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This study aims to provide insights into the ability of amphi-
philic cations to influence the assembly of hybrid organic-
inorganic crystal lattices using hydrophobic interactions. To
investigate the hypothesis, a prototype amphiphilic cation,
tert-butyldiethanolammonium, was employed together with
molybdenum oxide clusters of increasing size and charge in
the self-assembly of type I hybrid systems. The molybdate
clusters were used as model inorganic building blocks as
they can be formed in situ and their size and charge can be
adjusted by pH control. Using this strategy, three hybrid
structures were obtained and characterized using single-
crystal X-ray diffraction, theoretical bond valence sum calcu-
lations, elemental analysis, FTIR spectroscopy, thermogra-
vimetry and theoretical Hirshfeld analysis. Heptamolybdate
Na5[tBuNH(C2H4OH)2][Mo7O24]·ca.14H2O (1) was isolated,
which features sodium-linked dimeric cluster species. In
addition, octamolybdate [tBuNH(C2H4OH)2]4[Mo8O26]·
ca.4H2O (2) was isolated, which incorporates a complex cat-

Introduction
The controlled assembly of supramolecular architectures

based on molecular precursors holds great promise for the
design of functional materials with wide ranging applica-
tions.[1] One key feature required for these assemblies is the
ability to engineer compartmentalized crystal lattices, which
would allow the formation of regions with different chemi-
cal and physical properties.[2] Such systems are highly desir-
able for a large variety of applications from selective molec-
ular sorption[3] and the design of hydrogen storage sites[4] to
the creation of nanostructured materials with sophisticated
architectures and new properties.[5] One route to the forma-
tion of these systems could be the self-assembly of amphi-
philic organic cations with anionic inorganic building
blocks that range from Zintl anions,[6] carboranes[7] and
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ionic sodium network that contains isolated octadecanuclear
sodium clusters. At low pH levels (below pH 2),
[tBuNH(C2H4OH)2]14[Mo36O112(H2O)16][Mo36O112(H2O)14-
{tBuNH(C2H4OH)2}2]·ca.36H2O (3) was obtained, which is
based on a 36-centre molybdenum oxide cluster. Crystallo-
graphic analysis of the assemblies showed that the formation
of hydrophobic regions within the crystal lattice is affected
by the size of the inorganic building blocks employed. In 1
and 2, the hydrophobic tert-butyl groups of the amphiphilic
cations aggregate into hydrophobic assemblies. In contrast,
the structural arrangement in 3 is dominated by the large
inorganic cluster and the organic cations are incorporated as
isolated units. This behaviour is further supported by theoret-
ical Hirshfeld surface analysis of the organic counterions,
which suggests that, with increasing cluster size, the contri-
bution of long-range, hydrophobic intermolecular interac-
tions decreases, which is in line with the crystallographic
analysis for 1–3.

fullerides[8] to metal sulfide[9] and metal oxide clusters,[10]

which result in the formation of class I[11] hybrid organic-
inorganic systems.[12,13]

In this initial study, the electrostatically-controlled for-
mation of organic-inorganic hybrid systems was investi-
gated with a range of experimental and theoretical analyses.
The aim was to identify ways of directing the self-assembly
so as to guide the resulting architecture into separate hydro-
philic and hydrophobic regions.[14] Here, molecular molyb-
denum oxide clusters, so-called polyoxomolybdates, were
used as a representative model system for anionic, inorganic
building units.[13,15] The molybdenum oxide cluster system
is ideally suited as it allows the targeting of a range of clus-
ter structures under comparable reaction conditions by con-
trolled variation of the solution pH.[16] In addition, a proto-
type amphiphilic organic counterion, tert-butyldiethanol-
ammonium (BDA), was introduced, which is known to es-
tablish hydrophobic interactions through the tert-butyl side
chain as well as coordinative and hydrogen-bonding inter-
actions through the hydroxyethyl groups. In addition, non-
directed electrostatic Coulomb interactions can be formed
between the positively charged ammonium group and
neighbouring cluster anions.[17] In particular the presence
of the bulky tert-butyl substituent was hypothesized to al-
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low the formation of hydrophobic regions within the crystal
lattice, owing to its rigid and sterically demanding nature
(Scheme 1).

