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A Small Cavity with Reactive Internal Shell Atoms Spanned by Four
{As(W/V),}-Type Building Blocks Allows Host—-Guest Chemistry under

Confined Conditions

Achim Miiller,*'*! Michael T. Pope,*™! Alice Merca,"”! Hartmut Bogge,'”!
Marc Schmidtmann,®! Joris van Slageren,'! Martin Dressel,! and Dirk G. Kurth'"

Abstract: The reaction of [H,As™-
W304]”~ with VO** and SO,*” ions in
aqueous solution leads to a VV/VV
mixed-valence cluster anion containing
the {As,M,O,4)-type cryptand which
has a high formation tendency. An im-
portant result is that it exhibits a new
type of reactive internal cavity shell.
The correspondingly obtained com-
pound N4NH,),[{(VVO(H,0))(V"O),-
(SO N(As""WO53),(As"W; VY 505)-
(WO,),}]-40H,0 (1), which can also be
synthesized from a precursor with the
preorganized cryptand, was character-
ized by elemental and thermogravimet-
ric analyses (determination of crystal

water content), redox titrations (deter-
mination of the number of V¥V cen-
ters), electronic absorption as well as
vibrational spectra, single-crystal X-ray
structure analysis (including bond va-
lence sum calculations), and magnetic
susceptibility measurements. The rela-
tively small central cavity—formed by
the linking of four {AsMy}-type lacuna-
ry units (M =W/V) by four WOy octa-
hedra—allows positioning of a variety
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of cationic as well as anionic “guests”
under confined conditions according to
a new approach: replacement of some
of the W by V atoms leads to high re-
activity of the internal cavity shell as a
result of relatively weak VO bonds
compared to the WO bonds. This
allows an interesting “encapsulation
chemistry” with new options. In the
present case the cavity contains besides
an arrangement of three V'V centers,
two sulfate groups that replace O
atoms of the {AsM,} units as well as an
interesting hydrogen bond situation.
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Introduction

Polyoxometalates constitute—due to their structural variety
as well as their relevance to several fields!'!—a unique
class of inorganic species. Whereas in recent years, a variety
of very large polyoxomolybdates have been synthesized and
structurally characterized, for example the wheel-shaped
anions of the type Moys,, Moy;s>® as well as the correspond-
ing derivative Mo, the spherical icosahedral capsule
Mo,5,,® and the “hedgehog-shaped” Mosg-type cluster spe-
cies” the chemistry of polyoxotungstates is not so rich re-
garding nanosized complexes (for reasons see reference [9a];
but note the existence of the W, anion). On the other
hand, polyoxotungstates offer other options: special
polyoxotungstate(vi) matrices for instance are ideal for em-
bedding “guests”, for example, in the form of magnetic cen-
ters. In this sense trilacunary-type XW, units used as build-
ing blocks are of special importance. When three corner-
shared octahedra are removed from a Keggin ion, the so-
called A-type trilacunary anion is obtained, whereas the loss
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of three edge-shared octahedra results in a B-type trilacuna-
ry anion. The latter type, which is obtained if the central
atom such as As™ has a lone pair of electrons, can be used,
for example, as building blocks for the synthesis of sand-
wich-like mixed- and non-mixed-valence complexes of the
type [(VO);(XWyOz),]"~ (n=11, 12; X=As" Sb™) in
which two a-B-[XW,05;]"" (X=As", Sb™) units are linked
by a belt of three VO** ions!'"'? (see also reference [13]).
Quite a variety of encapsulation-type investigations were
performed based on the (related) cryptand {As,W,O14)}, in
which four B-type trilacunary units are linked together by
four WOy octahedra, for example, in clusters with the gener-
al formula [M1M2,,Z,(H,0),As,W,O14]"~, where M1 and
M2 (m=0 or 1) are alkali and/or alkaline-earth metal cati-
ons and Z, first-row transition-metal ions (e.g. Co**).l"*6]
Here we demonstrate the option for a new type of encapsu-
lation chemistry by an unprecedented activation of the
{As;W 40,4} internal shell cryptand atoms, which is based
on the substitution of tungsten atoms of the XW, units by
vanadium centers with the consequence of an activation of
the oxygen atoms at the internal cavity shell. In this context
we report here the compound Na(NH,),[{(VVO(H,0))-
(VIVO)z(SO4)2}{(ASHIW9033)2(ASIHW7.5V¥5 03),(WO,),}]40H,0
(1)=Na(NH,),-1a-40H,O, containing three V'V centers and
two sulfate groups in the small anion central cavity which
could be made possible due to the replacement of W¥' by
VV atoms leading to increased reactivity of the O (-V)
atoms. The present investigation demonstrates the general
option to place a variety of magnetic centers adjacent to
anionic guests such as sulfate ions under confined conditions
in a cryptand, as well as the option to generate interesting
hydrogen bonding situations in which water ligands coordi-
nated to the metal centers are involved. Important in this
context is the small cavity space which can lead, in principle,
to strong exchange interactions.

