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Polyoxometalates (POMs) are metal oxide cluster com-
pounds with applications in many fields from medicine to
nanotechnology.!"! The applicability of POMs can be broad-
ened by attaching organic groups to the cluster, thereby
exploiting the synergistic combination of the metal oxide and
the organic functionality.”) Many POM hybrids have been
obtained by replacement of terminal oxo ligands with nitrido,
hydrazido, and imido ligands, including dimeric species.*!
Other examples involve organosilyl,*! organophosphoryl,”!
and organotin!® derivatives of lacunary POM clusters. In
terms of grafting ligands onto POMs, tris(hydroxymethyl)-
aminomethane (Tris) is geometrically well-suited,”*! and Tris-
grafted POM clusters have opened up new avenues in
materials chemistry. For example, Tris-derived Mn-Anderson
clusters have been shown to exhibit gel formation and
selective cell-adhesion properties.!! Compared to the smaller
and less redox-active Lindqvist and Anderson-type clusters,
there is a need to target clusters that are large and more
redox-active for the application of hybrids in materials
design! and catalysis, especially if electronic communication
between the moieties is possible. ™!

Also, the construction of POM hybrids that self-assemble
into very large structures is an important goal since POMs
have the potential to bridge the molecular and macromolec-
ular length scales.!V! This is because self-assembled structures
such as vesicles are receiving considerable attention because
of their potential as novel compartments, artificial cell
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membranes, and nanoreactors, as well as drug and gene
delivery agents."!! Furthermore, the design of artificial
capsules with functional amphiphiles is challenging.> In
this respect, we have been targeting the synthesis of modular
functional POM-based organic-inorganic amphiphiles for
vesicle assembly.!””!

Herein we report the synthesis and structural character-
ization of two members of a new class of “inorganic—organic—
inorganic” hybrid molecules derived by grafting linear bis-
(Tris) ligands onto the V;-capped Wells—-Dawson-type cluster
TBAH,[P,V;W,;04,], (TBA=nBu,N"). These hybrids,
which are approximately 3.4 nm long, represent the first
examples of inorganic—organic—inorganic “dumbbell” hybrids
based on the functional Wells-Dawson-type clusters.”! Fur-
thermore, we show that one of these hybrids self-assembles
into vesicles in acetone/water solutions which have been
characterized by light scattering and transmission electron
microscopy (TEM) techniques.

The linear bis(Tris) linker ligands used in this study, L' and
L2, are depicted in Scheme 1. The Wells-Dawson-based
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Scheme 1. The modular approach (top) to the hybrids with ligands L'
and L? (bottom).

clusters TBA,;H,[{P,V;W;505(OCH,);CNHCO},] (1) and
TBA ,(H,[{P,V;W,505(OCH,);CCH,},0] (2) were synthe-
sized in good yields by heating TBAsH,[P,V;W,50,,] with
L' and L? respectively, at reflux in dry acetonitrile. The
compounds thus obtained were characterized by elemental
analyses, IR and NMR spectroscopy, ESI-MS, and (in the case
of 1) also by single-crystal X-ray crystallography (Figure 1).1!
As expected, the analytical studies revealed that these hybrids
contain two Vj-capped Wells—Dawson-type clusters linked
together by the bis(Tris) ligands. Initial investigations into
their thermal stability revealed that these compounds are
stable up to approximately 225°C (see the Supporting
Information, Figure S1 and S2).

Crystallization of 1 was carried out by diffusion of diethyl
ether into an acetonitrile solution of 1 and yellow block
crystals were collected after one week. Single-crystal X-ray
analysis' confirmed that compound 1 contains two
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Figure 1. Combined ball-and-stick and polyhedral representation of the
molecular structure of the cluster anion in 1. P pink, W turquoise,
N blue, O red, V yellow, C black, H gray.

{P,V5;W5sOq,} clusters, which are linked together by the
bis(Tris) ligand L' (Figure 1). In the two {P,V;W,sO4,] clusters
present in 1, three oxygen atoms from organic alkoxide
groups replace the three bridging oxygen atoms in the V; cap
of each cluster. The whole unit cell contains 4 cluster-dimer
anions and 40 TBA cations which are mostly concentrated
around the two cluster heads of the cluster dimers and
undergo extensive and exclusive C-H--O hydrogen bonded
interactions with the cluster oxygen atoms. Specifically, each
TBA cation undergoes 3-6 C-H--O H-bonding interactions
with a particular {P,V;W,sO,} cluster and involves in similar
H-bonding interactions with another cluster on the neighbor-
ing molecules. Thus, the TBA cations are sandwiched between
the cluster heads of the adjacent cluster dimers through
hydrogen bonds so that the cations effectively wrap around
the cluster heads, which are therefore bulkier than their
relatively thin middle part (Figure 2). This, together with an
unusual zig-zag packing mode of the dimers in the crystal

Figure 2. Packing diagram of compound 1 showing the selective
gathering of TBA cations around cluster heads leading to voids in the
crystal lattice. C gray, H white, N blue, W blue spheres, V gray spheres.
The top view shows how the cluster-anion parts of the dimers are
encapsulated by the TBA cation (TBA cations shown in stick and
space-filling mode). Bottom: View showing the voids and the aggrega-
tion of TBA around the clusters.
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lattice leads to the formation of 1D channels along the
crystallographic b axis (see the Supporting Information,
Figure S3 and S4). The diameter of these channels is
approximately 1 nm and they are filled with disordered
CH;CN solvent molecules. The solvent-accessible void in
the channels is approximately 4761 A, 15% of the total unit-
cell volume.

