curie-Weiss with C=4.97 emumol 'K and 6=
5.58 K, in agreement with the presence of the dominant fer-
romagnetic exchange interactions among the Cu" centers. A
classical correlation between the experimental exchange
constant and the Cu-O-Cu bond angle ¢ reveals that the
complexes are generally antiferromagnetic for ¢>98°, but
ferromagnetic for smaller angles.””! Except for two pendant
[Cu(dap)(H,O);]** ions, the Cu--Cu exchange interactions
in 2 are mainly mediated through double p-oxo bridges with
the Cu-O-Cu bond ranging from 83.1 to 107.6°. Although
there are some competitive antiferromagnetic and ferromag-
netic interactions, the dominant ferromagnetic behavior is
expectable since the most Cu-O-Cu angles are less than 98°
within the Cug core.

For compound 3, the value of y) slowly increases from
0.11 emumol™! at 300 K to 0.32 emumol ™ at 22 K, then ex-
ponentially to the maximum of 1.19emumol™ at 2K
(Figure 7). The product of yyT decreases smoothly from
33.33 emumol 'K at 300 K to 2.38 emumol 'K at 2 K. The
amT value of 33.33 emumol 'K at 300 K is much lower than
the expected value (57.0 emumol 'K) for a cluster of 12
noninteracting Fe™ (§=5/2) and 1.5 Fe' (§=2) ions with
g=2.00, indicating significant antiferromagnetic exchange
interactions within the Fe;5 cores. In addition, the plot of
ym | versus T in the range of 300-70 K is well described by
the Curie-Weiss law with Curie constant C=58.81 emu
mol~' K and Weiss constant § = —239.95 K (Figure S11 in the
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Figure 7. The temperature dependence of the molar magnetic susceptibil-
ity xy (0) and the product of the molar magnetic susceptibility and tem-
perature yyT (o) for 3 between 2 and 300 K.

Supporting Information), which further confirms the occur-
rence of strong antiferromagnetic exchange interactions be-
tween the Fe™ and Fe" centers. Such a strong antiferromag-
netic coupling has been observed in some iron-oxo clus-
ters.”?!

The plots of y,r versus 7 and the best fit for 4 are dis-
played in Figure 8 in the range of 2-300 K, respectively. The
value of x,,T at 300 K is 2.33 emumol 'K, which is close to
the spin only value of 2.25 emumol 'K expected for six un-
coupled S=1/2 Cu" centers considering g=2. When the
system is cooled from 300 K to approximately 55 K, the y\ 7T
product is approximately constant with a slight decrease.
Additionally, below 55K, yyT product decreases abruptly
with further lowering temperature reaching the minimum of
0.512 emumol 'K at 2 K. Moreover, the magnetic suscepti-
bility data between 2 and 300 K are well described by the
Curie-Weiss expression with Curie constant C=
242 emumol 'K and Weiss constant 6=-3.52K (Fig-

" L L i " J

o
=

50 100 150 200 250 300
TiK

Figure 8. The plot of y,r versus 7 for for 4. The solid line represents the
best fit to experimental data. The inset illustrates the magnetic exchange
pathways between adjacent metal ions.
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ure S12 in the Supporting Information). This behavior is in-
dicative of the presence of dominant antiferromagnetic in-
teractions among the Cu" centers. The appropriate Hamilto-
nian for Cug system can be written as Equation (1) with S; =
S, =8;=9,=85=85,=1/2 regardless of the second- and third-
neighbor interactions between Cu" ions with significantly
long distances (more than 5.4 A).

H = =27, (8,84+8,85+8,85+8,86 +535,+5355)

1
—27,(8,S5+5,S6+S5S6) @

The best-fitting parameters obtained with the MAGPACK
package®®! are J;=—-3.31 cm™!, J,=—0.67 cm™', g=2.10, and
the agreement factor R=3.39x107*, which proves the anti-
ferromagnetic coupling interactions among the Cu" ions.
For 4, the exchange pathway between each pair Cu" ions
are transmitted through one p-oxo and one u-O(H) bridge,
with the Cu-O-Cu bond angles of about 90° (89.8-94.5°) and
100° (100.7-104.7°). In this competitive environment, the an-
tiferromagnetic interactions tend to dominate in many O-
bridged Cu" complexes.?”®!