Results and Discussion

Compound 1 was primarily prepared by heating an aqueous
solution of the sodium salt of [H,As" W ,;O¢]”~ (22)" and
VOSO,-5H,0 and was characterized by elemental and ther-
mogravimetric analyses (for determination of crystal water
content), electronic absorption as well as vibrational spectra,
single-crystal X-ray structure analysis (including bond va-
lence sum calculations), magnetic susceptibility measure-
ments, and redox titrations (for the determination of the
number of V!V centers). The mentioned reaction occurs due
to the high formation tendency of the anionic {As,MyO 4}
type cryptand. (Compound 1 can correspondingly also be
obtained from the preorganized cryptand abundant in the
compound Na,,[Na{(As""W,053),(WO,),}]-60H,O (3)M" (see
Experimental Section), but unfortunately the crystal quality
is not as good.) Although the basic framework, that is, the
cryptand skeleton of 1a, is formally similar to that of the
anions 4a of (NHy)y[{(NH,);(Co"H,0),{(As"'W,033),-
(WO,))]'19H,0 (4)=(NH,),-4a-19H,0">'® and 5a of
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Nay;[(Na(Nay)}{(As""Ws035),(WO,)}] 2 Cln HO  (5)=Nays-
5anH,0 (reformulated here),™ it contains a new type of
cavity reactivity and related interesting “encapsulations”
(details below).

Each cluster anion of 1a is “linked” in the crystal lattice
to two neighboring anions by disordered Na(H,O); units,
leading to the formation of infinite parallel chains (Fig-
ure 1a). A characteristic feature of these parallel chains is
that they are rotated relative to neighboring chains by 180°
parallel to the c axis, translated by c/2, and are then connect-
ed through additional “Na—O bonds” thus forming a layer
structure. Interestingly, exactly the same number of Na*t
ions was obtained (one Na™ ion/formula unit) in spite of
varying the NH,* concentration in the reaction medium.
This reemphasizes the possible importance of the presence
of appropriate countercations for the assembly of (large)
polyoxometalate structures.

The cluster anion 1a (Figure 1b) is, as mentioned above,
built up by four trilacunary a-B-As(W/V), units connected
by four WOy octahedra, thereby generating a cyclic arrange-
ment with a small central cavity. Two of the opposite AsM,
units have two tungsten atoms (mostly) replaced by V" cen-
ters, which corresponds to the related disorder of the anions
in the crystal lattice, while the occupancy factor is about
25% for W and 75 % for V atoms. Each trilacunary unit has
six oxygen atoms available for coordination; in Figure 1b
the corresponding 4 x 6 oxygen atoms (red) are marked by a
black rectangle. Four of these oxygen atoms are shared with
neighboring connecting WO, octahedra (see above), that is,
two lacunary units share one WO¢ octahedron. The remain-
ing two oxygen atoms participate in two coordination
modes: 1) each of the two lacunary units containing only W
atoms (these are shown on the left and right in Figure 1b) is
linked to an O=V'VO, square pyramid by sharing corners,
that is, at the positions marked as S2 in Figure 1c where
Co** is found in 4a; 2) each of the two lacunary units con-
taining V centers (top and bottom in Figure 1b) is linked to
a sulfate group by sharing corners, that is, at the positions
marked as S2’ in Figure 1c¢ where NH," ions are found in
4a. Referring to the four bridging WOy groups: each of
these shares one corner with one of the O=V'"O, square
pyramids and another corner with a central V'YO5(H,0) oc-
tahedron, defining the S1 site, which is occupied in 4a by an
NH,™ ion. Interestingly, the sulfate groups are stabilized by
short hydrogen bonds between the O atoms of the sulfate
group and the H,O ligand of the central VVO4(H,O) octa-
hedron (Figure 2a).

