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ABSTRACT: Alkyl chains with different lengths were
covalently grafted onto the surface of hexamolybdate
through the postfunctionalization protocol of polyoxome-
talates. The obtained compounds represent typical
structures of the so-called giant surfactants. Unexpectedly,
those surfactants with hexamolybdates as polar headgroups
are able to crystallize, while single-crystal X-ray diffraction
reveals that the crystallization behavior of the surfactants is
highly dependent on the length of the alkyl chains. For
surfactants with comparatively short alkyl chains (C6 and
C10), the alkyl chains prefer to interact with tetrabuty-
lammonium, the countercation of hexamolybdate. How-
ever, the alkyl chains tend to pack with each other to form
a domain of alkyl chains in the surfactant with a longer
alkyl chain (C18). The possible mechanism is that a long
alkyl chain cannot be fully compatible with the short chain
(C4) of tetrabutylammonium.

Polyoxometalates (POMs) are a large group of well-defined
molecular metal oxide clusters with sizes up to ∼6 nm.1,2

Because of their outstanding and tunable acidic and redox
properties, POMs have been demonstrated to be excellent
catalysts for various reactions in both laboratory research and
industry.3−6 Very recently, POMs were also applied as
electrochemical active materials for building batteries, super-
capacitors, and memory devices.7,8 The POM surface is fully
covered by oxy, hydroxyl, or water ligands, making them
completely hydrophilic, which significantly limits POMs’
applications as catalysts because of their poor compatibility in
organic media. In order to resolve the issue, the functionalization
of POMs covalently/noncovalently with organic ligands was
developed during the past decades.9,10 The organic functional-
ization protocol provides a rational way to design and synthesize
application-oriented POM−organic hybrids. Additionally, being
different from pure inorganic POMs with high crystalline energy,
the hybrids show the nature of soft matters, which renders us the
ability to assemble them into functional materials with desired
morphologies.11−13 Especially, surfactants with POMs as the
polar headgroup and surfactant-encapsulated POMs, as new
classes of amphiphiles, have drawn increasing interest these years

because of their rich and tunable solution behavior and potential
applications as highly efficient emulsion catalysts.11,14,15

In recent years, a new class of amphiphiles called giant
surfactants have been developed based on the functionalization
of molecular clusters and nanoparticles.11,16,17 Typical giant
surfactants include, but are not limited to, the surfactants with
POMs, fullerenes, POSS, and well-defined proteins as polar
headgroups.16 Different from the regular small-molecule
surfactants, the giant surfactants possess unique and tunable
phase behavior in both solid and solution states.11,16,17

Noncovalent interactions, including van der Waals forces and
hydrophobic, hydrogen-bonding, aromatic stacking, and electro-
static interactions, are responsible for the self-assembly process
of giant surfactants and small-molecule counterparts.11,16,17

However, rare studies have been carried out to investigate the
exact interactions between the giant surfactants. Because of the
disorders of the long surfactant tails, obtaining single crystals of
these giant surfactants is challenging but helpful to characterize
the molecular structure and details of specific noncovalent
interactions among the giant surfactants.15,18 Meanwhile, the
single-crystal state of the giant surfactants could be beneficial in
the applications of optic devices.19,20 Herein, we report the
synthesis and single-crystal structures of surfactants with
hexamolybdate as the polar headgroup. The packing of the
giant surfactants and their intercluster interactions are uncovered
by single-crystal X-ray diffraction (XRD). Our work, to the best
of our knowledge, reveals the significant role that the length of
the alkyl tail plays in the formation of single crystals of the hybrid
surfactants. The surfactants undergo a typical crystal-to-liquid
crystal transition process when the temperature is gradually
elevated.
Thanks to the significant progress that POM synthetic

scientists have made during the last decades, the postfunction-
alization of POMs and their hybrids has been well-developed,
which renders us the ability to modify the POM surface with
target functional groups.9 We have successfully developed a
protocol to introduce different ligands into hexamolybdate−
organic hybrids through dicyclohexylcarbodiimide (DCC)-
assisted esterification of the hexamolybdate-functionalized
phenol, (n-Bu4N)2[Mo6O18(NAr1)] (1; Ar1 = p-hydroxyl-o-