Since 5-8 contain the similar Nig core, only 5 was selected
as a model for magnetic characterization. For 5, the plots of
xm T versus T and the best fit are shown in Figure 9 under a
constant magnetic field of 5 kOe. The value of y\ 7T at 300 K
is 8.25 emumol 'K, typical values for six noncorrelated Ni'
ion with g>2.00.*" Upon cooling, yT increases to a maxi-
mum of 21.63 emumol 'K at 11 K. This magnetic behavior
typifies the ferromagnetic coupling interactions between ad-
jacent Ni' centers. A sudden decrease of yy7T value below
11 K suggests the presence of the significant ZFS effects in
the ground state. Note that the observation that y7T is less
field-dependent for applied fields below 5kOe precludes
the presence of significant intermolecular interactions.*!]
The best fit of the Curie—~Weiss law on the correlation be-
tween the inverse magnetic susceptibility y,, ' and tempera-

z,T/emuKmol”

(= - -]

150 200 250 300
T/K
Figure 9. The plot of y,,r versus T for 5. The solid line represents the best

fit to experimental data. The inset illustrates the magnetic exchange path-
ways between adjacent metal ions.
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ture 7 in the range of 30-300 K yields the Curie constant
C=7.59 emuKmol™' and Weiss constant §=22.07 K (Fig-
ure S13 in the Supporting Information), indicating the ferro-
magnetic exchange interactions. As the temperature de-
creases from 50 to 2 K, the Curie-Weiss law is not followed,
possibly resulting from the presence of ZFS effect. A theo-
retical analysis of the magnetic behavior of § was performed
by using the isotropic Heisenberg exchange Hamiltonian
taking into account the ZFS effects, but not the second- and
third-neighbor interactions, which are negligible, between
Ni" ions with significantly long distances (more than 5.4 A),
as in this way analytical expressions for the eigenvalues and
susceptibilities are easily derived from the vector coupling
method of Kambé.®? The appropriate Hamiltonian for the
Nig system with the isotropic model can be written as Equa-
tion (2) with §;=5,=8;=5,=5;=5,=1.

H = *2]1 (S]S4+S1SS+5255+S256+S3S4+S3SG)

—2J5(S4S5+S8:85+5585)+ Y DSz @)

In Equation (2), J; is the exchange constant between Ni"
ions situated in the corners of equilateral triangle and Ni'
ions sitting on the edge midpoint of equilateral triangle, J, is
the exchange constant between Ni' ions sitting on the edge
midpoint of equilateral triangle, and D represents the ZFS
parameter. Calculations were performed with the MAG-
PACK package.” An excellent agreement with the experi-
mental data was obtained with the following set of parame-
ters: J;=0.63cm™’, J,=1.10cm™, g=2.14, D=1.00cm™’,
and the agreement factor R=2.50x 10~*, which confirms the
ferromagnetic coupling interactions among the Ni' centers.