Scheme 1. Potential intermolecular interaction sites of the BDA
cation.

When discussing hydrophobic interactions in a supra-
molecular system or crystal lattice it should be noted that
the so-called hydrophobic effect is observed when nonpolar
molecules or molecular regions (the tert-butyl substituent
of the BDA cation here) are introduced in a polar solvent
such as water. In the case of water, the vast hydrogen-bond
network is interrupted by the presence of a nonpolar moi-
ety, which results in the formation of a hydrogen-bonded
solvation “cage” of water molecules around the nonpolar
moiety. As a consequence, the translational and rotational
entropy of the water molecules is reduced, which results in
an increase in the Gibbs free energy. In order to minimize
this energetically unfavourable effect, hydrophobic mole-
cules often aggregate into hydrophobic pockets to minimize
the surface area exposed to the bulk solvent.[18] This behav-
iour is most pronounced in large molecular systems such
as proteins where a multitude of hydrophobic amino acid
residues contribute to tertiary folding through the forma-
tion of a hydrophobic internal protein core. For the system
under investigation, one of the main questions was whether
the comparatively small hydrophobic tert-butyl groups
would allow the observation of hydrophobic interactions
(Scheme 1).

Results and Discussion

{Mo7}-Based Hybrid Architecture

Na5[tBuNH(C2H4OH)2][Mo7O24]·ca. 14H2O (1) was ob-
tained from the reaction of an aqueous solution of Na2-
MoO4 with tert-butyldiethanolamine. The solution pH was
adjusted to 5.5 with aqueous HCl (1 m), which allowed the
in situ formation of the heptanuclear [Mo7O24]6– inorganic
building block by controlling the molybdate speciation in
solution.[19] The main inorganic building unit of 1 is the
well-known heptanuclear isopolyoxomolybdate cluster
[Mo7O24]6– ({Mo7}). {Mo7} can be described as a six-mem-
bered ring formed from six octahedrally coordinated MoVI

centres in a boat conformation with the seventh MoVI cen-
tre located in an apical position. Bond valence sum (BVS)
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calculations[20] indicate that all the Mo centres are fully oxi-
dized d0 centres and that none of the oxo ligands are pro-
tonated.

In the lattice of 1, the {Mo7} cluster units self-assemble
into dimeric, dumbbell-shaped, sodium-linked {Mo7}–Na–
{Mo7} units ([Na{Mo7}2]). Each {Mo7} cluster features a
set of three terminal oxo ligands arranged in a triangular
fashion, which form an ideal fac binding site for octahedral
metal centres. It is this binding site that is occupied by the
linking sodium cation to form three Na–O coordination
bonds to each {Mo7} cluster, thereby linking two neigh-
bouring {Mo7} units, with Na–O distances of dNa–O = 2.4–
2.6 Å. The resulting [Na{Mo7}2] aggregate features dimen-
sions of approximately 1.95 nm along the main molecular
axis and shows idealized C2h symmetry. In 1, the
[Na{Mo7}2] dimers are arranged in a coparallel fashion
with the main dimer axis oriented along the crystallo-
graphic [1 1 0] direction (Figure 1). Along the crystallo-
graphic c axis, the dimers are arranged in an ABAB-type
layered fashion with Na···Na distances of ca. 1.1 nm be-
tween the neighbouring dimers.

Figure 1. Left: Representation of the [Na{Mo7}2] dimer in 1, which
shows the sodium-linked [Mo7O24]6– isopolyoxomolybdate clusters
(top) and space-filling representation of the hydrophobic aggre-
gates formed by the BDA cations (bottom). Right: Arrangement
of the [Na{Mo7}2] dimers in the crystal lattice of 1. The colinear
arrangement (top) and the ABAB-zigzag propagation (bottom) are
shown. The encapsulating organic counterions are highlighted in
the space-filling representation and their hexagonal arrangement
around the [Na{Mo7}2] dimers is highlighted by a blue hexagon.
Colour scheme Mo: green, O: red, Na: orange, [MoO6] polyhedra:
green, [NaO6] polyhedra: orange. Interlayer sodium counterions
and H atoms are omitted for clarity.