Owing to its small central cavity and the reactive internal
cavity shell, the present {As,M;,O4}-type cryptand (see also
references [14,15]) is a remarkable “host” for the incorpora-
tion of guest cations and anions, and especially of magnetic
centers in presence of anions under confined conditions.
The option of making the lacunary fragments more reactive
leads to sulfate ligation, which is caused by the partial re-
placement of W by V atoms, and consequently to weakened
metal-oxygen bonds. Under changed reaction conditions by
a synthesis similar to that of compound 1® but with a lower
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Figure 1. a) Packing of the cluster anions 1a (see Figure 1b) in the crystal
lattice of 1. Each anion is “connected” to two neighboring anions by dis-
ordered Na(H,O); units, leading to the formation of infinite chains paral-
lel to the crystallographic ¢ axis (top to bottom). Parallel chains are rotat-
ed relative to neighboring chains by 180° parallel to the c axis, translated
by ¢/2 and then connected through additional “Na—O bonds” forming a
layer-type structure (color code as in Figure 1b; Na* ions: gray spheres;
coordinating H,O molecules: red spheres). b) and c) Structure of 1a (b)
(in polyhedral representation) and comparison with that of 4a, 5a (c; in
polyhedral and schematic representation; S1, S2 and S2' denoted as in
reference [15]). All three anions are built up by four AsM,-type units
(green polyhedra; As centers: orange spheres) linked by four WO, octa-
hedra (light green polyhedra). In 1a (b) two tungsten positions in two of
the four AsM, units (top and bottom) are partially occupied by vanadium
atoms (related polyhedra blue). Three additional vanadium centers
occupy the sites marked as S1 and S2 in Figure 1c. A VO5(H,O) octahe-
dron fills position S1, whereas two OVO, square pyramids occupy the S2
positions. The S2’ sites are formally “filled” by SO,*~ tetrahedra, whereas
the AsM, (i.e. V/W) and SO, units have O atoms in common. (The
color code for the polyhedra and the O atoms is chosen to illustrate the
formal building blocks as given in the formula of 1: “VVO(H,0)”: red
octahedron with two yellow spheres; “V!VO”: red square pyramids with
one yellow sphere; “SO,”: yellow tetrahedra with four red spheres;
“WO,”: light green polyhedra with two green spheres). In 4a (c) the S1
and S2’ positions are occupied by NH,* ions, and both S2 sites by Co**.
In 5a (c) all S1, S2, and S2’ sites are occupied by Na* ions; Cl” ions
bridge the Na* ions in the S2 and S2’ sites (see reference [19]).

pH value, the compound (NH,),[{(VYO(H,0)(VVVO),)-
(NH4)2}{(ASIHW9O33)4(W02)4}] -40H,0 (6)=(NHy)y-
6a-40H,0,?" can be obtained. This is similar to 1 but with
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Figure 2. a) Side view of 1a highlighting the cavity with the interatomic
distances [A] corresponding to short hydrogen bonds between the sulfate
groups and the central V'YO5(H,0) octahedron. b) The interatomic dis-
tances [A] and angles [°] between the three V'V centers inside the cavity
of 1a defining a triangle (color code as in Figure 1).

the difference that the W atoms are not substituted by V
atoms at all and the positions of the sulfate ligands are cor-
respondingly (formally) occupied by NH,* ions. This obser-
vation corresponds to the known fact that substitution reac-
tions of the type discussed here, involving a weakening of
the WO bonds, are favored at higher pH values (see for ex-
ample, reference [3]). The complete results of the single-
crystal structure analysis of 6a, which are not of interest in
the present context, are not reported here, only the charac-
terization by unit cell dimensions, analytical data, and char-
acteristic magnetic data which show clearly the three encap-
sulated V!V centers (see below).

Spectroscopic and magnetic properties: The electronic ab-
sorption spectrum (Vis/NIR region) of 1 in aqueous solu-
tions shows bands at about 690(sh) and about 860 nm, which
arise from d-d (V) and/or VIV—=W"! (IVCT) charge trans-
fer transitions® and confirm the presence of the V'V cen-
ters.