Thermogravimatric analysis: The thermogravimatric behav-
ior of compounds 1-8 was investigated (Figure S4 in the
Supporting Information). The TG curve of 1 shows two
steps of weight loss in the range of 30-800°C. The first
weight loss is 4.41 % from 30-301°C, assigned to the release
of 4.5 lattice water and ten coordinated water molecules
(calcd 4.06 %), followed by the loss of 12.17 % correspond-
ing to the removal of eight dap ligands and the dehydration
of six hydroxyl groups (calcd 11.32 %) from 301-800°C. The
weight loss process of 2 is divided into two steps in the
range of 30-800°C. The weight loss of 3.95% during the
first step from 30-243°C corresponds to the release of six
lattice water and six coordinated water molecules (calcd
3.72%). On further heating, the second weight loss of
8.30% between 243-800°C is approximately attributed to
the removal of two coordinated water molecules and six dap
ligands (calcd 9.16%). Because of amphibolous limits be-
tween adjacent steps of weight loss, the TG curve of 3 can
be viewed as one slow-step process with the total weight
loss of 22.98 % from 30-800 °C, corresponding to the remov-
al of 130 lattice water molecules and three protonated en
molecules and the dehydration of 12 hydroxyl groups and 15
protons (calcd 22.06%). The TG curve of 4 indicates two
weight-loss steps. The first weight loss of 4.14% (calcd
417%) between 30-103°C corresponds to the release of
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seven lattice water molecules. After 103°C, a gradual weight
loss of 8.20% (calcd 8.65 %) until 800°C is observed and as-
signed to the removal of three coordinated water molecules,
three en molecules, and the dehydration of three hydroxyl
groups. Because their structural similarities, the weigh loss
behaviors of 5-8 are very similar and show three weight-loss
steps with amphibolous limits, therefore, it can be regarded
as one gradual weight loss. For §, the total weight loss of
12.64 % from 30-800°C corresponds to the removal of seven
lattice water molecules, six coordinated water molecules,
three en ligands, and the dehydration of three hydroxyl
groups per formula unit (caled 12.94%). For 6, the total
weight loss of 13.30% in the range of 30-800°C is in good
agreement with the theoretical value of 13.81 %, attributable
to loss of seven lattice water molecules, eight coordinated
water molecules, two en ligands, and the dehydration of
three hydroxyl groups per formula unit. For 7, the gradual
weight loss is 15.66 % between 30 and 800°C, approximately
assigned to the release of seven lattice water molecules,
eight coordinated water molecules, two dap ligands, and the
dehydration of three hydroxyl groups per formula unit
(calcd 14.60 %), respectively. For 8, it starts to lose weight in
a broad temperature range, and by 800°C it loses about
15.08 % of its weight, approximately agreeing with the calcu-
lated 14.29 % for the removal of 3.5 lattice water molecules,
six coordinated water molecules, four en ligands, and the de-
hydration of three hydroxyl groups per formula unit. These
observations indicate the experimental values are in approx-
imately consistence with the theoretical values.

Conclusion

A series of novel TMSPs, from single cluster to poly(POM)
species, one-dimensional chain and three-dimensional
frameworks based on trivacant Keggin a-XW, precursors
and in situ-generated TM clusters, have been successfully
made under hydrothermal conditions. The strategy is based
on the consideration that the lacunary sites of a-XW, frag-
ments may act as the structure-directing agents and induce
the formation of TM clusters or large oligomers of TM clus-
ters. They have been structurally characterized by elemental
analyses, IR spectra, diffuse reflectance spectra, thermogra-
vimatric analysis, and single-crystal X-ray crystallography.
Compound 1 not only is an unique example of the hepta-
nuclear TMC-substituted polyoxotungstate based on single
trivacant Keggin fragment, but it also incorporates the high-
est number of 3d TM cations in any other reported trivacant
Keggin or Dawson polyoxotungstate monomers to date.
Compound 2 represents an unprecedented octa-TM cluster
encapsulated dimeric POM, while 3 is a Fe,O,-cubane-con-
taining tetramer of trivacant Keggin POM. Notably, com-
pound 4 represents an unprecedented three-dimensional
framework with hexagonal channels enclosed by three inter-
weaved helical chains in the TMSP chemistry. The common
feature of 5-8 is that they are composed of a B-a-isomeric
trivacant Keggin fragment capped by a hexa-Ni" cluster.
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The reflectance spectrum measurements reveal that these
compounds may be potential semiconductor materials. The
magnetic properties of 1-§ were investigated and the mag-
netic behaviors of 4 and 5§ were theoretically simulated by
the MAGPACK magnetic program package.

