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ABSTRACT: Hybridization of polyoxometalates (POMs) via the
formation of an organic−inorganic association constitutes a new route
to develop a heterogeneous POM catalyst with tunable functionality
imparted through supramolecular assembly. Herein, we report on
strategies to obtain tunable well-defined supramolecular architectures of
an organic−inorganic heterogeneous hybrid catalyst formed by the
association of a hydrophobically substituted polyampholyte copolymer
(poly N, N-diallyl-N-hexylamine-alt-maleic acid) and phosphotungstic
acid (H3PW12O40) POMs. The self-assembling property of the initial
polyampholyte copolymer matrix is modulated by controlling the pH of
the hybridization solution. When deposited on a mica surface, isolated,
long and extended polymer chains are formed under basic conditions (pH
7.9), while globular or coiled structures are formed under acidic
conditions (pH 2). The supramolecular assembly of the POM-polymer hybrid is found to be directed by the type and
quantities of charges present on the polyampholyte copolymer, which themselves depend on the pH conditions. The hypothesis
is that the Keggin type [PW12O40]

3− anions, which have a size of ∼1 nm, electrostatically bind to the positive charge sites of the
polymer backbone. The hybrid material stabilized at pH 5.3 consists of POM-decorated polymer chains. Statistical analysis of
distances between pairs of POM entities show narrow density distributions, suggesting that POM entities are attached to the
polymer chains with a high level of order. Conversely, under acidic conditions (pH 2), the hybrid shows the formation of a core−
shell type of structure. The strategies reported here, to tune the supramolecular assembly of organic−inorganic hybrid materials,
are highly valuable for the design and a more rational utilization of POM heterogeneous catalysts in several chemical
transformations.

■ INTRODUCTION
Polyoxometalates (POMs) are well-defined anionic clusters of
early transition-metal oxides and are currently a major area of
research in inorganic chemistry.1−3 Their tunable physicochem-
ical properties, such as molecular architecture, surface charge
densities, strong redox capability, and electro and photo-
chemical properties, make these molecular metal-oxide nano
clusters valuable in various fields such as magnetism,4−6

electronics,7 electro and photochromic systems,8,9 medicine,10

molecular batteries,11 and catalysis.12−15 In catalysis, POM
exhibits high Brönsted acidity and very fast redox trans-
formations under soft conditions, which enable them to be used
as efficient acid or oxidation catalysts.16

Heterogenization of the POM anions in an organic matrix to
create organic−inorganic hybrid catalysts is a recent trend in
heterogeneous catalysis technology.17,18 Hybridization of POM
offers new routes to generate well-defined, functional molecular
and supramolecular architectures either by covalent function-
alization of POM with an organic species19−21 or through the
formation of organic-cation encapsulated systems driven by

electrostatic interactions.5,17,22 This later approach of hybrid-
ization through electrostatic interactions was recently reported
to exhibit many advantages in a multitude of catalyst design.
For example, Onmatsu et al.23 have recently reported that ion-
paired chiral ligands formed through electrostatic interactions
rather than covalent bonding, achieve high enantioselectivity in
palladium catalysis. Organic−inorganic hybridization through
electrostatic interactions represents a means to confer POM
increased functionalities, as well as an improved processability,
avoiding deactivating covalent bonding with the active sites and
preventing unavoidable leaching via simple physical blending.
Traditionally, cationic surfactant molecules [e.g., dimethyl-

dioctadecylammonium bromide (DODA)] were employed to
form surfactant-encapsulated clusters (SECs) of POM.22,24,25