Within the ABAB layers, stabilization and separation of
the [Na{Mo7}2] dimers is achieved by the BDA counteri-
ons, which form hydrophobic regions between pairs of
neighbouring BDA cations to create close contacts (mini-
mum dC–C = 3.72 Å) between the hydrophobic, bulky tert-
butyl substituents. This unusual packing feature results in
the effective isolation of the [Na{Mo7}2] dimers in the crys-
tal lattice so that each dimer is encapsulated by six BDA
counterions in a hexagonal fashion (Figure 1). The hexago-
nal packing of the BDA cations around the [Na{Mo7}2]
dimers results in the high-density intralayer packing of the
organic counterions in 1. In contrast, the interlayer spaces
between adjacent layers of [Na{Mo7}2] dimers are occupied
exclusively by sodium cations, which act as counterions and
add structural stability to the network by coordination to
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{Mo7}-based oxo ligands. Detailed analysis shows that
these sodium cations are not randomly distributed and do
not form infinite aggregates; instead, octadecanuclear, iso-
lated {Na18} clusters are formed, which are embedded be-
tween sets of {Mo7} clusters, and can be considered as sta-
bilized molecular assemblies (Figure 2).

Figure 2. Left: Illustration of the isolated {Na18} cluster embedded
between {Mo7} units in 1, which highlights its butterfly shape (top)
and showing the encapsulation by {Mo7} clusters and BDA coun-
terions (bottom). Right: Rationalization of the full crystal packing
showing alternating layers of BDA-stabilized [Na{Mo7}2] dimers
(highlighted by purple arrows) and sets of {Na18} aggregates in the
interlayer regions between the dimers (highlighted by blue arrows).
Colour scheme {Mo7}: green polyhedra, [NaO6]: orange polyhedra,
C: grey spheres, N: blue spheres, O: red spheres. H atoms are omit-
ted for clarity.

It is suggested that the {Na18} clusters in 1 are a result
of the crystal packing and are therefore only present in the
solid state. Structurally, the {Na18} units are based on a
ring-shaped dodecanuclear assembly of 12 sodium ions,
which are all coordinated by cluster-based oxo ligands and
water molecules that stabilize this arrangement. In addition,
three sodium centres are located on either side of the ring;
these centres are additionally supported by the coordina-
tion of a BDA hydroxy group. The resulting motif re-
sembles a butterfly and can be rationalized as {Na18} =
[{Na12}1{Na3}2] (Figure 2). The observation of the ex-
tended {Na18} clusters also suggests that further studies in
the absence of inorganic cations (e.g. starting from MoO3

as the molybdate source) might allow the incorporation of
additional BDA counterions and result in the formation of
larger hydrophobic domains.

{Mo8}-Based Hybrid Architecture

In order to investigate the interactions of the amphi-
philic, organic BDA cations with larger molybdate cluster
systems, crystallizations were carried out in the same reac-
tion system as described above, however, the pH was set
to 4.0 to target the well-known octanuclear β-[Mo8O26]4–

cluster.[21] This approach allowed the isolation and charac-
terization of [tBuNH(C2H4OH)2]4[Mo8O26]·ca. 4H2O (2).
As expected, 2 contains the octanuclear β-[Mo8O26]4– iso-
polyoxomolybdate cluster[21] ({Mo8}) as the main inorganic
structural backbone. The {Mo8} cluster consists of eight
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octahedrally coordinated MoVI centres, which are arranged
in two planar [Mo4O13] building units that are centrally
linked by four bridging oxo ligands.

In the crystal lattice of 2, the {Mo8} units form hybrid
1D chains, which propagate along the crystallographic
[1 0 1] direction. Within these chains, the {Mo8} units are
linked by dimeric, hydrogen-bonded aggregates formed be-
tween two BDA cations. In these supramolecular {BDA}2

dimers, the organic cations aggregate such that two internal
O–H···N hydrogen bonds (dO···N = 2.92 Å) are formed be-
tween one of the pendant hydroxyethyl arms of one BDA
molecule and the central nitrogen atom of the second mole-
cule and vice versa. In addition to these internal hydrogen-
bonded interactions, the second hydroxyethyl arm of each
BDA cation forms strong OH···O hydrogen bonds (dO···O =
2.83 Å) to a μ2-oxo ligand of the adjacent {Mo8} cluster.
As this interaction occurs on either side of the {BDA}2 di-
mer, the molybdate clusters are linked into infinite hydro-
gen-bonded 1D chains where the repeating unit is [–BDA–
{Mo8}–BDA–]� with distances between neighbouring clus-
ters of ca. 1.1 nm (Figure 3).