The key points of the synthetic procedures on TMSPs
under hydrothermal conditions have been well estab-
lished. [

1) The molar ratio of lacunary POM precursors/TM ions
significantly influences the nuclearity number of TM
clusters generated in situ and the structural diversity of
TMSP products.

2) The nature of different lacunary POM precursors can
also tune the nuclearity number of TM clusters generat-
ed in situ.

3) The nature of TM ions determines their activity to react
lacunary POM precursors.

4) The control of temperature can tune the formation of
different TMSP phases.

5) The size and shape of organoamines can influence their
activity and chelating capability as well as determine
whether they can work as structure-stabilizing agents to
enhance the stability of TMSP products.

These key factors not only provide us with a useful and
important guide to the synthesis of TMSPs, but they also in-
dicate that hydrothermal techniques can offer an effective
way for making both lacunary POMs and poly(POM) spe-
cies that incorporate high-nuclear TM clusters. In addition,
the trivacant sites of the a-XW, fragment can act as the
structure-directing agents that firstly capture a trimeric
metal cluster to complete the Keggin-type POM cluster and
then further aggregate to form high-nuclear TMSPs. Further
work is in progress to prepare other new TMSPs built from
larger metal cluster aggregates and other types of lacunary
precursors (divacant and multivacant POM fragments) or
mixed multilacunary precursors under hydrothermal condi-
tions.* In addition to trivacant Keggin POM precursors, we
are also investigating such reaction systems with monova-
cant Keggin/Dawson POM and tri-’hexavacant Dawson
POM precursors; this work is in progress and will be report-
ed in due time. The successful preparation of the above new
TMSPs indicate that the combination chemistry between la-
cunary POM precursors and the transition metal clusters
generated in situ can be realized under rational hydrother-
mal conditions. In a word, it is reasonable to believe that
the present work will be important in expanding the study
of POM-based materials.

Experimental Section

Chemicals, reagents, and analyses: All chemicals were used as purchased
without purification. The lacunary precursors Nag[A-a-PW;0,,]-7 H,OM!
and Kio[A-0-SiW,0,,]25H,0* were synthesized as previously de-
scribed. Elemental analyses (C, H, and N) were performed on a
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PE 2400 II elemental analyzer. Inductively coupled plasma (ICP) analysis
was performed on a Jobin Yvon ultima2 spectrometer. Energy-dispersive
X-ray analysis (EDXA) was taken by using a JEOL-JSM-6700F field-
emission scanning electron microscope. X-ray photoelectron spectroscopy
(XPS) was recorded on an Axis Ultra X-ray photoelectron spectrometer
and the XPS analysis was corrected with reference to Cls (284.6 eV).
The IR spectra were obtained on an ABB Bomen MB 102 spectrometer

in the range of 4000-400 cm™" with pressed KBr pellets. Thermogravimet-

Table 1. Crystallographic data and structure refinements for 1-8.

FULL PAPER

ric analyses (TGA) were performed on a Mettler TGA/SDTAS851 ther-
mal analyzer under an air-flow atmosphere with a heating rate of
10°Cmin~" in the temperature region of 30-1000°C. Variable-tempera-
ture magnetic susceptibility measurements were carried out in the tem-
perature range of 2-300 K with a Quantum Design MPMS-5 magnetome-
ter. Experimental susceptibilities were corrected for diamagnetism of the
constituent atoms by use of Pascal’s constants.

