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P

olyoxometalates (POMs) are complex
metal oxide molecules of growing
interest due to their wide redox,
photochemical, and catalytic properties.13
The potential for these compounds to be
used in functional devices has revealed the
need for further investigation of their selfassembly and organization in the solid state
and on solid substrates. In the past, the
major studies in this respect have been
mainly directed toward the fabrication of
layered architectures, obtained by physical
absorption, covalent attachment,4,5 or by
sequential grafting of oppositely charged
polyelectrolytes onto planar substrates.6
Only a very few examples7,8 have been
directed at the self-assembly on surfaces
of this class of molecules. Recently, we
focused our attention on the control of the
physical and chemical parameters guiding
the self-assembly and the self-organization
of POMs on solid surfaces by solution
processes.9 We have demonstrated that by
simply employing drop-casting deposition
it is possible to induce the formation of
architectures with a wide variety of shapes
and dimensionalities as a function of diﬀerent parameters, such as the structure of the
cluster, the nature of its functionalization,
the solution concentration, and thermal
treatment of the ﬁlm. Among the diﬀerent
POMs, the investigation of the self-assembly
of hybrid organicinorganic POMs is of
immense interest because of the wide
range of organic moieties with various functions that can be attached to, or associated
with, the inorganic core.10,11 The combined
use of LangmuirBlodgett deposition (LB)
and scanning probe microscopy (SPM) techniques is very useful for investigating molecular self-assembly at the nanoscale.1215
There are several publications reporting the
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ABSTRACT

Utilizing LangmuirBlodgett deposition and scanning probe microscopy, we have investigated the extent to which cations alter the self-assembly processes of hybrid polyoxometalates
(POMs) on surfaces. The well-deﬁned 2D hexagonal nanostructures obtained were extensively
characterized and their properties were studied, and this has revealed fascinating dielectric
behavior and reversible capacitive properties. The nanostructures are extremely stable under
ambient conditions, and yet exhibit fascinating self-patterning upon heating. These ﬁndings
present POMs as eﬀective smart nanodielectrics and open up a new ﬁeld for future POM
applications.
KEYWORDS: polyoxometalate . high-κ nanodielectrics . smart materials .
self-assembly . cation exchange . nanostructures

incorporation of POMs into the microspaces
of LB ﬁlms,1618 and LB deposition has been
largely employed to build up multilayered
ﬁlms of POMs.19,20 Recently we reported
how, by utilizing the LB technique, hybrid
organicinorganic polyoxometalates can
form nanoscopic ﬁbrils at the airwater
interface, and how the organic ligands involved change the structures obtained.21
Herein we focus our attention on a symmetric MnAnderson having identical C9
alkyl ligands on either side of the cluster
[(MnMo 6 O 18 )((OCH 2 )3 CC 9 H 17 )2 ]3‑ , compound 1, and show how the nature of the
countercation plays a crucial role in the selfassembly process. In a previous study, compound 1 gave no regular structures at the
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Figure 1. (a) Surface pressure versus mean molecular area isotherm, obtained at 25 C, for 1-DMDOA. The dotted line
extrapolates the limit area. (b) Surface pressure trends during the vertical deposition onto mica substrates.

Figure 2. SFM images showing the morphology of 1-DMDOA deposited onto mica at target pressures of 20 (a), 30 (b), and 40
(c) mN m1. The z scale is 3 nm for panel a and 10 nm for panels b and c.

airwater interface with tetrabutylammonium (TBA) as
the countercation.21 Here we show that by exchanging
the cation from TBA to dioctadecyldimethylammonium (DMDOA),22 the resulting hybrid 1-DMDOA gives
rise to well-deﬁned 2D hexagonal nanostructures
showing high-κ dielectric behavior along with reversible capacitive properties.
RESULTS AND DISCUSSION
The Langmuir isotherm of 1-DMDOA at the air
water interface is shown in Figure 1a. The surface
pressure versus mean molecular area plot was obtained
at 25 C by taking a 10 μL aliquot of a 5 mg/mL solution
of 1-DMDOA (in 1:1 CH3CN/CHCl3) and spreading this
onto the water subphase.
The plot shows regions with various shapes and
slopes corresponding to the formation of diﬀerent
phases of the ﬁlm at the airwater interface under
barrier compression. A ﬁrst transition from a “gas-like”
phase to a condensed phase with a slope of 1.08 mN
m1 Å2 is observed at a mean molecular area of
225 Å2. Then at a molecular area of about 180 Å2 with
a pressure of about 35 mN m1 the curve exhibits a
transition point where the surface pressure starts to
decrease, observed as a positive slope. This implies a
MUSUMECI ET AL.