Figure 3. Left: Illustration of the repeating unit of the infinite hy-
drogen-bonded [–BDA–{Mo8}–BDA–]� chain in 2, which shows
the {Mo8} cluster in a ball-and-stick representation (top) and poly-
hedral representation (bottom). The O–H···N hydrogen bonds in
the {BDA}2 dimer are highlighted by dotted red lines. Centre: Rep-
resentation of the infinite hydrogen-bonded 1D chains (highlighted
by blue arrows), which propagate along the crystallographic [1 0 1]
direction. Right: Illustration of the hydrophobic columnar struc-
tures (highlighted by purple arrows) formed by self-aggregation of
the hydrophobic tert-butyl substituents (grey space-filling represen-
tation) of the BDA cations. Colour scheme Mo: green, O: red, C:
grey, N: blue, {Mo8}: green polyhedra.

In addition to this primary hydrogen-bonded assembly,
a second assembly pattern can be observed. As already seen
in 1, the hydrophobic tert-butyl groups of the BDA cations
in 2 self-assemble into hydrophobic compartments within
the crystal lattice. However, in contrast to the isolated
hydrophobic regions observed for the BDA dimers in 1, the
BDA cations in 2 assemble into 1D hydrophobic columnar
structures along the crystallographic a axis (Figure 3).
These columns are formed primarily by the tert-butyl sub-
stituents of the {BDA}2 dimers that connect the molybdate
clusters. However, two additional nondimeric BDA cations
are located in the interchain regions between the infinite 1D
{Mo8} chains, which complete the hydrophobic columnar
arrangement (Figure 3). The tert-butyl groups of these
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BDA cations contribute to the formation of the hydro-
phobic channels, whereas their hydrophilic hydroxyethyl
arms stabilize the lattice by forming strong hydrogen-
bonded interactions with oxo ligands on the {Mo8} clusters
(dO···O = 2.74 Å) and to lattice water molecules.

{Mo36}-Based Hybrid Architecture

In order to understand whether these hydrophobic inter-
actions are structurally relevant in very large molybdate
cluster systems, we opted to investigate the BDA/molybdate
systems at low pH values where larger clusters are typically
formed. From such an experimental setup at pH = 2.0, we
were able to isolate and characterize [tBuNH(C2H4OH)2]14-
[Mo36O112(H2O)16][Mo36O112(H2O)14{tBuNH(C2H4OH)2}2]·
ca. 36H2O (3). Structural analysis shows that the main inor-
ganic building unit in 3 is a 36-centre molybdate cluster,
[Mo36O112(H2O)16]8– ({Mo36}), which is well-known to
form in highly acidic molybdate solutions.[22] The cluster
can be rationalized as a dimeric unit formed by the linkage
of two bowl-shaped {Mo17} subunits that are centrally
linked by two mononuclear {Mo1} connectors, which give
the overall formula {Mo36} = [{Mo17}2{Mo1}2]. As a result
of this assembly, the cluster features an overall ellipsoidal
shape and dimensions of ca. 2.1� 1.5�1.1 nm (Figure 4).

Figure 4. Left: Illustration of the hydrogen-bonded {Mo36} clusters
in 3, which highlights the BDA-modified o-{Mo36} cluster in ball-
and-stick representation (top) and the purely inorganic i-{Mo36}
unit in polyhedral representation (bottom). The close hydrogen-
bonded contacts are emphasized with red dotted lines. Centre: Il-
lustration of the crystal packing in 3, which shows the linear, stag-
gered arrangement of the two cluster types along the crystallo-
graphic b axis (o-{Mo36}: green polyhedra; i-{Mo36}: blue polyhe-
dra). Right: Illustration of the encapsulation of the cluster units by
the bulky organic BDA counterions. The hydrogen-bonded chains
of o-{Mo36}- and i-{Mo36}, which propagate along the crystallo-
graphic [1 1 0] direction, are highlighted by orange arrows. The
areas where intercluster hydrogen bonds dominate the crystal pack-
ing are highlighted by red rectangles. Colour scheme Mo: green
spheres/polyhedra, O: red spheres, C: grey spheres, N: blue spheres.
Hydrogen atoms and water of crystallization are omitted for clarity.

