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The mixed addenda isopolyanion, [N(CHj),],Nay|cis-
Nb,y,W,0O46]-18H,0, reacts with Cu(NO3), in water and in the
presence of NH,CH,CH,NH, (en) or NH,OH at 60 °C to
yield a phase that is decorated {[Cu(en),(H,O)],-
[Nb,W,O49]-:2H,O (1)} or charge-balanced {[Cu(NHj),-
(H20)]2[Nb,W,4046]:8H,O (2)}, respectively, by (amine)cop-
per complexes. The prolonged heating at 95 °C of [N(CHj3)4]6-
[Nb1gO,g]-6H,O, [N(CHjs),]oNasy[cis-Nb,W,046]:18H,0O, or
NayKs[cis-Nby;W,049]:12H,0 and Cu(NOjz), in a mixed
water/amine [en or NH,CH,CH,CH,NH, (dap)] solution re-
sults in the formation of two-dimensional materials with
alternate layers of (amine)copper complexes linking Lind-
qvist [Nbg_ W,0,]®~ (x = 0-4) clusters. These phases
include: [Cu(dap),]3[NbsW,040]-7H,O (3), [Cu(dap).]s-
[HoNbgO10]-6H,O  (4), [Cu(dap)a]s[NbzW304,]-Cl-6H,O (5),

and [Cu(en),]3[NbyW,019]-6H,0 (6). Complexes 4 and 5 re-
sult from the decomposition of [Nb;oO,5]®" and [cis-
Nb,W,O16]* to [HyNbgO44]% and [fac-NbsW35044]°, respec-
tively, in alkaline solution. Complex 5 contains an extra-
framework site that is occupied by CI7, but this site is occu-
pied by a water molecule in 3 and is vacant in structures 4
and 6. The results of this study suggest that charge density,
cluster charge and symmetry, and cluster-cation pairing are
all important parameters in the incorporation of d-electron
metals onto the surfaces of [Nbg_ W,0;4]®>~ (x = 0-4) clus-
ters or into the frameworks of Lindqvist-based complex ma-
terials.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Lindgvist’s [NbgO,o]®~ polyanion remains, since 1953, a
cornerstone of isopolyniobate chemistry.l' =31 Synthetic and
structural investigations of this cluster have produced tran-
sition-metal-decorated, linked, and protonated [NbsO¢]*"
ions.[o1°1 Salts of the [NbsO,9]* ion have been crystallized
with a variety of counter-cations including all of the alkali
metals, as well as transition metal or lanthanide com-
plexes.1--11-14.16-22] Dye to the high charge density of this
cluster, it is stable only in alkaline solutions, and it is not
readily dissolved or manipulated in non-aqueous media.
These characteristics greatly limit the ability to incorporate
d- and f-block elements into polyoxoniobate clusters or ma-
terials that are of considerable ongoing interest as proton
conductors,?! solid-state electrolytes (ion conductors),l>*2°]
catalysts,?2°1 and optical materials.l3%

The charge density of [NbgO;4]® can be lowered by the
substitution of one or more NbY addenda sites for WVI,
rendering the cluster less basic and more stable in neutral
or acidic media. Dabbabi and Boyer reported that Na,WO,
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and Kg[NbgO,¢] react in aqueous H>O, to yield the mixed
addenda complex [NbWs0,0]*> . This compound is stable
from pH = 1.5 to 5 and gradually transforms to [cis-
Nb,W,4010]* — [fac-NbsW;3010]° — [cis-NbyW,,0,9]% —
[NbsWO 9] — [NbeO,o]® with increasing alkalinity. The
isomeric purity of [¢is-Nb,W,Oo]*", [fac-NbsW50,4]>", and
[cis-NbsW,0,4]% was suggested by infrared studies*?! and
further confirmed for [cis-Nb,W,O;4]* by electrochemical
measurements®3! as well as by 'O and '3 W NMR spec-
troscopy.[34:33]

Recently, we investigated the reaction of Rbg[NbgOo]
and Cu(NOj), in a mixture of water and a coordinating
amine designed to keep Cu'" soluble under the alkaline con-
ditions necessary to stabilize [NbgO;o].['8] These studies
produced a dimer with the formula Rby[Cu(en),(H50),]s-
[(H,NbgO9),Cu(en),] and four one-dimensional solids con-
sisting of alternating (amine)copper complexes and
[H,NbgOo]®~ (x = 0, 2). The mixed-solvent/complex
system also produced a new cluster type (based on
[Nb;0,,]>) that is derived from the Lindqvist ion.[3%] Re-
lated studies were reported by Wang and co-workers, who
found that the partial exchange of Na® with Ag* in
Na;[HNbsOo] (or K* with Ba?* in K;[HNbsOo]), prior to
the addition of a cupric salt, was crucial to the assembly of
some of their new materials.3”] Collectively, these results
suggest that the mixed-solvent/complex formulation, along
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with appropriate consideration of ion pairing and charge
density, may provide an avenue for further expansion of
polyoxoniobate chemistry that should be more extensively
explored.