Therefore it appears that the void space in the crystal
lattice is formed because of the selective aggregation of TBA
cations around the cluster heads, rather than the organic
linker units. The length of the organic linker unit is
approximately 1 nm which also coincides with the diameter
of the voids (ca. 1 nm). Hence, the crystal structure of 1
suggests that it could be possible to increase the void space in
similar dimer systems simply by changing the length of the
organic linker units.

In this study, we have also utilized ESI-MS to confirm the
composition of compounds 1 and 2.'" ESI-MS data of
compound 1 in acetonitrile are shown in the Supporting
Information (Figure S5 and Table S1). The peaks centered at
m/z 2516.7 and 2456.1 correspond to TBA[{P,V5;W;505¢-
(OCH,);CNHCO},]* and TBA/H[{P,V;W,505,-
(OCH,);CNHCO},]*, respectively. All the major peaks in
the ESI-MS spectrum of compound 1 can be assigned to the
cluster anion [{P,V;W,505,(OCH,);CNHCO},]"*~, which is in
accordance with the results of elemental analyses and
crystallography. Although efforts to grow crystals of 2 were
not successful, probably because of the flexibility of the linker
L% the composition of compound 2 is unambiguously
revealed by ESI-MS studies. Similar to the spectrum of 1,
the groups of peaks corresponding to different negative
charges (47,57, 67, etc.) are observed in the ESI-MS spectra
of 2 as well; each peak of these groups could be satisfactorily
assigned to the formula [{P,V;W;505,(OCH,);CCH,},0]"*"
with a varying number of TBA and other counterions. For
example, peaks observed at m/z values 3275.5 and 2451.1
correspond to TBA,;Na,[{P,V;W,;05,(OCH,);CCH,},0]*",
TBA-Na[{P,V;W5;05,(OCH,);CCH,},0]*", respectively (see
the Supporting Information, Figure S6 and Table S2).

Inspired by the structure of 1, which showed a cluster—
TBA bilayer-type structure in the solid state, we investigated
the possibility that compounds 1/2 could be amphiphilic.
Remarkably, both compounds are indeed amphiphilic, acting
like surfactants in solution. The study on compound 2, which
is soluble at 0.1 mgmL "' in water/acetone solvents containing
less than 60 vol % acetone, is described in detail. The clear
solutions of 2 were monitored by using the static light
scattering (SLS) and dynamic light scattering (DLS) techni-
ques. Significant scattered intensities were recorded from SLS
studies in solutions containing 30-60 vol % acetone, indicat-
ing the formation of supramolecular structures (the discrete
clusters of 2 can only generate very weak scattered intensity in
solution). At the same time, the CONTIN!"3 analysis of the
DLS studies provides the average hydrodynamic radius (R),)
of the large structures in solution; as the vesicles show no
angular dependence, R, can be proposed as R,, (see the
Supporting Information; Figure S7 and S8). The relation of
R,o=R, for the large assemblies is observed in all the
solutions, suggesting a hollow spherical vesicular structure.!"!
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This is confirmed by TEM studies on these large assemblies,
as shown in Figure 3, where a remarkable contrast between
the central areas and the black periphery of 2 is observed.

100 nm

100 nm

Figure 3. TEM images showing a hollow vesicle structure of the self-
assembly of compound 2 in solution.

The vesicle size increases with increasing acetone content
in the solvent, ranging from around 61 to 83 nm in solutions
containing 30-60 vol% acetone, respectively, for
0.10 mgmL™" solutions of 2. Figure 4a shows that a linear
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Figure 4. a) Hydrodynamic radius (R,) as a function of the inverse
dielectric constant of acetone/water; b) R,, as a function of the
concentration of compound 2.

relationship is found between the R, of the vesicles and the
inverse of the dielectric constant. This is the typical feature for
a charge-regulated self-assembly process.'""? In a fixed
solvent (50:50 vol% water/acetone), the vesicle size of 2
shows a concentration dependence in the range of 0.05-
0.25 mgmL~". DLS studies indicate that the average vesicle
size remains constant around 60 nm when concentration of 2
is <0.15mgmL™". At higher concentrations, the R,, value
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increases with increasing concentration to up to 120 nm
(Figure 4b).