The asymmetric unit of 3 contains two crystallographi-
cally independent {Mo36} clusters; the first {Mo36} unit
(i-{Mo36}; i: inorganic) is a purely inorganic metal oxide
unit where the molybdenum centres are exclusively coordi-
nated by 112 oxo and 16 water ligands, which gives the
overall formula i-{Mo36} = [Mo36O112(H2O)16]8–. The posi-
tions of the sixteen water molecules were identified by
structural analysis and theoretical BVS calculations. It was
shown that the water ligands are distributed symmetrically
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over the cluster shell and can be separated into four μ2-
bridging water molecules (dMo–μ2-OH2

= 2.4–2.5 Å) and
twelve terminal water ligands with typical bond lengths of
2.3–2.4 Å. The molybdate framework of the second {Mo36}
cluster (o-{Mo36}; o: organic) in 3 is isostructural to the
cluster shell of the i-{Mo36} unit; however, the o-{Mo36}
unit is organically modified by two coordinated BDA cat-
ions located on peripheral binding sites that are occupied
by water ligands in the i-{Mo36} unit. The BDA cations
bind to the cluster by coordination of one hydroxyethyl
oxygen atom to a MoVI centre on the cluster periphery to
give the formula [Mo36O112(H2O)14{tBuNH(C2H4-
OH)2}2]6–. The two BDA cations are located on opposite
sides of the cluster, which increases the diameter of the clus-
ter shell from 1.5 to 1.8 nm (Figure 4).

In the crystal lattice of 3, the two {Mo36} units are ar-
ranged as infinite 1D hydrogen-bonded chains formed by
an alternating arrangement of i-{Mo36} and o-{Mo36} clus-
ters (minimum distance between clusters: 3.15 Å) linked by
sets of hydrogen bonded water ligands and BDA cations
(Figure 4). Within the chains, the clusters are arranged in a
side-on fashion; however, along the chain propagation di-
rection, the clusters are not arranged in a coparallel fashion
but feature a torsion angle of ca. 17° between the main
molecular planes. Within the planes, the organic BDA cat-
ions coordinated to either side of the {Mo36} clusters pro-
trude above and below the 1D chain and act as spacers
between neighbouring chain sections to prevent any close
interchain interactions.

The 1D hydrogen-bonded chains in 3 are further stabi-
lized within the lattice by 14 BDA cations and ca. 34 water
molecules that form an extensive hydrogen-bonded net-
work, which stabilizes the chains themselves (intrachain hy-
drogen bonds) and forms extensive interchain hydrogen
bonds (Figure 4). From the crystal packing it is evident that
the effects of the hydrophobic interactions observed in 1
and 2 are much less pronounced in 3. From the detailed
structural analysis it can be suggested that this behaviour is
due to the increased size of the {Mo36} units in 3 compared
with the {Mo7} and {Mo8} units in 1 and 2, respectively.
Although the molybdate clusters in 1 and 2 are comparable
in size to the BDA cations, the {Mo36} unit in 3 is much
larger and hence the steric constraints imposed by the pack-
ing requirements of this cluster do not allow any pro-
nounced packing effects based on comparatively weak
hydrophobic interactions between the tert-butyl substitu-
ents on the BDA cations. As a result, the BDA units simply
aggregate in the voids formed between adjacent clusters to
minimize the steric strain within the crystal lattice.

Additional experiments were conducted on 1–3 to inves-
tigate whether they are only formed at the given molyb-
date:BDA molar ratios or whether they represent a crystal
phase that is obtained over a wider range of molar ratios.
Initial observations suggest that 1–3 are indeed not only
formed at the ratio reported but also form when one reac-
tant is increased or decreased by up to 10 mol-%. Further
changes to the reaction ratio often resulted in the formation
of precipitates or systems that did not produce any solid
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products. None of the reactions performed yielded crystal-
line products other than 1–3, which suggests that these are
the preferred phases in the reaction range under investiga-
tion.