We now report a synthetic and structural study of six
new phases composed of Lindqvist ions and (amine)copper
complexes. Five of these phases utilize the mixed addenda
[Nbe_ W.,0]®¥~ (x = 2, 3, 4) clusters that are iso-
structural to [NbgOo]*", but are more stable at lower pH
values and can be more readily manipulated in non-aque-
ous solvent systems, because their charge densities are
lower.B1:3% The sixth phase reported here uses the low-
charge-density decaniobate cluster [N(CH3)4]s[Nb;cOog] as
an alkali-metal-free source of [NbO;o]® (by controlled hy-
drolysis) in order to further understand how ion pairing
between alkali cations and [NbgO;4]®" affects the assembly
of new cluster-based materials.[*3-**! Each Lindqvist ion (or
Lindqvist ion source in the case of [N(CH3)4]s[Nb;oO23])
was treated with Cu(NOs), in water and in the presence of
NH4OH, NH2CH2CH2NH2 (Cl’l), or NH2CH2CH2CH2-
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NH, (dap). Crystallographic studies reveal that one phase
is decorated by charge-balancing (amine)copper complexes
{[Cu(en)>(H,O)|,[Nb,W,40,0]:2H,O (1)}, one phase has
charge-balancing (amine)copper complexes that are com-
pletely unassociated with the Lindqvist clusters {{Cu(NH3)4-
(H>O)L[INb,W40,9]:8H,O (2)}, and four phases of the
Lindqvist clusters are linked in a two-dimensional array by
(amine)copper complexes {[Cu(dap),]s[NbsW,00]:7H,O
(3), [Cu(dap),]5s[HaNbgO19]-6H2O (4), [Cu(dap),]s[NbsWs-
019]:CI-6H,0 (5), and [Cu(en),]3[NbyW,019]:6H,O (6)}.

Results and Discussion

Syntheses and Diffuse Reflectance Spectroscopy

Table 1 summarizes the reaction conditions used to ob-
tain compounds 1-6 and compares them to the methods we
previously reported for one-dimensional chain materials, a
dimer, and a supramolecular complex containing
[HoNb,4075]" (Reactions A—E).['8:30] In the previous stud-

Table 1. Summary of synthesis conditions for (amine)copper isopolyniobate phases.

Reaction  Cluster sourcel®! Ligand™® Cu equiv. Product Structure
(conc., mmol) (H,O/amine) per cluster (Cu coordination mode)
A RbNbg en 4 Rb,[Cu(en),(H,0),5[(H.NbgO19),Cu(en),] dimer
(22) (15:1) (linked, charge-balanced)
B RbNbg en 8 [Cu(en),(H,0),],[(H,NbgO19)Cu(en),] 1-dimensional
(11) (15:1) (linked, charge-balanced)
C RbNbg NH; 3 Rb,[Cu(NHj3),(H,0),[Cu(NH3)4(H>0),),- 1-dimensional
{[INbsOo][Cu(NH3)Lo}>
(33) (30:1) (linked, charge-balanced)
D RbNbg NH; 3 {INbO9][Cu(NH3),(H,0),,[Cu(H,O)4)-} 1-dimensionall®!
(7.5) (11:1) (linked)
E RbNbs en 4 (Haen)e[Cu(en),(HyO)l[({HoNb2,O7H {Cu(en),- Nb,, !
(H20)}2{Culen)y} )]
(24) 3:1) (linked, charge-balanced, decorated)
F KNbg en 4 [Cu(en),(H>0),),[(H,NbgO19)Cu(en),] 1-dimensional
(11) (15:1) (linked, charge-balanced)
G Nbyo cn 4 (Hzen)s[Cu(en)»(H,0)o]5[({HoNb24O7,} {Culen),- Nb,,4
(H20)}2{Culen)y} )2
(13) (7:1) (linked, charge-balanced, decorated)
H Nb,W, en 2 [Cu(en),(H,0),[Nb,W4010]-2H,0 (1) monomer
41) (HO) (decorated)
1 Nb,W, NH; 2 [Cu(NH3)4(H>0)l,[Nb,W,4040]-8H,0 (2) monomer
41) (H0) (charge-balanced)
J Nb,W, dap 3 [Cu(dap),]3[NbsW,0,0]-7H,0 (3) 2-dimensional
(23) (34:1) (linked)
K Nbyg dap 4 [Cu(dap),]3s[HoNbgO;9):6H,O (4) 2-dimensional
(6) (12:1) (linked)
L Nb,W, dap 2 [Cu(dap),sINb;W;0,0]*Cl:6H,0 (5) 2-dimensional
(25) (30:1) (linked)
M Nb,W, en 3 [Cu(en),;[NbsW,0,9]6H,O (6) 2-dimensional
(26) (23:1) (linked)

[a] RbNbg = Rbg[NbgO19]; KNbgs =Kg[NbeO19]; Nb,Wy4 = [N(CH3)4],Nas[cis-NbyW,010]; NbyW, = NagK[NbyW,00]; Nbyy = [N(CH3)
4JslNb;oOsg]. [b] en = ethylenediamine; dap = 1,3-diaminopropane. [c] Reaction gives two phases of neutral chains with no counterions.
[d] Nb,y = [HoNb,,O7,]">". [e] Amine is ligand only, negligible amount in the solvent.
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ies, Rbg[NbgO;9]-14H,O was the sole source of the Lind-
qvist ion. However, crystallographic and SAXS studies indi-
cate that there is a strong association between Rb* and
[NbgO14]® in both the solid state and solution.['®4] This
prompted us to investigate systems with other cations {Na™,
K™, and [N(CH;)4]"} that do not strongly associate with
the polyanion. For example, when Kg[NbsOo] is used in-
stead of Rbg[NbgO,9] in Reaction B, the same product
could be obtained by using 50% less Cu(NO5)-2.5H,0 (i.c.
using a stoichiometric amount of Cu'! instead of 100 % ex-
cess) (Reaction F). Likewise, [N(CH3)4]¢[INb;oO-g] can be
used instead of Rbg[NbsO;9] to obtain higher yields of
(Haen)g[Cu(en)>(H,0)5]5[({HoNb24O7,} {Culen)>(H,0)»-
{Cu(en),}),] (Reaction G).