Direct imaging of these SECs by scanning probe microscopy
techniques put forward molecular models in which the anionic
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POM was surrounded by hydrophobic chains of cationic
DODA.24 Even though SECs represent a high level of self-
assembly and host−guest interactions, an intriguing challenge,
for a catalytic application, would be to achieve ordered hybrid
structures with POM on surfaces, still keeping them readily
accessible to the reactant molecules. POM hybrid structures
with unfolded long-range ordered organic chains are thus
targeted here. These are expected to have more valuable
catalyst performances, since the active sites of POM would then
not be trapped inside a hydrophobic shell.
Recently, zwitterionic poly(ampholyte) polymers resulting

from the combination of monomers bearing carboxylic acid and
amine moieties were shown to constitute an interesting system
to develop organic−inorganic hybrid materials.26,27 The
structure of these polymers was designed to stabilize and
interact with anions and cations of a dissolved inorganic salt by
electrostatic interactions. Compared to surfactant molecules
such as DODA, the poly(ampholyte) polymer offers additional
advantages such as solubility in various polar media, and a high
number of potential binding sites for each type of inorganic ion
(both cations and anions). Such polymer systems have been
used earlier to form hybrid organic−inorganic precursors in the
preparation of mixed nickel and cobalt molybdates.27,28

However, hybrid materials based on poly(ampholyte) polymers
and POM were not yet explored, and the substantial challenge
here is a clear understanding of the parameters that allow
tuning the supramolecular architecture of the organic−
inorganic hybrid, which in turn impacts the hybrid catalyst
performance. In the family of POMs, phosphotungstic acid
(H3PW12O40) was extensively studied in catalysis reactions due
to its high acid strength and high thermal stability.29,30

Moreover, the organic−inorganic hybrid of phosphotungstic
acid has received considerable interest in diverse fields such as
polymer electrolyte fuel cells31 and photochromism.32 It is thus
evident that H3PW12O40 has unique and fascinating properties
that have attracted extensive interest in several scientific
domains.
Scanning probe microscopy has emerged as a powerful

technique to characterize POM molecules, as well as organic−
inorganic hybrid material, with nanometer or even subnan-
ometer resolution.19,24,33,34 Herein, we used atomic force
microscope (AFM) to probe the supramolecular organization
of an organic−inorganic hybrid formed from phosphotungstic
acid, H3PW12O40 and poly(N,N-diallyl-N-hexylamine-alt-maleic
acid) polymer. The supramolecular organization of the
poly(ampholyte) polymer matrix, which can be controlled via
the pH conditions, is used here to direct the organization of
POM anions that bind to the positively charged sites on the
polymer chains through electrostatic interactions. Particularly,
the use of the AFM HarmoniX imaging mode that enables
simultaneous measurements of topography and nanomechan-
ical properties, such as peak force, adhesion force, and elastic
modulus, allows one to clearly distinguish, with high spatial
resolution, the POM and polymer components in the hybrid
film and thus provide new insights into the formation of
organic−inorganic hybrid materials. This might lead toward a
more rational design of hybrid organic−inorganic catalysts with
enhanced valuable performances.

■ EXPERIMENTAL SECTION
Zwitterionic Polymer. The polyampholyte polymer used in this

study was an alternating copolymer, poly(N,N-diallyl-N-hexylamine-
alt-maleic acid), bearing a long alkyl (hexyl) side chain substituted at

the positively charged amine group and the negatively charged maleic
acid block. Poly(N,N-diallyl-N-hexylamine-alt-maleic acid) (from now
on called “copolymer C6”) was synthesized according to a procedure
reported elsewhere.26 The structure of the repeating unit of the
copolymer is shown in Scheme 1.

Preparation of Polymer Thin Films. A solution of copolymer C6
(0.05 g/L) was prepared in milli-Q water (Elgastat Maxima system,
resistance: 18.2 MΩ) under magnetic stirring for 12 h. The
polyampholyte nature of the polymer allows one to obtain completely
transparent solutions when stabilized at either high (pH 7.9) or low
(pH 2) values of pH as achieved by the addition of aqueous ammonia
(0.05 N) or HCl acid (37 wt %, aq), respectively. A drop of the
polymer solution (9.5 μL) was then spin-coated at room temperature
(22 °C) on a freshly cleaved muscovite mica surface (Agar scientific)
at 2000 rpm for 1 min on a commercial spin-coater (Spin 150,
Germany).