Theoretical Hirshfeld Analysis of the BDA Cations in 1–3

In order to evaluate the intermolecular interactions
around the BDA cations in 1–3, a theoretical Hirshfeld
analysis based on their crystal structures was conducted.[23]

In short, the Hirshfeld method allows the facile analysis
of intermolecular contacts within a crystal lattice. Using a
computational algorithm based on spherically averaged
Hartree–Fock electron density functionals,[24] isosurfaces
for molecular fragments within a crystal lattice are calcu-
lated. These isosurfaces can be interpreted as boundaries
between separated molecular structures. The resulting
Hirshfeld surface indicates intermolecular distances using a
colour-coded scheme and gives an immediate representa-
tion of the molecular regions where short and long intermo-
lecular distances (i.e. strong and weak intermolecular inter-
actions) are observed. The advantage of this approach is
that both strong and weak intermolecular interactions are
instantly recognized, whereas in traditional crystallographic
search algorithms (i.e. those based on intermolecular dis-
tances smaller than the sum of the van der Waals radii)
tend to highlight strong intermolecular interactions (e.g. hy-
drogen bonds) only. Due to the focus of this investigation
and owing to the structural complexity of 1–3, the Hirsh-
feld analysis focussed particularly on the intermolecular in-
teractions of the BDA cations with particular emphasis on
the interactions observed around their hydrophobic tert-
butyl groups.

When comparing the hydrophobic tert-butyl groups of
the BDA counterions in 1–3, a general trend can be seen.

Figure 5. Hirshfeld analysis of representative BDA cations in 1–3.
Left: General Hirshfeld analysis of a BDA cation, which highlights
a range of intermolecular interactions: (a) strong C–O···Na coordi-
native interaction (short intermolecular contact); (b) O–H···O and
N–H···O hydrogen bonds; (c) hydrophobic van der Waals interac-
tions between adjacent tert-butyl substituents (long intermolecular
interactions). Right: Illustration of the Hirshfeld surfaces of repre-
sentative BDA cations in 1–3. The BDA cations in 1 and 2 show
mainly long-range interactions, which suggest hydrophobic interac-
tions only (few shorter contacts are observed in 2). In 3, several
short C–H···O interactions are observed between the BDA cation
and the cluster anion, indicating that the amount of hydrophobic
stabilization is reduced and the tert-butyl groups are in closer con-
tact with the cluster shell. For full analysis see Figure S4, Support-
ing Information.
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In 1, only long intermolecular distances are observed
around the tert-butyl groups of the BDA cations, which
suggest the presence of hydrophobic van der Waals interac-
tions as the main interaction (indicated by blue and white
areas, Figure 5). In 2, similar behaviour is observed, al-
though a small number of closer intermolecular contacts
with the anion oxo shell can be seen (indicated by red areas,
Figure 5). For 3, the tert-butyl groups show a larger number
of close intermolecular contacts, which suggests that the
number of hydrophobic, long-range interactions is more
limited compared to the BDA cations in 1 and 2. Based on
these observations, the initial crystallographic study can be
substantiated and further evidence is provided to suggest
that a decreasing contribution of hydrophobic interaction
modes is observed when comparing the BDA cations in 1,
2 and 3.