In the present study, cluster sources were utilized with
charge densities ranging from 0.16 to 0.32 charge/atom (Re-
actions F-M). The term “cluster source” is used because
[Nb;yO,s]® is not a Lindqvist ion but rapidly forms
[H,NbgO;o]®~ (n = 0 — 3) in basic solution.**! This pro-
vides an alkali-metal-free source of [H,NbO;9]® 7, be-
cause its counterions are [N(CHj3),]*. The cluster studied
here with the lowest charge and lowest charge density, [cis-
Nb,W,0,4]*, required mild reaction conditions (60 °C, pH
= 9.5) in basic solution (with NH,OH or en) in order to
prevent decomposition of the cluster. However, in the pres-
ence of dap, [cis-Nb,W,Oo]* was converted into [fac-
Nbs;W;0,,]> at ambient temperature. The clusters of inter-
mediate charge density ([H,NbgO;9]® and [cis-NbyW,-
0,9]%) proved to be the most versatile, because they had
the highest solubility and the widest pH stability range.

Prolonged heating at 95 °C in a mixed water/amine (en
or dap) solution was necessary for the synthesis of 3, 4, 5,
and 6 (Reactions J-M). Under these conditions, the ratio of
H,Ol/en or dap in the solvent becomes lower, because the
boiling points of en and dap (118 °C and 140 °C, respec-
tively) are somewhat higher than that of H,O. As a result,
very small crystals of 3, 4, 5, and 6 form rapidly upon cool-
ing of the solution to ambient temperature, because they
are much less soluble in the amine than they are in water.
Larger crystals of 3 and 5 were obtained by slightly increas-
ing the H,O/dap ratio by the addition of aqueous 6 M HCI
to form the [NH;CH,CH,CH,NH;]Cl, salt.

The visible diffuse reflectance spectra for complexes 1-6
are illustrated in Figure 1. All six of the complexes display
a broad band centered from 395 nm to 425 nm. Previous
studies have established that this band may be attributed to
the d—d transitions of the Cu'' centersi*!'~#3! and is verified
by comparison with authentic samples of Cu(en),(NO3),
and Cu(dap),(NOs),. Complexes 1 and 6 feature a Cu(en),
complex and display a redshift of 41 and 29 nm, respec-
tively, relative to Cu(en),(NOj3),. Similar observations are
made for complexes 3, 4, and 5, which feature a Cu(dap),
complex and display redshifts of 24, 28, and 24 nm, respec-
tively, relative to Cu(dap),(NOs),. Differences in the reflec-
tance intensity may be attributed to the mass percent of
Cu'! present in the compounds when the Cu'! centers are
in very similar ligand environments and at relatively low
concentrations.*3! For example, complexes 3 and 5 both dis-
3288
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play Amax = 397 nm, but complex 3 has weaker reflectance
than 5 due to the fact that the mass percentage of Cull
present in 3 (10.6%) is higher than in 5 (10.0%).

70 T T T T T T T

% Reflectance (referenced to barium sulfate)

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 1. Visible diffuse reflectance spectra for complexes 1-6 refer-
enced to barium sulfate (100% reflectance).

Description of the Structures

In the structures of 1, 2, 3, and 6, the composition and
isomer of the Lindqvist ion reflects that of the precursor
Lindqvist salt. For 4 and 5, [Nb;(Ox]® and [cis-Nb,-
W,40,9]* have converted into [H,NbgOy9]® and [fac-
Nb;W;044]>, respectively, in the alkaline reaction media.
For each mixed addenda structure, with the exception of 1,
the clusters are completely disordered in their orientation
in the crystal lattice. From a structural perspective, this me-
ans that the occupancy of each metal site within the cluster
represents the W/Nb ratio of the entire cluster. This was
confirmed crystallographically by initially allowing the W/
Nb ratio of each site to refine freely, followed by fixing it
to give a whole number ratio of metals in the cluster (i.e.
W/Nb = 0.67:0.33 for 1 and 2, W/Nb = 0.33:0.67 for 3 and
6, and W/Nb = 0.5:0.5 for 5). The major bond lengths for
all six structures are averaged and summarized in Table 2.
These include the metal-oxygen bond lengths of the Lind-
qvist cluster, the Cu—O,ater and Cu—Oygyger bond lengths,
and the Cu-N,.. bond lengths. In general, the Nb-O
bonds are longer than the W-O bonds. Similarly, in mixed
Nb/W sites, higher Nb/W ratio sites have longer M-O
bonds. The Cu-N bond lengths are ~2 A for all the amines
(NHj;, en, and dap) and the Cu—Ojysier and Cu—Oyyer bond
lengths range from 2.5 to 2.9 A.

