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enough to even encapsulate Keggin-type -clusters—thus
leading to remarkable composites—can be generated in a
facile synthesis.®! The Keplerate-type clusters also display
interesting topologies. So far there has been no report on the
linking of such large spherical objects to form a chain
structure (for very interesting fullerene-type systems see
ref. [S]). Here we report the synthesis and structure of an
unusual mixed-valence compound(® containing discrete
{MoY!{(MoYh)s},{Moy Fell}-type Keplerate clusters and their
one-dimensional linking by a novel type of solid-state reaction
at room temperature to form chains. We also present a
theoretical model based on a modification of a
{MoYi(MoY")s},,{Felll} prototypel” that helps to explain the
measured magnetic properties of the chain compound.

If a strongly acidified aqueous solution of sodium molyb-
date is treated with ferrous chloride in the presence of air and
a rather high concentration of acetic acid, black crystals of 1
containing {MoY{(MoY)s},{Mo{Fel}-type anionic clusters
precipitate, which upon drying at room temperature get
linked to chains, yielding (the black) compound 2 (see also
Experimental Section).

Na,[{MoY(Mo"))s};,{Mog Felf}(CH;CO0)0,55(H,0)sy] - ca. 150H,0 1
(=Na,1a-ca. 150H,0)

Na,[{MoY(Mo")s},,{Moy Felf ( CH;CO0)0,55(H,0)s,] - ca. 80H,0 2
(=Na,2a-ca. 80H,0)

During the formation process, the Fe! ions partly reduce
the MoV! centers though most of the Fe! cations are oxidized
by air to Fe'l. In any case the presence of Fe!! is necessary, as
beginning the synthesis with Fe!ll as starting material in the
presence of a reducing agent leads immediately to a non-
crystalline precipitate.

Whereas compound 2 was characterized to a full extent by
elemental analysis, thermogravimetry (to determine the
crystal water content), bond valence sum (BVS) calcula-
tions,®l spectroscopic methods (IR, resonance Raman, VIS-
NIR, ’Fe Mossbauer) as well as magnetic measurements and
single-crystal structure analysis,/) compound 1, which contains
discrete spherical clusters, could only be identified by single-
crystal X-ray structure analysis of the non-dried crystals.
These crystals were cooled immediately to liquid nitrogen
temperature to block any further release of water and
subsequent condensation reactions which would lead to the
formation of 2.1

Both the spherical cluster anion 1a and the spherical
building blocks of the anion chain 2a comprise 12 pentagonal
fragments of the type {MoY(MoY'O,,)} (containing a central
pentagonal MoO; bipyramid edge-sharing with five {MoOg}
octahedra) which are connected by 24 {Fe'(H,0),}**['"! and
six {MoYO(H,O)}** linkers (the six Mo(4d) electrons are also
partially delocalized over the Mo positions of the pentagonal
{Mo(Mos)} building groups, cf. ref. [11]) statistically distrib-
uted over the 30 vertices of an icosidodecahedron. The acetate
ligands are located inside the sphere and are coordinated in a
bidentate fashion to the metal centers, preferentially bridging
Fe and Mo sites. In crystals of 2 the icosahedral spherical
building blocks, that is {Mo(Mo)s};,{MogFe,,}-type spheres,

1433-7851/02/4104-0579 $ 17.50+.50/0 579



COMMUNICATIONS

Figure 1. Representation of the structures of the discrete anion 1a in crystals of 1 (polyhedra), of the
anionic chain 2a in crystals of 2 (space-filling with the option to identify the Mo positions), as well as of
the linking area of the chain 2a (ball-and-stick; bond lengths [A] and angles [°] in the M,0, (M = Mo/Fe)
ring: Mo—O: 1.72/1.78; Fe—O: 1.96/1.98; Mo-O-Fe: 147.0/149.9; O-Mo-0O: 101.5; O-Fe-O: 93.2).

are linked to form chains (Figure 1): Two neighboring spheres
A and B are connected by a Mo,—O—Fey and a Fe,—O—Mog
group, for which the two metal positions of each sphere (e.g.,
Fe, and Mo,) are connected by a u-oxo-type center. This
results in a nearly square Fe,Mo, arrangement (Figure 1top
right), the center of which coincides with a crystallographic
inversion center (see below for the type of mechanism).
Interestingly, the geometric details of the Fe-O-Mo bridging
group and the Fe—O—Mo motifs found in the spheres do not
differ significantly (Mo---Fe: ca. 3.6 A). This has important
implications for the magnetic properties as described below.
The square-type linking group in 2 (Figure 1) is topologically
equivalent to the type of linking found in dumbbell-shaped
{Cgo}» dimers, for which the linking region can be compared
with a cyclobutane unit built up by two intra- and two inter-
sphere C—C bonds.P