Conclusions

In conclusion, it has been shown that hybrid organic-
inorganic frameworks can be assembled by the combination
of amphiphilic BDA cations with a range of inorganic iso-
polyoxomolybdate cluster anions. To understand the com-
plex modes of interaction between the organic BDA cations
and the inorganic cluster building units, three new hybrid
polyoxomolybdate-based networks were synthesized and
structurally analyzed to detect the presence of hydrophobic
areas within the crystal lattice. It was shown that hydro-
phobic packing effects are observed in 1 and 2, in which
the anion size is comparable to the size of the organic cation
employed. For 3, it was shown that when a very large clus-
ter anion is used, the packing requirements of the cluster
within the lattice are dominant and no pronounced hydro-
phobic aggregation was observed. These findings were sub-
stantiated by a theoretical Hirshfeld analysis of the BDA
counterions that suggested that a higher number of close
intermolecular distances is observed in 3, which indicate a
decrease in the number of long-range hydrophobic interac-
tions of the tert-butyl substituent in the BDA cations. This
clearly demonstrates the limitations of the synthetic route
presented. In addition, it has to be noted that the crystal
packing is controlled by a multitude of interactions that
range from attractive and repulsive electrostatic interactions
to hydrogen bonding and van der Waals interactions, and
all attempts to design supramolecular crystal lattices need
to take into account the complex combination of this range
of interactions. Furthermore, it was shown that the inor-
ganic counterion plays a crucial role as it is often incorpo-
rated as a sterically nondemanding, charge-balancing unit.
In future studies larger amphiphilic counterions, such as
cetyltrimethylammonium, will be employed in the {Mo36}
system to understand whether structural control can be in-
creased towards larger cluster systems. In addition, studies
under sodium-free conditions will be used to evaluate the
hydrophobic effects in purely BDA–molybdate systems.
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Experimental Section
Materials and Methods: All chemicals were purchased from Sigma
Aldrich and Acros (reagent grade) and were used as received. FTIR
spectra (KBr pellets) were measured with a Shimadzu FT-IR-8400S
FTIR spectrometer. Elemental analyses were carried out with a
Euro Vector Euro EA 3000 elemental analyzer. Thermogravimetric
analyses (TGA) were performed with a TA Q50 thermogravimetric
analyzer. UV/Vis spectra were recorded with a Varian Cary 50 UV/
Vis spectrophotometer or a Shimadzu PharmaSpec 1700 UV/Vis
spectrophotometer. Powder XRD analysis was performed with a
Philips X�PERT 1 powder diffractometer.

Na5[tBuNH(C2H4OH)2][Mo7O24]·ca. 14H2O (1): To a solution of
Na2MoO4 (3.00 g, 12.4 mmol) in deionized water (60 mL) was
added tBuN(C2H4OH)2 (10.0 g, 62.0 mmol, 5 equiv.), and the re-
sulting solution was stirred vigorously for 30 min. The pH was ad-
justed to 5.5 by the dropwise addition of HCl (1 m). The light yel-
low, clear solution was stored in a beaker and slow evaporation
over the course of two weeks gave colourless crystalline blocks of
1. The crystals were washed with cold water and ethanol, collected
by filtration and air-dried; yield 1.24 g (0.80 mmol; 51.6 % based
on Mo). IR: ν̃ = 3500 (s, b), 3059 (m), 2980 (m), 2598 (w), 1630
(w), 1480 (m), 1456 (m), 1410 (m), 1383 (m), 1364 (m), 1302 (m),
1184 (m), 1084 (s), 1046 (m), 1003 (m), 950 (s), 920 (s), 850 (s), 720
(s), 654 (s) cm–1. C8H20Mo7N1Na5O39.5 (1540.76): calcd. C 6.20, H
1.30, N 0.90; found C 6.32, H 1.45, N 0.97. TGA water loss from
r.t. to 120° C (wt.-%): calcd. 16.1; found 13.2.

[tBuNH(C2H4OH)2]4[Mo8O26]·ca. 4H2O (2): To a solution of Na2-
MoO4 (3.00 g, 12.4 mmol) in deionized water (60 mL) was added
tBuN(C2H4OH)2 (10.0 g, 62.0 mmol, 5 equiv.), and the solution
was stirred vigorously for 30 min. The pH value was adjusted to
4.0 by the dropwise addition of aqueous HCl (1 m). The resulting
solution was stored in a beaker and slow evaporation over the
course of ten days gave colourless crystals of 2. The crystals were
washed with cold water and ethanol, collected by filtration and
dried; yield 0.636 g (0.35 mmol, 45.6% based on Mo). IR: ν̃ = 3414
(s, b), 3082 (m), 2984 (m), 2781 (w), 1478 (m), 1383 (m), 949 (s),
912 (s), 843 (s) cm–1. C32H80Mo8N4O38 (1896.51): calcd. C 20.97,
H 4.40, N 3.06; found C 21.03, H 4.37, N 3.03. TGA water loss
from r.t. to 120° C (wt.-%): calcd. 3.8; found 3.2.