The reaction of [N(CHjz)4]-Na,[cis-Nb,W,0,9] with a
Cu(NHj3;) complex in aqueous solution (Table 1, Reaction I)
resulted in a phase featuring isolated clusters (2). A view of
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Table 2. Selected average bond lengths [A] for structures 1-6.1

Structure M=0, M-O, MO, Cu-N Cu-O
[Cu(en),(HO)L[Nb,W40,6]-2H,0 (1) 2017 2553
Wi (WD 1.721 2326 1.929
Wo.sNby s (W/Nb2, W/Nb3) 1.742 2343  1.956
[Cu(NH3)4(HO)L[Nb,W,40,0]-8H,0 (2) 2006 2.897
Wo.67Nby 33 (W/NbI1) 1762 2347 1953
[Cu(dap)s)Nb W04} TH0 (3) 2021 2878
Wo.33Nby g7 (W/NbI) 1.761 2348  1.966
[Cu(dap),]s[HNbsO19]6H,0 (4) 2026 2.833
Nb, o (Nbl) 1775 2383 2.006
[Cu(dap)s{NbsW+0,5CI6H,0 (5) 2011 2921
Wo.sNby s (W/NbI) 1.756 2342 1964
[Cu(en),;[NbsW,0,0]6H,0 (6) 2,006 2.739
Wo.33Nby g7 (W/NbI) 1.773 2345 1964

[a] M = W/Nb, as indicated; O, = terminal oxygen atom; O, =
central pg-oxygen atom; O, = bridging p,-oxygen atom.

2 is shown in Figure 2, and it illustrates that the clusters are
in a distorted hexagonal packing arrangement within the
(001) plane. The cluster layers stack in a manner similar to
cubic close-packed objects along the c-axis. Also aligned
parallel to the c-axis are chains of alternating [Cu(NHj3)4**
ions and water molecules. The Cu! ion sits in a square
plane of nitrogen atoms, with a Cu-N distance of
2.015(7) A, and it is 2.871(8) A away from the water oxygen
atoms that sit in the axial position of the copper octahe-
dron, [Cu(NH3)4(H,0),]*>*. The water molecules (O8) be-
tween the Cu'! ions in chains are located on two half-occu-
pied positions, 0.77 A apart. However, to optimize the dis-
placement parameters of this water site, we fixed it on a
special position that is one-fourth occupied, between the
two one-half occupied sites. This gives the appearance of
straight Cu—O—-Cu chains (with a 180° angle) in Figure 2.
However, in reality, the angle is less than 180°, and the
water molecule resonates around its crystallographically
fixed position. There are two additional water sites provid-
ing eight water molecules per cluster that sit between the
clusters and are within H-bonding distance from each

Figure 2. View of 2 in combination polyhedral/ball-and-stick nota-
tion.
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other, from the terminal cluster oxygen atoms, and from the
Cu-linked water molecule (OO ~2.6-2.8 A).

The reaction of [N(CHj3)s],Na,[cis-Nb,W,0,9] with a
Cu(en) complex in aqueous solution (Table 1, Reaction H)
resulted in a phase with clusters decorated by copper com-
plexes (1). This is the only structure with partial ordering
of the mixed addenda Lindqvist cluster orientation in the
lattice. Although '83W MAS NMR spectroscopy of 1 could
not be executed to confirm the cis isomer (due to the para-
magnetic Cu'' centers), the terminal and bridging M=0,
and M-O,—M (M = W, Nb) vibrations observed in the in-
frared spectrum of 1 are similar to that of the precursor
saltB? [although partially masked by vibrations of the
Cu(en) complex], suggesting that 1 contains primarily the
[cis-Nb,W,4O,6]* isomer. The cluster has three crystallo-
graphically unique sites with a multiplicity of two within
the cluster, and the replicate sites are arranged in a trans
fashion. Refinement of the cluster metal site occupancies
was optimized with one site being fully occupied by W and
the other two sites with one-half Nb and one-half W. This
gives a square plane of Nb/W sites and W-only sites in the
axial position of the superoctahedron (Figure 3). Therefore,
the Cu'! ion is always bonded to Nb-Op—Nb or W-O,—Nb
oxygen atoms. A similar observation was made by Klemp-
erer and Day in a structure of [cis-Nb,W,09]* complexed
to Rh.*¥ In 1, each [cis-Nb,W,0,5]* has two [Cu(en),-
H,OP** complexes bonded on opposite edges. The Cu—
Ojuster bond length is 2.740(5) A and the Cu—O,,, bond
length is 2.366(6) A. The copper—oxygen bond lengths
found here are similar to those observed in other cupric
[NbgO1]® structures.'19:3¢1 The [cis-Nb,W,0;0]* and
[Cu(en)»(H,0)]** complexes are arranged in the crystal lat-
tice with each Cu-—cluster—Cu axis perpendicular to that of
the neighboring complex [approximately parallel to (011) or
(0-11)].

Figure 3. View of 1 in combination polyhedral/ball-and-stick nota-
tion.