Received: April 22, 2015
Published: June 12, 2015

Communication

pubs.acs.org/IC

© 2015 American Chemical Society 6075 DOI: 10.1021/acs.inorgchem.5b00903
Inorg. Chem. 2015, 54, 6075−6077

pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.5b00903


toyl), with carboxylic acids.21 Herein, long-chain n-alkylcarbox-
ylic acids (CnH2n+1COOH, where n = 5, 9, 13, and 17) were first
applied in the esterification reaction with compound 1.
Unfortunately, the desired surfactants with hexamolybdate as
the polar headgroup can only be obtained in limited yields.
However, while the corresponding long-chain carboxylic
anhydrides were used to react with compound 1 in the presence
of DCC in anhydrous acetonitrile, the hexamolybdate-headed
surfactants, (n-Bu4N)2[Mo6O18(NAr2)] (2−5; Ar2 = p-
carboxylate-o-toyl), were obtained in good yields (Scheme 1).
Significantly, their single crystals can be easily obtained via the
slow diffusion of ethyl ether into the acetone solutions of the
synthesized hybrid surfactants.

Single-crystal XRD, Fourier transform infrared (FT-IR),
electrospray ionization mass spectrometry (ESI-MS), and UV−
vis spectroscopic studies of compounds 2−5 confirm the
structural features of both surfactants and hexamolybdate−
organic hybrids (Figure 1). Single-crystal XRD results indicate

that the hexamolybdate cluster framework remains intact while
the organic fragments are covalently linked to the hexamolybdate
cluster through a MoN triple bond. The alkyl tails are
covalently bonded to the phenyl ring via the ester group,
confirming the success of the esterification reaction. The single-
crystal XRD results are consistent with the FT-IR and UV−vis
measurements of the corresponding samples. In the FT-IR
spectra, characteristic peaks at 952 and 795 cm−1 are assigned as
MoO andMo−O−Mo vibrations, respectively, while a peak at
976 cm−1 is tentatively ascribed to the formation of a MoN
triple bond. The characteristic peak of the −OH vibration at
3412 cm−1 in the FT-IR results of hybrid 1 disappears, while new
peaks at ca. 1760 cm−1 show up after the postmodification
reaction, which is consistent with the formation of ester groups
(see the Supporting Information, SI). The UV−vis spectra of
compounds 1−5 indicate that there is a bathochromic shift of the
lowest electronic transition from 325 nm of hexamolybdate to
365 nm of compound 1 and 354 nm of the hybrid surfactants.
This shift results from the formation of aMoN triple bond and
the conjugation between the phenyl groups and the inorganic
cluster. However, compared to compound 1, there is an obvious
blue shift in the hybrid surfactants due to replacement of the

hydrogen atom of the phenolic hydroxyl group in compound 1
by the electron-withdrawing acyl groups during the esterification
reaction. ESI-MS studies of the hybrid surfactants confirm the
purity of these compounds and their stability in the solutions of
acetonitrile for at least 1 week (Figures S2−S5 in the SI).
The lengths of the alkyl chains significantly affect the

crystallization behavior of the hybrid surfactants. The single
crystals of 2 and 3 show needle shape, while the single crystal of 5
shows 2D platelike morphology, implying the different packing
styles between the hybrid surfactants 2, 3, and 5 (Figure 2). Both