Preparation of POM−Polymer Hybrid Thin Films. A POM−
polymer hybrid solution was prepared by adding an aqueous POM
solution (0.1g/L, pH 3.5) to the copolymer C6 solutions (0.05g/L)
solubilized at (i) pH 7.9 and (ii) pH 1.8−2, under magnetic stirring for
12 h. The POM:polymer molar ratio in the hybrid was kept at 1:3 in
order to meet the charge equivalence between the three times
negatively charged POM anion [PW12O40]

3− and the single positively
charged repeating unit of copolymer C6. The final pH of the hybrid
solutions were (i) pH 5.3 and (ii) pH 2. A drop of the hybrid solution
was then spin-coated onto a freshly cleaved muscovite mica surface at
2000 rpm for 1 min. The sample was then allowed to dry under
ambient conditions overnight.

Atomic Force Microscopy (AFM). AFM experiments were
performed using a Nanoscope V multimode AFM (Nano Surfaces
Business, Bruker Corporation, Santa Barbara, CA) in the Tapping
Mode (TM-AFM) or in the HarmoniX mode under ambient
conditions (23 °C and 56% RH). Samples were glued on a magnetic
stainless steel disc using a small piece of double-face adhesive tape and
mounted on the “J” type piezoelectric scanner. For TM-AFM-etched
Si tapping mode cantilever (TESP type, Bruker AFM probes), having a
nominal tip radius of an 8 nm curvature was used for imaging at a scan
rate of 1 Hz. The tapping engage set point was set to 1 in order to
apply minimal engaging force, and images were acquired under “light
tapping” conditions in order to minimize sample deformation. The
captured raw images were analyzed using Nanoscope (Bruker) for scan
analysis and flattened to the zeroth order to remove any underlying
surface curvature.

HarmoniX AFM imaging was performed using a special T-shaped
torsional cantilever (HMX 10, Bruker probes), with the tip positioned

Scheme 1. Chemical Structure of the Zwitterionic Form of
Polymer, poly(N,N-diallyl-N-hexylamine-alt-maleic acid),
Used in This Study
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off-axis of the force sensor. Apart from “classical” AFM data such as
height, phase, and amplitude images, HarmoniX mode measures
force−distance curves, pixel-by-pixel, generating a 3-dimensional (3D)
map of the nanomechanical properties of the surface.35,36 When
tapping on the surface, the offset tip causes torsional motion in
addition to the vertical deflection of the cantilever. From the torsional
spectrum, force−distance curves are computed at every image pixel.
From the maximum positive (or repulsive) force value in the loading
part of the force curve, a peak force map is obtained. An adhesion map
is obtained from the minimum negative (attractive) force value in the
unloading part of the force curve. The map of a local reduced elastic
modulus is obtained by fitting the retraction part of the force curve in
the constant compliance region using the Derjaguin−Muller−Toporov
(DMT) model, assuming a Hertzian contact (spherical tip and flat
sample surface). The area between loading and unloading parts of the
force curve is used to generate an energy dissipation map between the
tip and the sample.35,36 After determining the flexural and torsional
resonant frequencies, the HarmoniX probe was calibrated with the
standard method recommended by the manufacturer using a
polystyrene (PS)/low density polyethylene (LDPE) blend reference
sample. The sample of interest was then mounted on the J-type
piezoelectric scanner. For the sample studied, high quality images were
obtained when HarmoniX imaging was performed under “low force
conditions” (i.e., applying minimum tapping force) achieved by
decreasing the drive amplitude and/or increasing the set-point
amplitude values. Therefore, the typical values used in this study
were 100 mV and 650 mV, respectively.

■ RESULTS AND DISCUSSION
In the first part, we studied the structure of the spin-coated
polyampholyte polymer stabilized under different pH con-
ditions. The objective here was to obtain submonolayer
coverage of the polymer films that would allow us to observe
polymer chains at their individual length scale. When the initial