The structures of 3, 4, 5, and 6 are all very similar. The
framework of these structures consists of a Lindqvist ion
that is linked to six Cul, (L = dap or en) moieties. Three
CuL, complexes are bonded to adjacent M—-O,-M (M = W,
3289
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Nb) bridging oxygen atoms on two opposite faces of the
super-octahedral cluster (see Figure 4), and thus the cop-
per-bound face has a perpendicular 6 rotation axis that is
parallel to the c-axis of the unit cell. Each copper atom
bridges two clusters with a Cu-Oy bond length around
2.8 A for all four structures. Since the copper atoms are
bonded to opposite faces of the Lindqvist cluster, this gives
an overall framework that can be described as layered or

Figure 4. View of the Cu hexametalate cluster linkage geometry
featured in structures 3, 4, 5, and 6 along a 6 rotation axis. The
clusters represented by solid octahedra are linked through copper
atoms (turquoise spheres) to the up-face of the central cluster, and
the clusters with transparent octahedra are linked through copper
atoms to the down-face of the central cluster.

two-dimensional with alternate layers of copper complexes
and clusters. These are illustrated in two views in Figure 5.
The phase in which Cu'! is coordinated to en (6) crystallizes
in the R3m space group, and the three phases (3, 4, and 5)
in which Cu" coordinates to dap crystallize in the R3c
space group, with the c-axis approximately doubled to that
of 6 via a glide in the (110) plane. This is best viewed along
the c-axis (Figure 6). The phases 3, 4, and 6 were obtained
from two cluster compositions with a 6- charge,
[H,NbO,o]® and [cis-NbysW,0,4]®, and the clusters are
charge-balanced by three Cu'' complexes.

The structure of 5 was initially solved by using the
atomic positions of 4 and a cluster composition of [cis-
Nb,W,0,4]*. However, a large peak remained in the elec-
tron density map. Energy dispersive spectroscopy (EDS)
indicated this unidentified atom was chlorine. This agreed
well with the displacement parameters, but it did not solve
the problem of charge-balance. Upon changing the occu-
pancy of the W/ND sites to 50%/50 % instead of the initially
expected 67%/33%, the R value went down ~1%, and a free
refinement of the occupancy gave a value of 49.46% W.
Therefore, a cluster composition of [fac-Nbs;W50,0]° plus
a Cl ion charge-balance the three copper complexes. This
assignment is also supported by elemental analyses and by

Figure 5. Two different views of the two-dimensional linkage of Lindqvist ions and (amine)copper complexes featured in structures 3, 4,
5, and 6. The blue polyhedra are the Nb/WOg octahedra of the Lindqvist clusters, and the turquoise spheres are the Cu'! cations ligated

by diamines.

Figure 6. Views along the c-axis showing the difference between the symmetry of compound 6 (left; R3m space group) and 3, 4, and 5
(right; R3¢ space group). The R3m space group is obtained when en is ligated to Cu, and the R3¢ space group is obtained when dap is
ligated to Cu. The amine ligands are omitted for ease of viewing. The turquoise spheres are Cu, the blue spheres are Nb/W, and the red

spheres are O.
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Figure 7. View of the extra-framework site of structures 3, 4, 5, and 6 that contains a chlorine ion in structure 5 (left), a water molecule

in structure 3 (right), and is vacant in structures 4 and 6.

the infrared spectrum of 5, which has a doublet of peaks
between 500 and 550 cm™!, that is very similar to that of
[N(CH3)4]N32K2[leC-Nb3W3O19]'H20.[31’32] The CI” ion is
surrounded by six water molecules in a distorted octahedral
arrangement with a Cl-Oy,, distance of 3.275 A, which
is similar to that observed in hydrate chloride salts of alumi-
num and cobalt. The chlorine ions sit in a channel, as ob-
served in Figure 7, and it is most likely obtained from the
HCI added in the synthesis in order to partially neutralize
dap to obtain larger crystals.

The structure of 3 has a position similar to the CI site
in 5, but it is occupied by a water molecule with the sur-
rounding six water molecules at a distance of ~2.8 A (also
shown in Figure 7). This site appears to be vacant in the
crystal lattices of 4 and 6, so these may be considered par-
tially dehydrated versions of this structural motif of Lind-
qvist ions alternately layered with (diamine)copper com-
plexes. The Lindqvist clusters of 3, 5, and 6 have mixed W/
Nb metal sites that are completely disordered in the crystal
lattice. In addition, the protons of the [H,NbO;4]® cluster
of 4 were not located in the electron density map, but they
are required for charge-balancing. Diprotonation of
[NbgO,o]* has been observed in both alkali salts and
(amine)copper complexes,!'>1%181 and therefore it is a rea-
sonable assumption for charge-balancing the framework of
4. These protons most likely reside on the cluster faces that
are not bonded to Cu.

Conclusions

The high charge density of [NbgO,o]® and its stability
and solubility in almost exclusively basic, aqueous media
have limited the use of this cluster in the formation of d-
and f-electron-containing materials. In this paper we have
investigated the use of lower charge density Lindqvist clus-
ters in mixed-solvent/complex systems as a means of cir-
cumventing the preceding problems. The reactions studied
in Table 1 may be classified into one of three groups accord-
ing to the charge density of the Lindqvist cluster or cluster
source used. The difference is not trivial, the charge density
of [cis-Nb,W,4O0]* (group one, lowest charge density) is

Eur. J. Inorg. Chem. 2008, 3286-3294

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

50% lower than that of [cis-NbysW,0,0]® (group two, inter-
mediate charge density) and 100% lower than that of
[NbgO14]® (group three, highest charge density).