1 2 3 4
formula CouNigH 23 Ogy sPoNi s Wig CisHgsN 1,05, CuyoSi Wi CeNgHj317029,Fe 3 sPsWsg CeNeH70.,7PCugWy
M, 6341.56 5785.88 12799.38 3022.33
crystal system triclinic monoclinic monoclinic hexagonal
space group Pl P2/c C2/m P64
a[A] 17.5015(6) 13.2517(6) 36.786(12) 13.3026(16)
b [A] 17.9867(5) 16.1610(7) 25.742(12) 13.3026(16)
c[A] 19.8580(5) 23.6199(11) 21.592(9) 16.752(3)
a [°] 82.651(6) 90 90 90
£ 1°] 82.124(6) 98.892(2) 95.350(13) 90
v [°] 80.313(5) 90 90 120
VA 6068.6(3) 4997.7(4) 20357(14) 2567.3(6)
crystal size [mm’] 0.11x0.10x0.08 0.20x0.12x0.05 0.15x0.15%0.10 0.22x0.20x0.16
index range —20<h<20 —13<h<15 —37<h<43 —15<h<17
—19<k<21 —19<k<19 —-30<k<30 —17<k<15
—22<1<23 —28<1<25 —25<1<25 -21<1<21
measured reflns 38286 30591 63921 19742
unique reflns 21042 8634 18173 3826
Rin 0.0386 0.0369 0.0782 0.0406
zZ 2 2 4 2
1 [A] 0.71073 0.71073 0.71073 0.71073
u [mm™] 19.225 22.826 21.346 22.642
GOF on F? 1.093 1.081 1.097 0.934
R [I>20(1)] 0.0578 0.0356 0.0755 0.0185
wR [1>20(1)] 0.1303 0.0838 0.1860 0.0364
R (all data) 0.0775 0.0404 0.0928 0.0219
wR," (all data) 0.1419 0.0865 0.1981 0.0370
5 6 7 8

formula

M,

crystal system
space group
a[A]

b [A]

c[A]

a[’]

Bl

7 [°]

V [A%]

crystal size [mm”]
index range

measured reflns
unique reflns

R
V4
2 [A]

w [mm™]

GOF on F?

R [I>20(1)]
wR [I>20(1)]
R, (all data)
wR,"! (all data)

int

CsNeHs;05,PNigWo
3047.42
monoclinic
P2,/n

13.430(2)
19.100(3)
21.650(3)

90

102.490(3)

90

5422.1(14)
0.22x0.20x0.16
—15<h<17
—24<k<22
—28<1<23
41904

12312

4
0.71073
21.178
1.039
0.0360
0.0863
0.0428
0.0904

Cy,N,Hy O5,PNig Wy
3023.35
monoclinic
P2,/n
13.5930(15)
18.772(2)
19.300(2)

90

92.762(2)

90
4919.0(10)
0.16 x0.08 x 0.04
—-16<h<15
—23<k<23
—-23<1<23
33541

9544

0.0520

4

0.71073
23.344

1.039

0.0253
0.0601
0.0286
0.0617

CsN,Hs;05,PNigWo
3051.40
monoclinic
P2,/n
13.872(3)
18.845(4)
19.452(4)

90

91.465(2)

90
5083.7(17)
0.10x0.10x0.05
—-18<h<12
—24<k<24
—25<1<24
38832
11497
0.0345

4

0.71073
22.590

1.096

0.0454
0.1028
0.0538
0.1076

CsNgHs4046,55iNig sWo
3070.95
monoclinic
P2,/n
12.926(3)
23.534(6)
17.003(4)

90
102.132(4)
90

5057(2)
0.15x0.06 x0.03
—-16<h<16
—29<k<30
—17<1<22
39349
11536
0.0532

4

0.71073
22.877

1.081

0.0454
0.0916
0.0582
0.0987

[a] Ry=3||F,|—|F.||/S|F,|. [b] wRy=[Sw(F>—FASw(F2]"?; w=1/[c*(F2)+ (xP)*+yP], P=(F>+2F*)/3, in which x=0.0642, y=63.6140 for 1, x=
0.0419, y=45.9708 for 2, x=0.0976, y =886.3510 for 3, x=0.0483, y=0.0000 for 4, x=0.0483, y=0.0000 for 5, x=0.0372, y=0 for 6, x=0.0555, y=0 for