[tBuNH(C2H4OH)2]14[Mo36O112(H2O)16][Mo36O112(H2O)14{tBu-
NH(C2H4OH)2}2]·ca. 36H2O (3): To a solution of Na2MoO4

(1.00 g, 4.13 mmol) in deionized water (40 mL) was added tBuN-
(C2H4OH)2 (0.668 g, 4.14 mmol, 1 equiv.), and the solution was
stirred vigorously for 30 min. The pH was adjusted to 2.0 by the
dropwise addition of aqueous HCl (1 m). The resulting, slightly yel-
low solution was kept in a beaker and slow evaporation over ca.
three weeks gave colourless crystals of 3. The crystals were washed
with cold water and ethanol, collected and dried; yield 0.603 g
(84.3 μmol, 73.4% based on Mo). IR: ν̃ = 3451 (b), 2997 (m), 2795
(m), 1385 (m), 1184 (w), 1082 (m), 957 (s), 883 (s), 864 (s), 800 (s)
cm–1. C128H448Mo72N16O320 (14237.59): calcd. C 10.80, H 3.17, N
1.57; found C 10.86, H 3.28, N 1.54. TGA water loss from r.t. to
120° C (wt.-%): calcd. 4.3; found 3.8.

Crystallographic Details: Suitable single crystals of 1, 2 and 3 were
mounted on to the end of a thin glass fibre using Fomblin oil. X-
ray diffraction intensity data were measured at 150 K with a Non-
ius Kappa CCD diffractometer [λ(Mo-Kα) = 0.71073 Å] equipped
with a graphite monochromator. Structure solution and refinement
was carried out using the SHELX-97 package with WinGX. Cor-
rections for incident and diffracted beam absorption effects were
applied using empirical or numerical methods. Structures were
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solved by a combination of direct methods and difference Fourier
syntheses and refined against F2 by the full-matrix least-squares
technique. Crystal data, data collection parameters and refinement
statistics are listed in Table 1.

Table 1. Crystallographic data for 1–3.

1 2 3

Formula C8H20Mo7- C32H80Mo8- C128H512Mo72-
N1Na5O39.5 N4O38 N16O318.8

Mr [gmol–1] 1548.76 1896.50 14221.32
Crystal system triclinic triclinic monoclinic
Space group P1̄ P1̄ P21/c
a [Å] 11.1832(10) 11.1208(7) 25.745(5)
b [Å] 19.409(2) 12.4050(9) 26.688(5)
c [Å] 20.1284(11) 13.2032(6) 28.521(6)
α [°] 73.939(5) 63.451(4) 90
β [°] 86.312(7) 85.560(5) 96.55(3)
γ [°] 87.584(8) 68.902(6) 90
ρcalcd. [g cm–3] 2.424 1.994 2.438
V [Å] 4188.4(6) 1512.52(16) 19468(7)
Z 4 1 2
μ [mm–1] 2.194 1.698 2.344
T [K] 150(2) 150(2) 150(2)
F(000) 2880 860 12928
min., max. θ [°] 3.57, 26.37 2.75, 30.00 3.52, 26.37
Measured refl. 130361 51315 257157
Unique refl. 17052 8814 36876
Parameters 1090 444 2531
GooF 1.103 1.096 1.102
R1 [I�2σ(I)] 0.0236 0.0263 0.0506
wR2 (all data) 0.0587 0.0927 0.1179

CCDC-807932 (for 1), -807933 (for 2) and -807934 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Hirshfeld Surface Analysis: Hirshfeld analysis was carried out using
CrystalExplorer (v2.1) by K. Wolff, D. J. Grimwood, J. J. McKin-
non, M. J. Turner, D. Jayatilaka, M. A. Spackman, University of
Western Australia, 2010. Hirshfeld surfaces were generated based
on all molecular fragments within a radius of 5.0 Å around a given
BDA molecule. The colour-coded isosurface visualization is based
on normalized intermolecular distances dnorm, where dnorm = [(di –
ri,vdW)/ri,vdW] + [(de – re,vdW)/re,vdW] with di/e = internal/external dis-
tance between the Hirshfeld surface and the nucleus; ri/e,vdW = van
der Waals radius of the internal/external nucleus. For details see
ref.[23]

Supporting Information (see footnote on the first page of this arti-
cle): Detailed information of the syntheses, analyses and Hirshfeld
analyses.
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