The cluster with the lowest charge and charge density,
[cis-Nb,W,40,0]*, reacts with Cu(NHj3) in water to form a
compound that is charge-balanced by the d-electron metal
complex, but it reacts with Cu(en) under almost identical
conditions (including pH) to form a compound that is
decorated by the d-electron metal complex. Likewise,
[Nb;(O,5] reacts with Cu(en) to form a compound con-
taining [HoNb,40-,]'> that is linked, decorated, and
charge-balanced by the d-electron metal complex, but un-
der similar conditions (assuming that the difference in the
basicity of en and dap in the mixed-solvent/complex system
is small), [Nb;(O,5]° reacts with Cu(dap) to form a phase
containing [H,NbsO,4]®" Lindqvist ions that are linked to
Cu(dap), in a two-dimensional array. The results suggest
that the low-charge-density clusters may be templated by
coordination complexes to form new phases.

The Lindqvist ions of intermediate charge density (i.e.
charge density higher than that of [cis-Nb,W,O;o]* but
lower than that of [NbsO;o]%), including [fac-Nbs;W;0 0],
[cis-NbsW>0,6]°", and alkali-metal-free [H,NbsO,4]¢, all
form virtually isostructural two-dimensional arrays linked
by CuL, (L = en or dap) regardless of the cluster composi-
tion or coordinating amine. In contrast to [H,NbgO;o]%,
isoelectronic [cis-NbyW,0;o]® forms a two-dimensional
structure in the presence of alkali cations. This is most likely
due to the lower symmetry of [cis-NbyW,0,9]%" and the
asymmetric distribution of charge on its surface.

A two-dimensional material could not be prepared from
[NbgO1]* (K* or Rb* salt) under the reaction conditions
studied here, but in previous studies Rbg[NbsO o] did form
one-dimensional linked assemblies with two to four Cu-
cluster bonds per Lindqvist ion. All of the structures re-
ported here that were synthesized from [N(CHj3),]*, Na™,
and K™ cluster salts yield products that are alkali-metal-
free. In contrast, the analogous syntheses from
Rbg[NbgOo] usually resulted in phases containing Rb™ ex-
cept when a large excess of Cu'! was added. The work pre-
sented here builds on the evidence that [NbgO;o]® un-
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dergoes unusually strong and extensive associations with
counter-cations in solution. In fact, there are increasing in-
dications that ion pairing strongly affects and directs the
behavior of polyoxoniobates in solution, and understand-
ing, controlling, or exploiting it may be a key factor to en-
hance the strategic development of this chemistry.

Experimental Section

General Methods and Materials: [N(CH3)4]¢[Nb;(Og]:6H,0,138:-]
[N(CH3)4]>Na[cis-NbyW,0,6]- 18H,0, 31 and NayK,[cis-
NbyW,0,0]-12H,0B! were obtained as previously reported and
their purity was confirmed by IR and 7O or 33W NMR spec-
troscopy. Cu(NO3),-2.5H,O (Certified A.C.S.), HCl (Certified
A.C.S. Plus), and NH,OH (Certified A.C.S. Plus) were purchased
from Fisher. Ethylenediamine (en, NH,CH,CH,NH,; ReagentPlus
= 99%) and 1,3-diaminopropane [dap, NH,(CH,);NH,; 99%)]
were purchased from Aldrich. Compositional analyses (Cl, Cu, Nb,
and W) were performed by SEM-EDS and/or Galbraith Laborato-
ries, Inc. IR spectra were recorded with a Thermo Nicolet 380 FT-
IR instrument equipped with a Smart Orbit (Diamond) ATR ac-
cessory. For visible diffuse reflectance spectrometry (Vis-DRS), a
Shimadzu UV-3600 UV/Vis/NIR instrument was used. The system
operates with an integrating sphere 150 mm in inner diameter and
is equipped with a photomultiplier and a PbS cell. The spectral
range was 300-700 nm with a spectral resolution of 1 nm and a slit
width of 20 nm. All reflectance values are referenced to BaSO,
(100% reflectance).

Synthesis of Cu(en),(NO3), and Cu(dap),(NO3),: Cu(en),(NO3),
and Cu(dap),(NO;), were synthesized as reference compounds for
the Vis-DRS studies. A 0.5 g sample of Cu(NO3),-2.5H,0 was dis-
solved in 10 g of CH30H, and either en or dap was added until a
shiny, purple plate-like precipitate formed. The solids were col-
lected by vacuum filtration. The sample of Cu(en),(NOj), was
identified by matching its X-ray powder pattern with the reported
structures,*>4¢! and single-crystal X-ray diffraction data was col-
lected on Cu(dap),(NOs), after it was recrystallized from methanol
at —10 °C. Both structures feature Cu'! in octahedral coordination
bonded to four nitrogen atoms in a square plane (~2 A) and two
trans oxygen atoms of the nitrate anions (~2.5 A), and they are
ideal standards for the similarly ligated Cu'' complexes of struc-
tures 1-6.

Synthesis of [Cu(en),(H,O)5[Nb,W,40,6]-2H,O (1): A 1 g sample
of [N(CHjz)4]nNay[cis-Nb,W,40,9]-18H,O (0.53 mmol) was dis-
solved in 10 mL of H,O with stirring and heating to 60 °C, and
0.27 g of Cu(NO3),-2.5H,0 (1.2 mmol) dissolved in 3 mL of H,O
was added dropwise. The pH of the solution was increased to ~9.5
by slow addition of en. The slightly cloudy solution was syringe-
filtered (0.45 pum) warm and allowed to slowly concentrate in air.
After 1-3d, 0.35g (40% yield) of purple columnar crystals was
collected by suction filtration, washed with methanol, and dried in
vacuo. IR (ATR, 1100400 cm™): ¥, = 1035 (m), 950 (sh), 930
(m), 882 (m), 758 (s), 708 (s), 561 (s) cm!. CgH4oCu,NgNb>O»3Wy
(1664.7): calcd. Cu 7.6, Nb 11.2, W 44.2; found Cu 7.3, Nb 11.8,
W 44.1.