polymer solution (0.05g/L) was stabilized at a basic pH (pH
7.9), AFM images of the copolymer C6 show fully extended
and interconnected chain structures on the mica surface (Figure
1a). The height of the different chain entities measured from
the cross-section analysis of the image was 0.6 ± 0.1 nm
(Figure 1b). On the other hand, the positively charged polymer
stabilized at acidic pH (pH 2) shows globular structures when
deposited on the mica surface (Figure 1c). The height of the
globular entities measured (4 ± 1 nm) (Figure 1d) was
significantly larger than the height of the extended polymer
chains, indicating that globular entities mostly consist of
aggregates of polymer chains. The globular structure revealed
by AFM is also an indication that at pH 2, polymer−polymer
interactions were much stronger than polymer−surface
interactions. It is important here to consider the surface
properties of the freshly cleaved mica surface. It is well-known
that a freshly cleaved mica surface, once in contact with a
protonated solution, becomes positively charged at the surface
due to the migration of potassium ions from the lattice toward
the surface.37 Protons from the solution start interacting with
the surface as potassium ions get solvated and leave the
surface.37,38 Thus, at pH 2, since both surface and polymer were
positively charged, polymer−polymer interactions are stronger
than polymer−surface interactions, resulting in the coil/
globular conformation of the polymer. At pH 7.9, the
zwitterionic polymer is negatively charged and thus polymer−
surface interactions are more favorable at this time, which
results in the extended conformation of the C6 copolymer
chains on the mica surface as observed by AFM. AFM imaging
of spin-coated POM alone was also performed. Figure 1e shows
isolated POM entities deposited on the mica surface. The

Figure 1. TM-AFM height images of the polyampholyte copolymer spin-coated on the mica surface from solution stabilized at (a) pH 7.9 and (c)
pH 2. (b and d) are the corresponding cross-section analysis, respectively. (e) TM-AFM height image of phosphotungstic acid (H3PW12O40) spin-
coated on a mica surface and (f) corresponding cross-section analysis. The scale bars are 200 nm.
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height measured from cross-section analysis of POM entities
was 0.9 nm (Figure 1f), which is in close agreement with the
theoretical size (diameter ∼1 nm), estimated for the Keggin
anion39,40 [PW12O40]

3−.
Figure 2a shows the AFM height image of the POM−

polymer hybrid, stabilized at pH 5.3 (copolymer C6 solubilized
at pH 7.9 + H3PW12O40). The decrease in pH of the hybrid
solution, when compared to the initial polymer solution (pH
7.9), is due to the addition of POM, which is known to be a
strong proton donor. The hybrid material, deposited on the
mica surface, forms long and extended chain structures with
well-defined and bright spherical entities appearing at different
sites along the polymer chains. The height measured on these
bright spherical entities varied from 2.8 ± 0.1 to 3.3 ± 0.1 nm,
whereas that measured on the extended chain structures was
1.7 ± 0.1 nm (Figure 2b). The difference in height (with
respect to polymer chains) was ∼1 nm on one spherical entity
while ∼1.6 nm on the other, suggesting that different kinds of
POM molecules may be attached to the polymer chains. It has
been reported that the Keggin type H3PW12O40 would
dissociate to P2W21, PW11, and P2W18 species at pH 5.4.41

However, some other studies reported a greater stability of
Keggin POM in the larger pH range (5−7), when they are
immobilized on a substrate through hybridization,42 which is
very similar to what happens in our hybrid stabilized at pH 5.3.
Moreover, in Figure 2a, we never observed any isolated POM
species laying outside of the polymer matrix. This shows that all
the negatively charged POM species are interacting with the
polymer. Although from Figure 2b, it would be difficult to
associate the size of POM as observed from AFM to the known

structures of POM, stable at a pH of 5.3. For instance, objects
of ∼1 nm high could be either (lacunary) Keggin or “two P
containing POM” (e.g., Dawson POM laying flat). Similarly,
objects of ∼1.5 nm high might be Dawson POM standing
vertical or superposing (lacunary) Keggin. The contrast
between POM entities and the polymer chains were better
resolved in AFM phase images (Figure 2c), where POM
appears as well-defined bright spheres attached to darker
polymer chains. TM-phase images, which were obtained by
simultaneously monitoring the phase shift between the drive
signal to the cantilever and its response, are known to be
sensitive to the energy dissipation at the tip−surface contact. In
specific conditions, hard materials appear as bright regions due
to a larger positive phase shift, while softer materials appear as
darker regions due to a smaller phase shift.43 Thus, from the
AFM height and phase images of the hybrid system, the bright
spherical entities in the phase image can be associated with hard
POM that are electrostatically attached to the positively
charged sites along the polymer chains.
On the other hand, the POM−polymer hybrid stabilized at