The magnetic susceptibility of compound 1 was measured
as a function of temperature. These data are shown in
Figure 3 as the product of molar magnetic susceptibility and
temperature against temperature. The y7 value at high tem-
perature is 1.08 emuK 'mol~!, which is close to the expect-
ed spin-only value for three S=1/2 ions (y7=1.08 emuK
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Figure 3. The molar susceptibility temperature product versus tempera-
ture for 1, recorded on a powder sample at an applied field of 0.5 T.
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mol~!; the average g value of vanadyl ions was taken to be
1.96”?). On lowering the temperature the T product de-
creases first slightly, then more rapidly. At the lowest tem-
peratures, it seems to be approaching a limiting value. Fit-
ting ¥ ! versus T to the Curie-Weiss law (35 K < 7<300 K),
yields a Curie constant of 1.12emuKmol™, close to the
room-temperature y7 value, and a Weiss temperature of 6=
—13.2 K, indicative of predominantly antiferromagnetic ex-
change interactions. The x7 versus T data can also be fitted
to the van Vleck formula for the susceptibility,” assuming
nearest neighbor exchange interactions only. Although the
three vanadyl ions form a triangle in the structure (Fig-
ure 2b), there is interestingly no superexchange pathway be-
tween vanadyl ions 1 and 3, but only between neighbored
vanadyl ions 1 and 2, and 2 and 3. This means that magneti-
cally, the system can be considered formally as a linear
trimer. The superexchange pathway is V'V-O-W-O-V'V and
the spin Hamiltonian was defined as H=J(S,S, + S,S;). The
least-squares fit leads to an exchange interaction constant of
J=132+0.5cm ™" and g=1.94. As mentioned above there is
no direct superexchange pathway between the outer vanadyl
ions and indeed, including a next-nearest neighbor interac-
tion between the two outer vanadyl ions does not improve
the fit significantly.

The  compound  (NH,)[{(K)(V"VO),}{(As""W,0s3),-
(WO,),}]'nH,0, the anion of which corresponds to 1a with-
out the central V'Y atom, has been earlier examined by mag-
netic susceptibility measurements and ESR spectroscopy.**!
The susceptibility data between 5 and 300 K show no mag-
netic coupling between the vanadium ions, in agreement
with the above given results for 1. However, based upon
single crystal ESR spectra a very weak antiferromagnetic
exchange interaction with J=-0.073 cm™ could be reliably
determined and represents a superexchange pathway
through a sequence of even ten W—O bonds.

Compound 6, in which no substitution of W atoms by V"
has occurred was also studied by magnetic susceptibility
measurements. The room-temperature yx7 value of
1.02 emuK mol ' is consistent with the presence of three S=
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1/2 ions. The yT product decreases with decreasing tempera-
ture, and reaches a small plateau at SK (T
~0.4 emuKmol ") before decreasing further. The magnetic
susceptibility curve was fitted assuming a linear trinuclear
cluster without exchange interactions between the outer
ions, as for compound 1 (Figure 4). The obtained exchange
interaction of J=10.7+0.5cm™!, with g=1.92, is slightly
smaller than that of 1; the difference should be due to the
presence of the sulfates in 1a.

1.14

#T/emu Kmol”

T T T T 1
0 50 100 150 200 250 300

TIK

Figure 4. The molar susceptibility temperature product versus tempera-
ture for 6 (squares). The drawn line is a fit assuming a linear triangular
cluster of three S=1/2 ions, without exchange interactions between the
outer ions.

Conclusions and Perspectives

The present discovery shows, in principle, the options of in-
corporating a variety of (cationic) magnetic centers (see also
references [19,25-27]) together with anions in the small
cavity of the cryptand. On the other hand, there is the
option to investigate interesting related hydrogen bonds sit-
uations between oxo anions and H,O ligands of the metal
centers under confined conditions.

The cavity discussed here is much smaller than in some
larger polyoxomolybdates that were mentioned in the intro-
duction, for example, in the case of our spherical porous
capsules of the type {(Mo)Mos),{Linkers};® which can
also encapsulate (cationic) magnetic centers (“A single-mol-
ecule anion made of 132 molybdenum atoms forms a spheri-
cal oxide cage that can bind several cations” was mentioned
in a recent highlight referring to that!"® in which the present
{As,W)-type cryptand®! was discussed in that context too).
A further option for the future is to study cation inside—out-
side exchanges by NMR spectroscopy as was done in an in-
teresting earlier study for the present type of cryptand
system (see reference [2c]) and which now could be extend-
ed to situations in the presence of “encapsulated” anions.
Additionally, there is—according to preliminary experi-
ments—the possibility to generate interesting magnetic mi-
celles with cationic surfactants from the cluster anions re-
ported here.?")