The formation of 2 is initiated by drying crystals of 1, that is
by the loss of crystal water and finally results in the
condensation of the anionic cluster spheres so as to link the
spheres as infinite chains through the above-described bridg-
ing motifs. This is caused by the fact that {Fe"(H,O),}**-type
H,O ligands are substituted by terminal Mo=O groups of
{Mo(Mos)} pentagons of neighboring spheres formally acting
as ligands in accordance with Equation (1).

The driving force for the reaction is entropy gained by
emission of water molecules. The initial loss of crystal water
molecules causes decreasing inter-sphere distances, which
leads to the situation that an Mo=O group formally acts as a
ligand while replacing a H,O group of an adjacent sphere as
mentioned above. This Sy-type reaction initiated by an Mo=0O
group does not occur for the yellow neutral discrete
{(MoV{(Mo¥")},,{Fell}-type cluster found in 3 ! but in the
present case due to the increase in electron density in 1a at the

\ 1 \‘ ‘/
R—Mo=0  H,0—Fe—R R—Mo—O—Fe—R
i | —2H,0 i |
(0] 0 —_— (0} 0 )

| |
R— F,&L-OHZ O0=Mo—R R— F,L—-—O— Mo—R

’
’

(R = H,0/CH;COO0)
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terminal Mo=0O oxygen positions by
the abundance of six (partially delo-
calized) 4d electrons which cause also
the dark color. Remarkably the binu-
clear MoY!-type linkers of 3 (respon-
sible for the neutrality of the cluster)
are not abundant in 1 and 2 due to the
different preparation method used
here.

Interestingly, not only the crystal-
linity but also the space group (P2,/n)
is preserved throughout the solid-state
reaction 1 —2. Comparing the packing
of the spheres in the crystal lattice of 2
with that of 1 reveals that the dis-
tances between the {Mo(Mo)s},-
{MogFe,,}-type ball units shrink dras-
tically in the direction of the crystallo-

[Mo7,Fe3,0,5,(CH;CO0)1,{M0,0,(H,0)},{H,M0,05(H,0)}(H,0)y/] - ca. 150H,0
3

graphic ¢ axis (Figure 2): Correspondingly, the ¢ axis of 2 is
even 5.7 A shorter than the corresponding one of 1 (see
ref. [9]).

Figure 2. Schematic demonstration of the room-temperature solid-state
reaction leading to the chain of 2 caused by linking the anionic spheres 1a.

The magnetism of 2 can be best explained by comparing it
with the prototypal case of the analogous discrete {MoY/Fell}
spheres of 3,1 currently the largest molecular mesoscopic
paramagnet.'”l In both systems O—Mo—O groups mediate
antiferromagnetic exchange between the near-perfect octa-
hedrally coordinated S = 5/2 Fe'! centers (see also Mossbauer
data). In the case of 3, y,.,7 increases with T and at room
temperature approaches the value expected for 30 uncorre-
lated §=5/2 centers, namely 131.25 emuKmol~' (spin-only
for g=2.0), while the room-temperature value of y,,, 7 found
for 2, 104.0 emuK mol~!, very nearly equates to the expected
value for 24 uncorrelated S=5/2 Fe™ centers, namely
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105.0 emuK mol L[5 As the (partially) delocalized Mo(4d)
electrons are, like in the reduced {Mo,}-type Keplerate,['!
strongly coupled and thus contribute only to a negligible
extent to the overall magnetic moment, the high-temperature
data indicate that in 2 six of the 30 Fe™ positions in 3 are
occupied by (effectively) nonmagnetic centers. Down to low
temperatures the measured susceptibility of both 2 and 3
(Figure 3) are in very good agreement with the Curie — Weiss
function y = C/(T— @) but the derived Weiss temperatures
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Figure 3. The temperature dependence of y,,,T compared for 2 and 3.