7, x=0.0400, y=0 for 8.
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[Nig(dap);PW,][Ni,(dap);PW,] (1): A mixture of Nag[A-a-
PW,0,,]-7H,0 (0.369 g, 0.141 mmol), NiCl,-6H,O (0.237 g, 1.000 mmol),
dap (0.20 mL, 2.356 mmol), and H,O (8 mL, 444 mmol) was stirred for
4 h, sealed in a 20 mL Teflon-lined steel autoclave, heated at 160°C for
5 days, and then cooled to room temperature. Green prismatic crystals
were obtained by filtration; they were washed with distilled water and
dried in air. Yield: ~40% (based on Nay[A-a-PW,05,]-7H,0); elemental
analysis (%) caled for Cy N ¢H,5300,5P,Ni; ;W g2 C 4.55, H 1.96, N 3.53;
found: C 4.44, H 2.03, N 3.21; IR (KBr pellet): 7=23455, 3354, 3286, 2968,
1603, 1462, 1390, 1354, 1039, 939, 847, 798, 717, 508 cm .

[Cug(dap)4(SiWo),] (2): A mixture of K,j[A-a-SiW,03,]-25H,0 (0.297 g,
0.097 mmol), CuCL-2H,0 (0.128g, 0.750 mmol), dap (0.05mL,
0.589 mmol), and H,O (5 mL, 278 mmol) was heated at 100°C for 5 days.
Dark green crystals were isolated. Yield: ~33 %; elemental analysis (%)
caled for CgHggN,04,CuyoSi, Wig: C 3.74, H 1.53, N 2.91; found: C 3.65,
H 1.78, N 2.84; IR (KBr pellet): #=3431, 3286, 3221, 2968, 2931, 2880,
1627, 1567, 1458, 1386, 1056, 1024, 947, 879, 722, 505 ppm.

[Fe;;5(PW,),] (3): A mixture of Nao[A-a-PW,04]7H,0 (0.246 ¢,
0.094 mmol), FeSO,7H,0 (0.139¢g, 0.500 mmol), en (0.05mL,
0.740 mmol), HAc (0.10 mL, 1.748 mmol), and H,O (5 mL, 278 mmol)
were heated together at 80°C for 5 days. The brown red prism crystals
were harvested. Yield: ~45%; elemental analysis (%) caled for
CeNgH;1,0,0,Fe35PsWi6: C 0.56, H 2.50, N 0.66, P 1.94, Fe 5.89, W 51.71;
found: C 0.70, H 2.80, N 0.72, P 2.04, Fe 5.69, W 53.56. The P:Fe:W ratio
obtained by EDXA are in agreement with the formula of [Fe;s(PW,),]
obtained from the structure refinement (obsd P:Fe:W =1:1.61:4.59, calcd
P:Fe:W=1:1.69:4.50). In addition, the ICP and EDXA show that there is
no Na in the structure of 3. IR (KBr pellet): 7=3443, 1607, 1503, 1446,
1386, 1350, 1052, 967, 947, 867, 786, 726, 702, 476 cm .

[Cug(en);PW,] (4): The procedure for the formation of compound 3 was
employed, but instead of FeSO,7H,0 we used CuCl,2H,0 (0.170 g,
1.00 mmol). Yield: ~34%; elemental analysis (%) caled for
C¢N¢H,,0,,PCusW,: C 2.38, H 1.57, N 2.78; found: C 2.32, H 1.60, N
2.59; IR (KBr pellet): 7=23426, 3330, 3253, 2956, 1603, 1458, 1394, 1354,
1124, 1060, 1024, 951, 935, 875, 839, 798, 730, 589, 484 cm™".
[Nig(en);PW,] (5): Nag[A-a-PW,03]-7H,0 (0.123 g, 0.047 mmol),
NiClL,-6 H,O (0.237 g, 1.000 mmol), en (0.05 mL, 0.740 mmol), and glacial
acetic acid (HAc) (0.05 mL, 0.874 mmol) were successively dissolved in
H,O (5 mL, 277 mmol); the mixture was then stirred for 4 h, sealed in a
20 mL Teflon-lined steel autoclave, heated at 80°C for 5 days, and then
cooled to room temperature. Green prismatic crystals were obtained by
filtration; they were washed with distilled water and dried in air. Yield:
~64 %; elemental analysis (%) calcd for C¢{NgH;;05,PNigW,: C 2.36, H
1.53, N 2.76; found: C 2.22, H 1.85, N 2.55; IR (KBr pellet): 7#=23478,
3342, 3286, 1623, 1583, 1104, 1035, 943, 842, 798, 713, 508 cm™".