molecular loss from the 2D compact phase into the
water subphase. Subsequently, a steady pressure of 28
mN m1 is observed during contraction of the molecular area from around 160 to 100 Å2. The pressure then
increases (with a slope of about 0.4 mN m1 Å2) to a
kink transition step at 30 mN m1 (around 80 Å2), after
which the gradient of the curve becomes steeper
(now 2.04 mN m1 Å2), indicating the formation
of a rigid “solid-like” phase. The surface pressure was
monitored during the upstroke deposition and the
value versus time plot is reported in Figure 1b. The
pressure variation during deposition at 30 mN m1
suggests that interesting molecular rearrangement
phenomena are occurring near this transition point.
To observe in detail the structures induced by the
self-assembly process at the airwater interface, diﬀerent ﬁlm transfer experiments onto solid substrates
were carried out at 20, 30, and 40 mN m1, corresponding to the three diverse regions of the curves shown in
Figure 1a,b; the ﬁrst condensed phase (in blue); the
crossover point (in red); and the ﬁnal solid-like phase
(in green), respectively. The morphologies of the transferred ﬁlms are shown in the SFM images of Figure 2.
At the target pressure of 20 mN m1 (Figure 2a)
a “liquid-condensed” layer less than 1 nm thick is
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Figure 3. (a) Section proﬁle showing the thickness of the hexagonal nanostructures and of the thin layer underneath.
(b) Cartoon showing the possible molecular orientation during the transfer at 20 and 30 mN m1 from the airwater interface.

observed. This thickness is consistent with molecules
lying ﬂat over the solid surface. At 30 mN m1, close to
the crossover point, well-deﬁned crystalline hexagonal
nanostructures are observed together with the surrounding “liquid-condensed” layer (Figure 2b). Under
these conditions the hexagonal aggregates are randomly spread over the substrate surface with a density
of about 0.04 hexagons/μm2, a projected area of 1.60 (
0.1 μm2 per hexagon and a thickness of 3.78 ( 0.46 nm.
Finally at a pressure of 40 mN m1, very large hexagonal structures characterized by an average projected
area of 10.1 ( 1.1 μm2, a thickness of 3.70 ( 0.70 nm
and a density of 0.05 hexagons/μm2 are found. In
particular, SFM shows that the hexagons are typically
touching each other, with the thin liquid-condensed
phase ﬁlling in the free-space in between the hexagons
(Figure 2c). The formation of the hexagonal aggregates
arises from the reorganization of a liquid-condensed
phase whereby 1-DMDOA self-assembles via van der
Waals interactions between the alkyl chains on the
DMDOA cations and the C9 chains on the inorganic
anions (Figure 3b). Note that whereas DMDOA shows a
þ1 charge, the MnAnderson clusters are characterized by a 3 charge, so that on average each anion is
associated with three cations. The pressure decrease at
the transition point is in agreement with a ﬁlm reorganization where the DMDOA molecules stack on top of
the anionic C9MnAnderson clusters, such that hydrophobichydrophobic interactions between the organic chains are maximized (Figure 3b). This selfassembly process thus involves the nucleation of
hexagons, which then grow by the addition of molecules from the liquid-condensed thin layer. In this
process, DMDOA molecules probably assemble on top
of the relatively large C9MnAnderson clusters
(three DMDOA molecules per cluster in order to maintain charge balance). This conﬁguration is indeed in
close agreement with the measured SFM height of the
hexagonal structures, that is, an average thickness of
3.8 nm (Figure 3a), closely resembles the size of the
anionic cluster (about 1 nm), with the amphiphilic
cation on top, in a stretched conﬁguration (about
MUSUMECI ET AL.