Synthesis of [Cu(NH3)4(H,0):[Nb,W,40,6]-8H,0 (2): A 1 g sample
of [N(CHs)4]sNay[cis-Nb,W4010]-18H,O (0.53 mmol) was dis-
solved in 10 mL of H,O with stirring and heating to 60 °C. The
solution was cooled to room temperature, and 0.27 g of Cu-
(NO3),:2.5H,0 (1.2 mmol) dissolved in 3 mL of H,O was added
dropwise. The pH of the solution was increased to ~9.5 by slow
3292
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addition of concentrated NH4OH. The solution was syringe-fil-
tered (0.45 pm) and allowed to concentrate in air. After 1-3 d, well-
formed, octahedron-shaped crystals grew. The product (0.15 g,
17% yield) was collected by suction filtration, washed with meth-
anol, and dried in vacuo. IR (ATR, 1100-400 cm'): V. = 925
(sh), 863 (m), 713 (s), 552 (s) em'. Hy4Cu,NgNb,O-9W, (1668.6):
caled. Cu 7.6, Nb 11.1, W 44.1; found Cu 7.4, Nb 10.9, W 44.3.

Synthesis of [Cu(dap),]s[NbsW,0,0]-7TH,0 (3): A 0.15 g sample of
Cu(NO3),-2.5H,0 (0.64 mmol) was dissolved in 2 mL of H,O, and
1 g (13 mmol) of dap was added to 1 mL of H,O in a separate
20 mL glass scintillation vial. The Cu(NOs), solution was added
to the dap/H,O mixture, and the resulting compound was added
dropwise to a 0.30g sample of NayK,;[NbsW,0,]12H,0
(0.21 mmol) dissolved in S mL of H,O by heating to ~60 °C and
stirring. The solution was then heated to ~95 °C and stirred until
the volume was reduced by 10-15%. Upon cooling to ~60 °C, a 1-
mL aliquot of 6 M HCI was added dropwise with vigorous stirring.
The solution was syringe-filtered (0.45 um) warm and allowed to
slowly concentrate in air. After 3-4 d, 0.014 g (4% yield) of purple
crystals with a block-like morphology was collected by suction fil-
tration, washed with ethanol, and dried in vacuo. IR (ATR, 1100-
400 cm™): V., = 1048 (m), 906 (m), 874 (sh), 849 (s), ~700 (s), 534
(m), 499 (m) em!. C;sH74CusN2Nb,O,,W, (1804.8): caled. Cu
10.6, Nb 20.6, W 20.4; found Cu 10.1, Nb 20.9, W 20.8.

Synthesis of [Cu(dap),]3;[H,NbgO;0]-6H,O (4): A 0.068 g sample of
Cu(NO3),2.5H,0 (0.29 mmol) was dissolved in 1 mL of H,0, and
3 g (40 mmol) of dap was added to 4 mL of H,O in a separate
20 mL glass scintillation vial. The Cu(NO3), solution was added to
the dap/H»>O mixture, and the resulting solution was added drop-
wise to a 0.14 g sample of [N(CH3)4]¢[Nb1O5]:6H,0 (0.073 mmol)
dissolved in 4 mL of H,O. The solution was heated (~95 °C) and
stirred until the volume was reduced by 25-40%. The solution was
syringe-filtered (0.45 um) warm and allowed to slowly concentrate
in air. After 2-5d, 0.06 g (57% yield) of purple microcrystalline
powder was collected by suction filtration, washed with ethanol,
and dried in vacuo. IR (ATR, 1100-400 cm™): ¥,,,, = 1048 (m),
908 (m), 848 (s), 733 (sh), ~660 (s), 559 (sh), 530 (s), 495 (s), 415
(s) em . C;gH74CusN>,NbsO5s (1606.9): caled. Cu 11.9, Nb 34.7;
found Cu 12.0, Nb 36.3.

Synthesis of [Cu(dap),]3|Nb;W30,]-CI:-6H,0 (5): A 0.10 g sample
of Cu(NOs3),-2.5H,0 (0.43 mmol) was dissolved in 1 mL of H,O,
and 1 g (13 mmol) of dap was added to 1 mL of H,O in a separate
20 mL glass scintillation vial. The Cu(NOs), solution was added
to the dap/H,O mixture, and the resulting compound was added
dropwise to a 0.375 g sample of [N(CHj;)4],Na,[cis-Nb,W 4O 6]
18H,O (0.20 mmol) dissolved in SmL of H,O by heating to
~60 °C and stirring. The temperature was increased to ~95 °C, and
the solution was continually stirred until the volume was reduced
by 10-15%. Upon cooling to ~60 °C, a I-mL aliquot of 6 M HCl
was added dropwise with vigorous stirring. The solution was sy-
ringe-filtered (0.45 pm) warm and allowed to slowly concentrate in
air. After 1d, 0.047 g (17% yield based on Nb) of purple block-
shaped crystals was collected by suction filtration, washed with eth-
anol, and dried in vacuo. IR (ATR, 1100400 cm™!): V,,,x = 1044
(m), ~920 (sh), 871 (m), 750 (s), 704 (s), 554 (s), 501 (s) cm™.
CgH74CICu3N,Nb;0,5W3 (1915.2): caled. Cl 1.9, Cu 10.0, Nb
14.6, W 28.8; found ClI 1.5, Cu 10.3, Nb 15.6, W 28.5.