Vesicle structures are common in surfactant systems.
However, the formation of vesicles by the current inorganic—
organic-inorganic hybrids is unique due to their very large
polar head groups. Vesicle formation requires the closed
packing of the solvophobic part into a bilayer membrane
structure.?!! In the presence of large POM head group, the
closed packing of the organic linker becomes very difficult
because the number of linkers in the solvophobic region is
limited. For conventional surfactants, such a case usually leads
to the formation of spherical micelles in which the solvent-
phobic part is less dominant. However, our studies clearly
indicate that the vesicles are the assembled structures. A
possible explanation is that the countercations of the dimer
hybrids, TBA, play an important role.”? Each TBA cation
possesses four n-C,H, chains whose length is close to that of
the hydrophobic linker of the dumbbell. For each anionic
dimer-cluster hybrid, if some of its 10 TBA cations can take
part in the self-assembly by placing their alkyl chains into the
solvophobic region, the region can be successfully filled with
hydrophobic components and thus satisfy the requirements
for the vesicle formation. Furthermore, the placement of
some counterions on the vesicle surface between POM polar
head groups can effectively decrease the electrostatic repul-
sion among the highly charged dumbbell clusters and thus
further stabilize the assembled structures. Based on this, a
model is presented in Figure 5 to demonstrate the possible

counter-cation  §  poatonar v. X 4
(n-C4Hg),N* ) 3 water :
cluster anion in 2

Figure 5. Dimeric anion 2 and TBA countercations forming a vesicle in
acetone/water solutions.

vesicle structure formed by such novel materials. The vesicles
are still negatively charged overall, but most of the remaining
counterions are closely associated to the external and internal
surfaces of the vesicles, as confirmed by the Zeta potential
studies.™ Comparison of the proposed solution structure of 2
with the crystal structure of 1 therefore points to occurrence
of rearrangements and reorientations of TBA cations during
the self-assembly of such cluster dimers in solution, facilitat-
ing the suprastructure formation. It would be interesting to
examine the effect of countercations on the vesicle formation
in further work.

In summary, we have designed and developed a new class
of nanometer-sized (ca. 3.4 nm) hybrids starting from Wells—
Dawson-type clusters and linear bis(Tris) ligands. Structural
characterization of one of the compounds revealed the
formation of a framework structure in the crystal lattice
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through hydrogen bonding interactions between cluster heads
and the organic counterions, leading to the formation of
approximately 1 nm sized channels in the crystal lattice.
Further, the structural analysis of 1 indicates that the size of
the void channel in these dimeric hybrids is dependent on the
length of the organic linker. In addition, these hybrids are
capable of undergoing a remarkable supramolecular self-
assembly process in acetone/water mixtures, which leads to
the formation of vesicles; the unprecedented formation of
such structures from hybrids with large redox-active POM
head groups could pave the way for many future materials
applications.

Experimental Section

L' was prepared according to the published procedure.” L?
(dipentaerythritol) is commercially available. Synthesis of 1:
TBAH,[P,V;Ws0,]* (1.0g, ca. 0.2mmol) was dissolved in
30mL of MeCN, then L' (0.030 g, 0.1 mmol) was added to the
solution. The reaction mixture was refluxed for 6 days in dark. The
resulting yellow solution was added drop-wise to excess of diethyl
ether with vigorous stirring. The resulting yellow solid was collected
and redissolved in minimum volume of MeCN, then reprecipitated by
addition to excess diethyl ether. The yellow precipitate thus obtained
was isolated by filtration and dried overnight under vacuum; yield
0.90 g (0.09 mmol, 88.39%, based on TBAsH,[P,V;W50,]). Ele-
mental analysis (%): caled for  C;;HsN,0,56PsW50 Vs
(10549.55 gmol™): C 19.35, H 3.59, N 1.59; found: C 18.78, H 3.47,
N 1.65. '"HNMR (400 MHz; CD,CN): 6 =5.80 (s, 12H, -CH,-) and
7.55 (s, 2H, -NH-) ppm in addition to the TBA resonances. FT-IR
(KBr): #=3444 (w), 2960 (m), 2933 (m), 2871 (m), 1692 (w), 1484 (m),
1380 (w), 1088 (s), 957 (s), 909 (s), 815 (s), 733 (s), 599 (W), 530 (m),
418 cm™! (w). 2: The synthetic procedure is same as that for 1 except
that L* was used instead of L'; yield 0.85 g (0.08 mmol, 83.8 %, based
on TBAH,[P,V;W;s0]). Elemental analysis (%): calcd for
Ci70H375N140125P, W3V (10507.56 gmol '): C 19.43, H 3.63, N 1.33;
found: C20.00, H 3.55,N 1.37. 'TH NMR (400 MHz; CD,CN): 6 =5.55
(s, 12H, -CH,0) and 3.55 (s, 4 H,-CH,-) ppm, in addition to the TBA
resonances. FT-IR (KBr): 7 = 3446 (w), 2961 (m), 2934 (m), 2872 (m),
1635(w), 1483(m), 1379(w), 1085(s), 1029(w), 951(s), 911 (s), 819(s),
735(s), 622(W), 598(w), 563(w), 527(w), 474(w), 465(w), 441 cm™! (w).
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