2.5 nm, from crystallographic data23). Accordingly,
the formation of the hexagonal crystals would arise
by the cooperative action of the van der Waals forces
between the hydrophobic tails and the electrostatic
interactions of the charged moieties. In contrast,
although the transfer at 40 mN m1 is slightly noisy
(Figure 1b), the pressure remains constant due to the
fact that hexagons formed are now large enough to
transfer without loss of ﬁlm rigidity; that is, the hexagons are so large they now behave like a continuous
monomolecular layer (compare hexagon coverage in
Figure 2 panels b and c).
In a recent paper, Misdrahi et al. demonstrated that
functionalization with organic substituents can control
the behavior of POM-organic hybrids at the airwater
interface during LB deposition,24 and that the diﬀerent
phases have a large range of molecular areas as a result
of the size of the POM hybrid. In our case, the solid state
molecular area (about 80 Å2) is in agreement with our
model whereby the POM cluster size plays a major role:
the extrapolated limit area at zero pressure (about
100 Å2) is consistent with the large molecular area of
1-DMDOA, and the long transition region from roughly
160 to 100 Å2 is in agreement with the amphiphilic
anioncation reorganization at the airwater interface.
Interestingly, when 1-DMDOA is transferred under
the same conditions onto a Si substrate (p-type doped,
1018 cm3, cleaned by oxygen plasma and still with its
native thin oxide SiO2), no liquid-condensed phase is
visible surrounding the hexagons, indicating a diﬀerent mode of interaction of the free molecules with this
substrate during deposition (see Figure 4a,b).
The hexagonal nanostructures formed on Si were
characterized by torsional resonant conductive atomic
force microscopy (TRCAFM) and scanning capacitance
microscopy (SCM). TRCAFM experiments were performed with a Pt/Ir-coated Si tip by applying increasing
positive bias to the doped Si substrate (electron injection to the substrate from the tip) and measuring the
transversal current ﬂowing from the underside of the
sample to the grounded nanometric tip. Typical
images of the surface morphology measured in torsion
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resonant mode and of the corresponding current map
are reported in Figure 5 panels a and b, respectively.
When a bias higher than 6 V is applied, a contrast
appears in the current map (femtoAmpere scale), and
the hexagons appear as darker in color than the background. This means that a lower current ﬂows through
the hexagon/SiO2/Si stacks than through naked
SiO2/Si, suggesting that the hexagonal aggregates
have insulating properties. Applied voltages larger
than 8 V lead to the destruction of the hexagons, with
transport of material from the hexagons to the tip. No
contrast in the current map or any damage is visible
when a negative voltage is applied (see Supporting
Information). This supports our theory, depicted in
Figure 3b, that the DMDOA cations are in the upper
layer of the hexagonal nanostructures, and hence
more easily removed by the tip through electrostatic
interactions when the tip is anodically biased.
Figure 5 panels c and d report the SCM measurements comparing the capacitance behavior of the
native silicon oxide on top of the silicon substrate
(SiO2/Si) (Figure 5c) with that of the 1-DMDOA hexagonal nanostructures on top of SiO2/Si (1-DMDOA/
SiO2/Si) (Figure 5d). In both cases the dC/dV curves
were acquired with a Vsample ramp from negative to
positive values (black curves) and from positive to
negative values (red curves). Intriguingly, Figure 5d
shows that when a sample bias of about 1.8 V (electron
injection from the tip) is applied, a peak for 1-DMDOA/
SiO2/Si is observed. Such a capacitance change is likely
MUSUMECI ET AL.

VOL. 5

’

NO. 12

’

9992–9999

’

ARTICLE

Figure 4. 1-DMDOA deposited onto native silicon oxide,
before (a,b) and after (c,d) thermal treatment at 270 C for
4 h. In contrast to Supporting Information, Figure S7a, a very
deﬁnite color contrast is visible on the phase image (4b) as
an indication of diﬀerent viscoelastic and adhesion properties, clearly showing that there are no free molecules
present on this substrate beyond the hexagonal nanostructures. The hexagons are about 4 nm tall, as in the case of the
mica substrate. After the thermal treatment the hexagonal
shapes are still visible but they are holed and their thickness
is reduced to about 2 nm (see cross-section in 4d).