compounds 2 and 3 crystallize in monoclinic space groups with
similar cell parameters, suggesting the similar packing manner of
the hybrid molecules in their crystals. However, compound 5
crystallizes in a triclinic space group (Table S1 in the SI). A
further look at the detailed structure in the single crystals of all
three compounds uncovers the reason for their different
crystallization behaviors. In the single-crystal structures of 2
and 3, the C6 and C10 alkyl chains grafted onto the surface of
hexamolybdate collapse and interact with the tetrabutylammo-
nium (TBA) cations that are associated around the neighboring
hexamolybdate clusters. However, the hybrid surfactant
molecules pack in a layer-by-layer manner in the single crystal
of 5. The alkyl chains are fully extended with a typical zigzag
conformation in the single crystal of compound 5. The alkyl
chains, herein, prefer to interact with each other and form
domains of close-packed alkyl chains which are sandwiched by
two domains of POMs. Bridged by a layer of TBA, such POM−
alkyl chain−POM layer structures with a thickness of 18.28 Å
further pack to form crystals. The anisotropic interactions, as we
describe above, in the crystal of compound 5 explain the
formation mechanism of the 2D sheetlike crystals. Moreover,
only the crystal of 5 among all of the hybrids studied in the work
shows liquid-crystal behavior because of the different thermal
behaviors of the inorganic POM domain and organic alkyl chain
domain. Basically, at comparatively low temperatures, e.g., 45.84
and 80.86 °C, the alkyl chain domain will be melted, while the
POM domain remains intact, resulting in the typical liquid-
crystal behavior.
Lessons from small-molecule surfactants show that surfactants

with long alkyl chains tend to crystallize with more difficulty and
defects because of their great numbers of possible gauche
conformations. Indeed, compared to the hybrid compounds 2
and 3, compound 5 crystallizes much slower. However, the
crystallization behavior of the hybrid surfactants is more
complicated compared to their small-molecule counterparts

Scheme 1. Synthetic Reactions to Obtain Surfactants with
Hexamolybdate as the Polar Headgroup

Figure 1. Ball-stick drawings of the molecular structures of the anionic
surfactants with hexamolybdate as the polar headgroup: (a) compound
2; (b) compound 3; (c) compound 5. Their counterions, TBA, are
omitted for the sake of clarity.

Figure 2. Graphical representation of the packing styles of the hybrid
molecules in compounds 2 (a), 3 (b), and 5 (c and d): blue polyhedra,
Mo6O18N clusters; turquoise spheres, TBA cations.
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mainly because of the existence of TBA, a countercation of the
anionic surfactants. TBA, actually, is an amphiphilic cation that
can interact not only with the C6 and C10 alkyl chains in
compounds 2 and 3, respectively, via its four hydrophobic tails
but also with the POM polar headgroup through its positively
charged nature. The case is different in compound 5 because the
C18 alkyl chain is too long to be compatible with the four short
chains of TBA. The C18 alkyl chains prefer to interact and pack
with each other to form the alkyl chain domains.
On the other hand, the packing parameter, a widely applied

concept that helps in the design of novel surfactants and predicts
the self-assembly behavior of surfactants in the solution state, is
also useful in understanding the crystallization behavior of hybrid
surfactants. The crystallization and solution behavior of
surfactants could be highly related because the packing of
molecules plays a critical role in both of these different physical
behaviors. The packing parameter (P) is defined in eq 1, whose
value can be used to predict the formation of different types of
assemblies (Table 1).22 Nagarajan has thoroughly discussed the

role that the tail length plays in P and the self-assembly process of
the surfactants.23 Generally, the packing parameter will be
increased by elongating the tails. Therefore, it is expected that the
P value increases from compound 2 to 5 when the length of tail
was increased from C6 to C18 in our research. When P of the
surfactants reaches ∼1, they prefer to form bilayer structures,
which is consistent with the observed crystallization behavior of
the four hybrid surfactants. Compound 5, with the highest P
value, crystallizes into a layer-by-layer structure, which represents
a typical bilayer structure.

=P V al/0 0 (1)

where V0 is the volume of the surfactant tail, l0 is the length of the
surfactant tail, and a is the surface area of the surfactant on the
surface of the aggregates.
In summary, a series of surfactants with hexamolybdate as the

polar headgroup were designed and synthesized for the purpose
of studying their crystallization behaviors. As the first example of
a comprehensive study of the crystallization behavior of POM−
organic hybrid materials, our study uncovers the unique role that
the lengths of alkyl tails play in the packing of hybrid surfactants.
Our discovery should be instructive in the design of POM−
organic hybrid crystalline and liquid-crystal functional materials.
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Table 1. Packing Parameter Value and the Assemblies

P assemblies in solution

0 ≤ P ≤ 1/3 spherical micelle
1/3 < P ≤ 1/2 cylindrical micelle
1/2 < P ≤ 1 bilayer

1 < P reverse micelle
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