acidic pH (pH 2) forms isolated 12 ± 2 nm high aggregates on
the mica surface (Figure 2d). It is interesting to note that the
height of the aggregates was larger when compared to that of
the polymer alone at pH 2 (Figure 1c), suggesting that the
hybrid aggregates are not just the polymer alone but the result
of a hybrid assembly of POM and polymer matrix. As the
polymer is positively charged at pH 2, it readily interacts with
the negatively charged POM anions through electrostatic
interactions. Due to the large size and charge of POM anions,
it is most likely that the positively charged polymer chains

Figure 2. TM-AFM image of POM−polymer hybrid spin-coated on a mica surface. (a) Height image of the POM−polymer hybrid stabilized at pH
5.3. (b) Cross-section showing height analysis of two different POM entities. (c) Corresponding phase image of (a) and (d) height image of the
POM−polymer hybrid stabilized at pH 2. The scale bars are 200 nm.
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envelop POM entities to form encapsulated species. Earlier
studies have reported the formation of such encapsulated
species of POM anions, driven by electrostatic interactions with
cationic surfactant molecules such as dimethyldioctadecylam-
monium bromide (DODA-Br).24,44

AFM HarmoniX Imaging of the Hybrid. As thin films of
polymers and the hybrid material were used in this study, low
tapping force conditions (amplitude set point = 700 mV and
drive amplitude = 100 mV) were used in HarmoniX imaging to
minimize the influence of the substrate on the measurements
and to enable imaging of the sample surface with high spatial
resolution. High resolution data were indeed obtained in the
peak and adhesion force channels, when compared to
dissipation and DMT-modulus channels and, hence, are
discussed in detail for quantitative comparison. The low
resolution of modulus maps is due to the well-known
substrate-effect on supported ultrathin films,45−47 as is the
case in our system.
Figure 3 shows the HarmoniX images of the POM−polymer

hybrid material stabilized at two different pH values. The height
images were similar to those acquired in classical AFM. POM-
decorated polymer chains were observed when the hybrid
material was stabilized at pH 5.3 (Figure 3, panels a−c). POM
entities attached to the polymer chains were observed with the
highest spatial resolution (appearing as distinct dark spheres) in
the peak force (Fp) and adhesion force (Fadh) maps (Figure 3,
panels b and c, respectively). Peak force is directly related to the
sample stiffness, while adhesion force between the tip and the
sample is a result of several interaction forces, including van der
Waals (Fvdw), capillary (Fcap), electrostatic (Fe), and chemical
bonding forces (Fb).

48 Under ambient conditions (22 °C, 56%
relative humidity), contribution from Fcap, which is due to a
condensed thin layer of water molecules on hydrophilic
surfaces,49 is expected to be predominant on the POM surface,
which is water-soluble and hydrophilic. In the case of the
POM−polymer hybrid stabilized under acidic condition (pH
2), the hybrid entities appear as isolated aggregates on the mica
surface (Figure 3, panels a′−c′). Once again, sharp contrasts
between features were observed in peak and adhesion force
maps, when compared to the topography image alone.
For comparison, height, peak, and adhesion force maps of

pure samples [i.e., POM only (panels a−c)] and copolymer C6
samples stabilized at pH 7.9 (panels a′−c′) and pH 2 (panels

a″−c″) are shown in Figure S1 of the Supporting Information.
In the case of the copolymer stabilized at pH 7.9, the contrast
between features observed in the peak and adhesion force maps
were not well-resolved (Figure S1, panels b′ and c′ of the
Supporting Information). This is attributed to the substrate-
effect when the tip indents on subnanometer thick (0.6 nm)
soft polymer chains. However, it is interesting here to note that
the values of peak and adhesion forces measured on the POM
sample alone were similar to those measured on the well-
defined spherical entities observed on the POM−polymer
stabilized at pH 5.3. Also, similar values of peak and adhesion
forces were recorded for the copolymer as well as for the
POM−polymer hybrid, stabilized at pH 2 (see Table 1). These