associated with a structural change of the POM system.
This kind of change is clearly reversible, since it is
observed both for the voltage ramp-up and during
the voltage ramp-down.
Similar behavior to that seen on the nanoscale using
such SCM studies in the solid state is also observed by
macroscopic cyclic voltammetry measurements in solution (Figure 6). In the anodic direction, cyclic voltammetry shows a pseudoreversible redox wave centered
around þ0.2 V versus ferrocene, which corresponds to
the Mn3þ/Mn4þ redox couple, in agreement with previous reports on related compounds.25 The peak separation between the oxidation and reduction peaks is
in the region of 400 mV, suggesting slow kinetics for
this redox process. In the cathodic direction, compound 1 has a single reversible, well-behaved redox
wave at 1.2 V (vs ferrocene) which corresponds to
the Mn2þ/Mn3þ couple. The large peak separation between the reduction and reoxidation waves (around
550 mV), again suggests that this process is also slow
on the time scale of the experiment (0.1 V s1), implying geometrical changes at the Mn center during
reduction. This is consistent with the solid-state SCM
data. Accordingly, SCM suggests that electron injection
into the nanostructures might be accompanied by
structural changes on the nanoscale. Although CV data
are collected in solution, the above ﬁndings suggest
that this eﬀect might be ascribed to the reduction of
Mn3þ to Mn2þ as a result of geometrical changes.
These structural changes of the POM cluster would
give rise to a change in the capacitance of the
1-DMDOA hexagonal nanostructures, and ultimately
to a change in its “eﬀective” dielectric constant
(ε1‑DMDOA). Figure 5e reports ε1‑DMDOA versus the applied bias calculated for the hexagonal nanostructures
by using the SCM measurements shown in Figure 5c,d.
ε1‑DMDOA has been evaluated considering the 1-DMDOA
hexagonal nanostructures as a dielectric layer with
thickness t1‑DMDOA ≈ 3.8 nm and capacitance per unit
area C1‑DMDOA = ε0ε1‑DMDOA/t1‑DMDOA, where ε0 is the
vacuum dielectric constant. The capacitance of the
1-DMDOA/SiO2/Si system can therefore be described
as the series combination of the 1-DMDOA hexagonal
nanostructures capacitance and the SiO2/Si capacitance. The latter capacitance is independently measured when the tip is placed on naked SiO2/Si. Further
details on this calculation are reported in the Supporting Information. Interestingly, Figure 5e shows that
modulation of the sample bias from 1 to 2 V leads to a
sharp decrease in the value of ε1‑DMDOA from about
115 ( 10 to about 36 ( 3, which correlates well with
the structural changes which CV suggests occur during
redox processes at the Mn center. The error in the
estimation of ε1‑DMDOA by this comparative capacitance method in the range of sample bias considered
is represented by the gray shaded area in Figure 5e. In
agreement with CV measurements, this behavior has
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Figure 5. Surface morphology measured in torsional resonant mode (a) and corresponding current map (b) of 1-DMDOA
deposited onto Si with its thin native oxide layer (thickness 1.5 ( 0.3 nm). Derivative of capacitance with respect to voltage
(dC/dV) versus sample dc bias (Vsample) measured by SCM when the tip is in contact with SiO2 (c) and with 1-DMDOA/SiO2
(d). dC/dV curves were acquired with a Vsample ramp from negative to positive values (black curve) and from positive to
negative values (red curve). (e) ε1‑DMDOA versus the applied bias calculated for the hexagonal nanostructures by using the SCM
measurements shown in Figures 5c,d; the error is shown in gray.

Figure 6. The cyclic voltammetry of compound 1 in 0.1 M
TBA-BF4/CH3CN at 0.1 V/s using a 3 mm diameter glassy
carbon working electrode shows a pseudoreversible wave
centered around þ0.2 V which corresponds to the
Mn3þ/Mn4þ redox couple. In the cathodic direction, compound 1 has a single reversible, well-behaved redox wave
at 1.2 V (vs ferrocene) which corresponds to the Mn2þ/
Mn3þ couple.

been found to be quite reversible under the cyclic scan
bias. Moreover, the values of ε1‑DMDOA are in the range
of the high-κ dielectrics rendering such systems particularly attractive as smart nanodielectrics in emerging
ﬁelds such as nano- and plastic-electronics or biological ﬁeld eﬀect transistors where the use of low voltages
is required.26 To date, diﬀerent systems have been
MUSUMECI ET AL.