Synthesis of [Cu(en),]3[NbsW,0,0]:6H,O (6): A 0.30 g sample of
Cu(NO3),-2.5H,0 (1.3 mmol) was dissolved in 2 mL of H,O, and
2 g of en (33 mmol) was added to 2 mL of H,O in a separate 20 mL
glass scintillation vial. The Cu(NO3), solution was added to the en/
H,O mixture, and the resulting solution was added dropwise to a
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Table 3. Crystallographic information for structures 1-6.
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Compound 1 2 3 4 5 6

Empirical formula CsHaoNgOns- Hy4NgO2- CisH74N 1,056 CigH74N 1,055 C1sH74CIN,055- C12HgoN 12055
CU2Nb2W4 CUZNb2W4 CU3Nb4W2 CU3Nb6 CU3Nb3W3 CU3Nb4W2

Formula mass 1664.7 1668.6 1804.8 1606.9 1915.2 1702.6

Crystal system monoclinic tetragonal trigonal trigonal trigonal trigonal

Space group P121/nl (no. 14)  I4/m (no. 87) R3¢ (no. 167) R3¢ (no. 167) R3¢ (no. 167) R3m (no. 166)

alA] 10.390(1) 11.292(1) 14.838(3) 14.788(1) 15.0169(7) 14.580(6)

b[A] 14.494(2)

c[A] 10.813(1) 11.485(1) 37.011(8) 37.313(5) 36.7009(36) 17.7355(103)

LN 96.487(2)

VA3 1618.0(5) 1464.4(2) 7057(3) 7067(1) 7167.50(85) 3265.04(268)

Z 2 2 6 6 6 3

T[K] 173 173 173 100 173 173

Aegiea. [g M) 3.380 3.607 2.727 2.161 2.659 2.598

AA] 0.71073 0.71073 0.71073 0.49594 0.71073 0.71073

min/max 0 [°] 2.36/28.18 2.53/28.15 1.93/28.11 2.96/22.42 1.92/28.19 1.98/27.46

Final R, [I > 26(1)] 0.0348 0.0358 0.0362 0.0423 0.0269 0.0423

Final wR,™ [I > 26(1)] 0.0685 0.0880 0.0685 0.1096 0.0547 0.1055

GOF 1.068 1.337 1.252 1.094 1.249 1.183

[a] Ry = Z||Fo| — [FIFo]. [b] wRy = {Z[w(F,> — F2YVEWw(FS)]} .

0.60 g sample of NasK,[NbyW,0,0]-12H,0 (0.42 mmol) dissolved Acknowledgments

in 10 mL of H,O by heating to ~60 °C and stirring. The solution
was then heated to ~95 °C and stirred until the volume was reduced
by ~70%. The solution was slowly cooled to room temperature,
and after several minutes crystals began to form. After 1-3d,0.57 g
(80% yield) of purple plate-like crystals was collected by suction
filtration, washed with methanol, and dried in vacuo. IR (ATR,
1100-400 cm™): Ve = 1031 (m), ~901 (sh), 846 (m), 745 (sh), 689
(s), 526 (s) cm™!. C;,HgoCuzN{,NbsO,5W5 (1702.6): caled. Cu 11.2,
Nb 21.8, W 21.6; found Cu 12.4, Nb 24.4, W 24.3.

Crystallographic Studies. 1, 2, 3, 5, and 6: Single-crystal X-ray dif-
fraction was performed at 173 K with a Bruker AXS SMART-
CCD diffractometer with graphite-monochromated Mo-K,
(0.71073 A) radiation. Data collection and reduction were carried
out with SMART 5.054 (Bruker, 1998)17 and SAINT 6.02 (Bruker,
2001)H8 software, respectively. An empirical absorption correction
was applied using SADABS 2.05.1491 All subsequent structure solu-
tion and refinement were performed within the WinGXP% system.
The structure was solved by Direct Methods (program SIR971!)
and refined by full-matrix least squares on F> (SHELX9757). 4:
Since crystals of 4 were too small for conventional single-crystal
X-ray diffraction, the data for 4 was collected with a 15-ID Chem-
MatCARS beamline equipped with a Bruker 6000 CCD detector
at Advanced Photon Source, Argonne National Laboratory. The
data were collected at 100 K with radiation of 0.49594 A wave-
length, an exposure time of 1 s per frame, and a detector distance
of 5.0 cm. Data were collected down to a resolution of 0.5527 A1,
The raw intensity data were collected and integrated with software
packages SMART 5.054 (Bruker, 1998)P% and SAINT 6.02
(Bruker, 2001)“81. An empirical absorption correction was applied
using SADABS.*! The crystal structure was solved by Direct
Methods and refined assuming anisotropical displacement param-
eters for all atoms with SHELX97.152 The crystallographic data for
the six structures are summarized in Table 3, and further details of
2 may be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany on quoting depository
number CSD-419429. CCDC-685804 (1), -685805 (3),
-685806 (4), -685807 (5), and -685808 (6) contain the additional
supplementary data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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