[Nig(en),PW,] (6): The procedure for the formation of compound 5 was
employed, but the temperature was elevated to 130°C. Yield: ~60%; ele-
mental analysis (%) calcd for C,N,H,O5,PNigW,: C 1.59, H 1.63, N 1.85;
found: C 1.61, H 1.73, N 1.71; IR (KBr pellet): 7=3487, 3350, 3286, 1623,
1583, 1112, 1036, 943, 846, 798, 714, 504 cm .

[Nig(dap),PW,] (7): The procedure for the formation of compound 5 was
employed, but en was replaced with dap (0.05 mL, 0.589 mmol). Yield:
~43 %; elemental analysis (%) calcd for C¢(N,H;05,PNigW,: C 2.36, H
1.75, N 1.84; found: C 2.24, H 1.81, N 1.73; IR (KBr pellet): 7=3455,
3350, 3286, 1603, 1039, 939, 850, 798, 718, 508 cm™".

[Nig(en);SiW,] (8): The procedure for the formation of compound 5§ was
employed, but with K;j[A-a-SiW,05]25H,0 (0.246 g, 0.080 mmol),
NiCl,,6 H,0O (0.237 g, 1.000 mmol), en (0.10 mL, 1.480 mmol), HAc
(0.05 mL, 0.874 mmol) and H,O (8 mL, 444 mmol). Yield: ~52%; ele-
mental analysis (%) calcd for CgNgHs,O465SiNigsWo: C 3.13, H 1.77, N
3.65; found: C 2.69, H 1.91, N 3.22; IR (KBr pellet): 7#=3584, 3431, 3350,
3274, 2931, 2887, 1599, 1458, 1386, 1354, 1277, 1233, 1132, 1104, 1040,
939, 875, 826, 778, 710, 541, 508 cm ™.

X-ray crystallography: Intensity data were collected at 293 K with a
RIGAKU Saturn 70 CCD diffractometer for 1, 4, 5, 6, and 8, and a
RIGAKU Mercury CCD/AFC diffractometer for 2, 3 and 7 using graph-
ite-monochromated Moy, radiation (A =0.71073 A), respectively. Routine
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Lorentz and polarization corrections were applied. The absorption cor-
rection was based on multiple and symmetry-equivalent reflections in the
data set by using the SADABS program. The structures were solved by
direct methods and refined by full-matrix least-squares methods on F*
with the SHELXTL-97 program package. No hydrogen atoms associat-
ed with the water molecules were located from the difference Fourier
map. Positions of the hydrogen atoms attached to the carbon and nitro-
gen atoms were geometrically placed. All hydrogen atoms were refined
isotropically as a riding mode using the default SHELXTL parameters.
For 1, the Ni7 atom was disordered over two positions with the occupa-
tion factors of 0.7 and 0.3, respectively. For 3, the occupation factors of
Fe8, Fe9, and Fel0 were determined as 0.25 according to the results of in-
ductively coupled plasma and energy-dispersive X-ray analysis. In addi-
tion, P4, P5, and P6 were set to be disordered in order to decrease the
size of the residual electron peaks. For 1-8, all non-hydrogen atoms were
refined anisotropically except for some carbon atoms and water mole-
cules. Crystallographic data and structure refinements for 1-8 are given
in Table 1. CCDC 624225 (1), 641518 (2), 624226 (3), 624227 (4), 624221
(5), 624222 (6), 624223 (7) and 624224 (8) 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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