investigated for these functions, from metal oxides to
polymers, from nanocomposites to self-assembled
monolayers,26 and so far high dielectric constant values similar to ours have been observed only for
titanooxide and titanoniobate nanoﬁlms.27,28
To investigate the stability of the obtained nanostructures, we checked the samples by AFM again after a
period of 6 months, without any observable changes. If
however a sample of hexagonal nanostructures of
1-DMDOA was heated up to 270 C for 4 h, the
properties of that sample changed dramatically. The
height of the hexagons was observed to decrease from
about 4 nm to about 2 nm, (compare Figure 4 panels a
and c after the thermal treatment) and although the
hexagonal nanostructures were still intact, multiple
holes appeared throughout the structures. The samples were heated to 270 C because thermogravimetric
analysis (TGA) shows that 1-DMDOA is stable up to
roughly 250 C (temperature gradient of 10 C min1).
Above that temperature the organic moieties of
the compound start to decompose. The overall
weight percentage lost up to 700 C was found to be
equal to the weight calculated for the three DMDOA
cations associated with each anion of compound 1,
plus the two C9-chains which are attached to the
MnAnderson core (see Supporting Information). This,
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CONCLUSIONS
In conclusion, the results presented here show how
important the cations are to the formation and properties of hybrid organicinorganic clusters on surfaces
and this, together with our previous publication,21 presents an important and valuable tool for design and
control of self-assembly on surfaces by employing the
correct combination of POM, organic ligand, and cation.
Second, we have shown that the structures obtained are
of high stability, and we can support our theories
regarding the arrangement of 1-DMDOA into hexagonal nanostructures based on studies of the transfer

METHODS
Materials. All reagents and chemicals were supplied by
Sigma-Aldrich Chemical Co. Ltd., and solvents were supplied
by Fisher Chemicals, all used without further purification. The
synthesis of the TBA salt of compound 1, where TBA = tertbutylammonium bromide = (N(C4H9)4), has been published
previously.21
Elemental Analysis. Carbon, nitrogen, and hydrogen content
were determined by the microanalysis services within the
Department of Chemistry, University of Glasgow using an EA
1110 CHNS, CE-440 Elemental Analyzer.
UVVisible Spectroscopy. UVvis spectra were all collected on
a JASCO V-670 spectrophotometer.
Thermogravimetric Analysis (TGA). Thermogravimetric analysis
was performed on a TA Instruments Q 500 ThermogravimetricAnalyzer under nitrogen flow at a typical heating rate of 10 C
min1.
NMR Spectroscopy. All NMR data were recorded on a Bruker
Advance 400 MHz, 1H NMR at 400 MHz in deuterated chloroform from Goss Scientific, at T = 300 K. All shifts are given in ppm
and all coupling constants (J) are given in Hz.
Electrospray Mass Spectroscopic Measurements. All MS data were
collected using a Q-trap, time-of-flight MS (MicroTOF-Q MS)
instrument equipped with an electrospray (ESI) source supplied
by BrukerDaltonics Ltd. All analyses were carried out at 180 C in
a small amount of dichloromethane in acetonitrile and collected
in negative ion mode. The spectrometer was calibrated with the
standard tune-mix to give a precision of ca. 1.5 ppm in the
region of 5003000 m/z.
Fourier-Transform Infrared (FT-IR) Spectroscopy. All spectra were
recorded on a Shimadzu FTIR 8400S Fourier transformer infra~ are given in cm1;
red spectrophotometer. Wavenumbers (V)
intensities as denoted as w = weak, m = medium, s = strong, vs =
very strong, sh = sharp, br = broad.
Synthesis of 1-DMDOA. The cation exchange was performed according to an adapted literature procedure.22 (N(C4H9)4)3[MnMo6O18((OCH2)3CC9H17)2]21 (0.20 g, 9.5  105 mol) was dissolved in
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process, investigation of electronic behavior of the
hexagons, and TGA analysis. We also found that upon
heating, regular holes appear within the hexagonal
nanostructures, and this is a unique example of selfpatterning that could potentially be utilized as multiparallel nanoreactors. Finally, and most importantly, we
have shown that the hexagonal POM-based nanostructures are eﬀective smart nanodielectrics; their dielectric
constant alters dramatically over a relatively small potential window and reaches values consistent with giant
molecular polarizability.28 Owing to the stability, high-κ
properties, and modulation capability of these structures, as well as to their processability by solution
techniques, these ﬁndings have great potential for
novel supramolecular assemblies in emerging scientiﬁc
and technological ﬁelds such as smart materials in
plastics and hybrid (organicinorganic) electronic devices. Important application ﬁelds may concern those of
memories, capacitors, gate insulators, energy storage,
ﬁeld-eﬀect transistors, and complementary logics or
high-frequency modulation in communication devices,
but also new possible avenues of research are possible
in the ﬁelds of multiparallel nanoreactors and chemical
or biological FET-sensors at low voltages.2931
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and the fact that the height of the hexagons is reduced
upon heating, supports our theory regarding how
compound 1 aligns on the substrate with the DMDOA
cations arranged on top, forming the hexagonal nanostructures. Moreover, SCM measurements on these
thermally treated hexagons show similar capacitance
behavior to hexagons of 1-DMDOA (see Supporting
Information), further conﬁrming that the smart dielectric properties are conﬁned to the inorganic POM
clusters. The role of the organic moieties thus appears
to be to direct the formation of the hexagons.