Chem. Eur. J. 2005, 11, 5849 —5854
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Experimental Section

Preparation of 1: method 1: The sodium salt of 2a (3 g), which was pre-
pared according to reference [17], was added to an aqueous solution of
CH;COONa/CH;COOH buffer (pH 4.0) (60 mL) and VOSO,-5H,0 (2 g,
8 mmol). The resulting brown mixture was stirred for 48 h at room tem-
perature, and then heated to 70-80°C. After addition of NH,Cl (5 g,
93.4 mmol), the solution was kept at this temperature for 30 min and
then filtered while still hot. After six days, dark brown crystals of 1 were
filtered. Yield: 1.73 g (54 % based on W).

IR (solid, KBr pellet): 7=1616 (m) [0 (H,0)], 1402 (s) [,s (NH,)], 1209
(w), 1126 (w), 1022 (sh) [all v,(SO,)], 956 (s) [V(W=O)/v(V=0)], 877
(m), 833 (m), 704 (sh), 621 (m) [V, (W-O-W)/v,(W-O-V)] cm™'; Raman
(solid, KBr dilution, 1,=1064 nm): #=886 (m), 969 (w) [v(W=0)/v(V=
O)lem™; UV/Vis  (in H,0): Ay (6)=862 (208), 694 nm
(232 mol~'dm’cm™); elemental analysis caled (%) for H;,AsNyy-
NaO,gS,VeWs3; (10946.38): N 247, Na 0.2, S 0.55, V 2.8, V(IV) 1.5;
found: N 2.6, Na 0.2, S 0.3, V 3, V(IV) 1.3.

Method 2: Nay[Na{(As"W,04,),(WO,),}]-60H,0 (3; 3 g, 0.26 mmol),
which was prepared according to reference [14], was added to an aque-
ous solution of CH;COONa/CH;COOH buffer (pH 4.0) (60 mL) and
VOSO,5H,0 (2 g, 8 mmol). The resulting brown mixture was stirred for
48 h at room temperature, and then heated to 70-80°C. After addition of
NH,CI (5 g, 93.4 mmol), the solution was kept at this temperature for
30 min and then filtered while still hot. After five days, the dark brown
precipitated crystals of 1 were filtered. Yield: 0.5 g (18 % based on W).

As the quality of the crystals obtained by the alternative preparation
method was not as good as those of method 1 the obtained structural
data were not given here, though they confirmed the reported structure.
Also the analytical, spectroscopic and magnetic data are identical.
Single-crystal X-ray structure determination: Crystals suitable for X-ray
crystal structure determination were obtained with the above given syn-
thetic method with the difference that only 1.5 ¢ NH,Cl was used. This
led to better and bigger crystals but also to a longer crystallization time
(six weeks). The X-ray crystal structure determination presented here
was performed on the crystals obtained primarily.

Crystal data for 1: H;;As,NyNaO, S,V Wy;, M, =10946.38 gmol !, or-
thorhombic, space group Pnma, a=26.201(2), b=28.257(2), c=
23.1844(14) A, V=17165(2) A%, Z=4, p=4.236 gem™, ©u=25.914 mm™!,
F(000)=19428, crystal size=0.30x0.25x0.15 mm. Crystals of 1 were re-
moved from the mother liquor and immediately cooled to 183(2) K on a
Bruker AXS SMART diffractometer (three circle goniometer with 1 K
CCD detector, Moy, radiation, graphite monochromator; hemisphere
data collection in @ at 0.3° scan width in three runs with 606, 435, and
230 frames (0 =0, 88 and 180°) at a detector distance of 5 cm). A total of
98713 reflections (1.17 < ® <27.02°) were collected of which 19072 re-
flections were unique (R(int)=0.0644). An empirical absorption correc-
tion using equivalent reflections was performed with the program
SADABS. The structure was solved with the program SHELXS-97 and
refined by using SHELXL-93 to R=0.0447 for 14594 reflections with />
20(I), R=0.0666 for all reflections; max/min residual electron density
3.798/-3.066 eA~*. (SHELXS/L, SADABS from G.M. Sheldrick, Univer-
sity of Gottingen 1993/97; structure graphics with DIAMOND 2.1 from
K. Brandenburg, Crystal Impact GbR, 2001.)

Further details of the crystal structure investigation can be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (4+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.
de) on quoting the depository number CSD-414216 (1).

Magnetic measurements: Magnetic susceptibility measurements were per-
formed on a powder sample using a Quantum Design MPMS XL7
SQUID magnetometer. The data were corrected for the diamagnetic con-
tributions to the molar magnetic susceptibility using Pascal’s constants
and also for temperature-independent paramagnetism.
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