measurements, for the first time, provide solid evidence that
POM entities were arranged on the polymer chains when the
hybrid material was stabilized at pH 5.3, while at pH 2, the
hybrid material consists of POM entities encapsulated by the
polymer chains.
From the adhesion force maps, statistical analysis of distances

between pairs of POM entities (n = 40) on the POM−polymer
hybrid stabilized at pH 5.3 (Figure 4a), as well as on the POM
samples alone (Figure 4b), were performed using the software
R-2.15.250 with the package vioplot.51 The data are represented
as violin plots that combine the basic statistics summary of the
box plot and the density trace (or smoothed histogram) into a
single plot.52 Figure 4c compares the violin plots of the POM−
polymer hybrid and POM samples alone, illustrating the
distribution of interparticle distances, as well as the median
(white dot). It can be observed that the median values of
interparticle distances were 40 and 180 nm in the case of the
POM−polymer hybrid and the POM sample alone, respec-

Figure 3. HarmoniX-AFM height, peak force, and adhesion force maps of the POM−polymer hybrid stabilized at pH 5.3 (a−c, respectively) and at
pH 2 (a′−c′, respectively). The scale bars are 200 nm.

Table 1. Comparison of Quantitative Data Obtained From
HarmoniX AFM Imaging

height
(nm)

peak force
(nN)

adhesion
(nN)

POM (H3PW12O40) 0.9 25 7
copolymer C6 (pH 2) 3.7 7 3.5
hybrid (Copolymer C6 + POM) at
pH 5.3

2.7 18.5 6

hybrid (Copolymer C6 +POM) at
pH 2

11.5 4.8 2.5

Langmuir Article

dx.doi.org/10.1021/la400055t | Langmuir 2013, 29, 4388−43954392



tively. Further, narrow distribution of the density trace was
obtained for the POM−polymer hybrid, when compared to the
broad distribution in the POM sample alone. This is consistent
with an ordered arrangement of POM entities along the
polymer chains. The ordering of POM results from its
interaction with the charge sites, which themselves appear
regularly along the chain (alteration of monomers bearing a
positive charge with those bearing a negative charge).

■ CONCLUSION
We report here an AFM study on the supramolecular assembly
of an organic−inorganic heterogeneous hybrid catalyst formed
from a poly(ampholyte) polymer, poly(N,N-diallyl-N-hexyl-
amine-alt-maleic acid), together with phosphotungstic acid
(H3PW12O40). The initial conformation of the polyampholyte
host polymer on the surface was found to be dependent on the
pH of the stabilizing solution. When deposited on the mica
surface, poly(N,N-diallyl-N-hexylamine-alt-maleic acid) forms
long and extended polymer chains (height 0.6 nm) under basic
conditions (pH 7.9), while under acidic conditions (pH 2),
nanoglobules (height 4 nm) were formed. We demonstrate that
the supramolecular architecture of the organic−inorganic
hybrid formed through electrostatic interactions could in turn
be tuned by the nature and the quantity of the charges present
on the polyampholyte polymer stabilized under the different
pH conditions. At acidic pH, POM anions were encapsulated
by the positively charged polymer chains to form encapsulated
clusters. On the other hand, at a more basic pH (5.3), POM-
decorated extended polymer chains were observed by AFM.
These supramolecular hybrid structures are confirmed by
measuring the nanomechanical properties of the polymer and
of the POM phases in the hybrid films using HarmoniX AFM
imaging. Peak and adhesion force maps allow one to
quantitatively distinguish the POM and polymer phases in
the hybrid, with a remarkably high spatial resolution. Distance
measured between the adjacent hybridized POM entities
revealed narrow distribution, signifying an ordered arrangement
of POM entities along the polymer chains. The developed
strategies here evidence the parameters that will allow one to
tailor the supramolecular structures of POM-based organic−
inorganic heterogeneous hybrid catalysts and thus offer
promising future applications, where POM should be (at
wish) either encapsulated to form molecular reaction vessels or
isolated on a support surface via their long-range order, dictated
by the polymer matrix. These two situations might indeed bring
totally different catalytic behaviors that would be highly
valuable to switch from one to another.
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