15 mL of acetonitrile, and the solution was kept stirring for
30 min. It was then added dropwise to a clear solution of DMDOA 3 Br
(0.60 g, 9.5  104 mol) in 15 mL of chloroform and 35 mL of
acetonitrile. The reaction mixture was stirred for 30 min before the
precipitate was collected by filtration. Any unreacted TBA salt of
compound 1, excess DMDOA 3 Br and TBA 3 Br were washed
away with methanol, before the product was collected as a pale
orange solid (0.14 g, 4.6  105 mol, 36%). Elemental analysis
[Mo6Mn1O24N3C140H286] (3026.35 g/mol), % found (calculated values in brackets): C, 55.54 (55.56); H, 9.59 (9.53); N, 1.32 (1.39).
Characteristic IR bands: 2916 (s), 2847 (s), 1643 (w), 1466 (m), 1111
(w), 1018 (m), 926 (s), 648 (vs). 1H NMR (CDCl3, 400 MHz): δ
64.0059.60 (br, m, 12H*), 8.257.45 (m, 4H), 5.905.70 (m, 2H),
5.01 (d, 2H, 3J = 16.8), 4.94 (d, 2H, 3J = 9.7), 3.602.85 (m, 30H),
2.101.95 (m, 4H), 1.851.55 (m, 12H), 1.551.04 (m, 200H), 0.87 (t,
18H, 3J = 6.8).
General Methods for Surface Techniques and Analysis: Langmuir
Blodgett Experiments. LangmuirBlodgett deposition was performed on a KSV minitrough apparatus. Ultrapure Millipore
filtered water with resistivity greater than 18.2 MΩ 3 cm was
used as the subphase. The experiments were performed at a
subphase temperature of 25 and 40 C. Compound 1-DMDOA
was dissolved at concentrations of 5 mg/mL in a mixture of
acetonitrile (Aldrich, 99.9%) and chloroform (Aldrich, 99.9%)
with a volume ratio of 1:1. Drops of the above solutions were
randomly spread over the aqueous subphase. After a few
minutes the floating films were linearly compressed by two
mobile barriers at a rate of 5 mm/min. Surface-pressure versus
molecular-area isotherms were recorded by film balance
measurement. The ultrathin film transfers were performed
onto different substrates (mica, native silicon oxide and
indium tin oxide on PEN (data not shown) by an upstroke
operation (vertical transfer) at speed of 5 mm/min. The mica
substrate was chosen to give a smooth surface to ensure higher
quality images of the nanoscopic features by SFM microscopy.
The LB layer deposited on mica was left to dry in air and
successively observed by dynamic scanning force microscopy
(SFM).
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constant in the range 2198 N/m were driven in torsional
motion at a frequency of 1430 kHz. The torsion amplitude was
used as the feedback signal to measure surface morphology.
Current maps were measured by the CAFM sensor connected to
the tip, when a dc bias is applied to the sample (Vsample).
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