differ significantly (@(2)=-13K, ©(3)=-21.6 K, using
susceptibility data extending from 20-300 K).['> 1421 The value
of the ratio ©(2)/@(3) can be explained by adopting the
following simple picture. The same single Heisenberg ex-
change constant J is assumed for the nearest neighbor Fe --- Fe
interactions in 2 and 3 since the geometrical parameters of the
relevant Fe-O-Mo-O-Fe groups including the bridges between
the spheres are virtually identical. It then follows that @ is
proportional to the absolute number of nearest neighbor
Fe---Fe contacts per sphere,['”l which in 2 is decreased in
comparison to 3 by the introduction of six centers that are
effectively not contributing to the paramagnetism, that is,
(effectively) nonmagnetic. Assuming a uniform statistical
distribution of these nonmagnetic centers over the 30
icosidodecahedron vertices results in 38 Fe---Fe contacts
compared to the 62 contacts of a hypothetical all-iron
configuration (60 icosidodecahedron edges and two distinct
bridges to the adjoining spheres in the chain). We therefore
obtain @(2)=38/62 x ©®(3)=—-13.2K, in excellent agree-
ment with the experimentally determined value. It is note-
worthy that, because the Weiss temperature reflects the
ordering and the distribution of the nonmagnetic positions
over all 30 possible positions, we are able to draw structural
conclusions that cannot be obtained from the X-ray diffrac-
tion analysis or other analytical techniques.'**! Future inves-
tigations will center on the low-temperature/high-field re-
gime. In particular, we will probe whether a highly symmetric
frustrated ground-state configuration is achieved for 2 as
occurs in compound 3.2

The results reported here focus on several interesting
aspects. Nanosized spherical capsule-type objects get linked
as one-dimensional chain structures in a room-temperature
solid-state reaction, which can be regarded as a type of crystal
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engineering process. Additionally, the capsule itself, that is the
building block has interesting properties for materials sci-
ence.’l Another important feature is that we deal with
spherical capsules of the type (pentagon);,(linker);, (L=
Fe(H,0)**,1 MoO(H,0)*1"") where the linkers can be
stepwise exchanged with the option of changing the surface
properties for different purposes. For example, by changing
appropriately the degree of electron density on the surface
(that is, in the present case, by the number of MoO(H,0)*"
groups), the nucleophilicity can correspondingly be increased
thus, for instance, enabling different types of inter-sphere
condensation reactions. The type of linking depends on the
MoO?3*/Fe" ratio. Furthermore, there is an interesting
electronic structure based on the two couples Fe!'-MoV!
and Fe™-MoVY which have very close redox potentials.
Therefore the actual type of electronic structure can lead to
temperature-dependent electron transfer in anion 2a.l'617]
Finally, the specific reaction type as well as the resulting
products reported here are just one of a myriad of possibilities
that appear achievable in future investigations with this
system.

Experimental Section

1: FeCl,-4 H,0 (0.5 g, 2.51 mmol) was added to a solution of Na,MoO, -
2H,0 (3.0 g, 12.40 mmol) in H,O (25 mL) and CH;COOH (100 %; 10 mL).
After acidification with 32% HCI (2.0 mL) the solution was stirred for
10 min at room temperature and the resulting blue solution was filtered
from the blue precipitate and kept in a 100 mL Erlenmeyer flask at 20°C.
After one day, the solution was filtered again. The black crystals (plates or
“rhombic” shaped prisms), precipitated after three days, were directly
characterized while still wet by single-crystal X-ray structure analysis after
they had been extracted from the mother liquor and cooled to liquid
nitrogen temperature (otherwise these crystals tend to rapidly lose crystal
water).

2: The wet crystals of 1 were filtered, washed with a small amount of cold
water, and dried in argon at room temperature. The linking-type reaction
based on drying with formation of the chain compound 2 is very fast. Yield:
0.14 g (10% based on Fe). Correct elemental analysis regarding all the
elements; but as the Na and C content is very small and the Na* ions as well
as the acetate groups are partially disordered an error limit regarding their
numbers has to be taken into account, that is, a different composition
showing, for example, one more Na* and acetate cannot be excluded.
Characteristic IR bands (KBr pellet; 1800-500 cm™): #=1618 (m,
0(H,0)), 1541 (m, v,(COO0)), 1420 (w-m, v,(COO)), 955 (m, v(M0o=0)),
773 (s), 627 (w-m), 570 (s) cm™!; characteristic resonance Raman bands
(solid state; 4,=1064 nm, 1000-200 cm™'): ¥#=2835 (s), 633(m), 463 (m-
w) cm~!; UV/Vis (solid-state reflectance spectrum, cellulose used as a white
standard): A~390 (br), 580 (w, br), 850 (w, br), 1064 (w, br) nm; 'Fe
Mossbauer spectrum (77 K; isomer shift and quadrupole splitting charac-
teristic for Fe""Og-type groups, in mms™'): 6 =0.52, AE,=0.77.
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