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Polyoxometalates (POMs), as the name suggests, are single molecular charged or uncharged clusters

comprising many metal centres and oxygen atoms. They are crystalline. On the other hand, recently, a
class of macroionic, superstructured assemblies of POMs has been found which is reminiscent of soft
matter and has been proposed to be called Softoxometalates (SOMs). This highlight gives a personal

Received 16th January 2014,
Accepted 22nd March 2014

DOI: 10.1039/c4ce00115j

account of our work with SOMs. Starting with a brief background and history of SOMs, we explore the
reasons for their formation. Thereafter, we discuss the charge regulation mechanism for the stabilization
of SOMs. A few case studies for the directed formation of large surface area, mesoscopic SOMs are also

discussed. Thereafter, we discuss the effects of sound and light on SOMs. This highlight finally ends with

www.rsc.org/crystengcomm

1. Introduction

The chemistry of crystalline metal oxides is a field of diverse
research interests." In recent times, a class of metal-oxide
based clusters, called polyoxometalates (POMs), has gained
significant interest due to their applications in catalysis, and
in materials science in general.””® Polyoxometalates, as the
name suggests, comprise many metals, and many oxygen
atoms and are usually charged and crystalline. Single mole-
cules of POMs are usually large, of the order of 1-3 nanome-
ters, and dissolve in polar solvents such as water and exist as
discrete clusters in the solvent. Very recently, it has been
discovered that such single molecules of POMs self-assemble
to form large entities with soft-matter properties.”"” Such
self-assembled entities form a dispersed phase in a dispers-
ing phase (solvent, usually water). They also scatter light and
have a diffuse boundary. Hence, following de Gennes defini-
tion of soft-matter,'® these soft-state oxometalates have been
proposed to be called soft-oxometalates (SOMs) (Fig. 1).*°
This nomenclature facilitates the systematization and under-
standing of a burgeoning body of literature from the view
point of soft-matter or colloids. By applying the existing
knowledge of soft-matter, it would be possible to understand
and predict the behaviour of SOMs. It is now perhaps apt to
mention how we can understand the behaviour of SOMs that
are beyond the crystalline regime of POMs. SOMs, for
instance, are not point charges. Hence, the Debye-Hiickel
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a discussion on self-assembled pattern formation with oxometalates.

approximation does not hold for SOMs.?° On the other hand,
their behaviour can be understood by the application of prin-
ciples of short range repulsion and long range attraction, as
proposed by Derjaguin-Landau-Verwey-Overbeek's (DLVO)
theory of stabilization of colloids.>® The theory states that
soft-states of matter, like colloids for instance, are stabilized
by the local primary and/or the secondary minima created
due to the competition of repulsive electrostatic interactions
and attractive van der Waals interactions in colloids. Hence,
it is reasonable to believe that SOMs should be charge stabi-
lized dispersions of oxometalates. In addition to the DLVO
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Fig. 1 An overview of the POMs forming SOMs. Adapted with
permission from ref. 20. Copyright, ACS, Washington, 2010.
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theory, there is another modality of stabilization that can be
envisaged with SOMs: the depletion interaction. The deple-
tion interaction is an entropic stabilization of a colloidal
system comprising a colloid-polymer mixture.>*> Hence, SOMs
that are comprised of polymers would be stabilized along the
lines of the depletion interaction. There is another view point
for understanding the existence of SOMs. We know that in
soft-matter physics, colloids can be considered as soft-atoms
which interact in a density dependent manner to give rise to
various states in soft-matter. Along these lines, we can envis-
age a number density-dependent phase continuum of soft
oxometalates. In this continuum, at the lower extreme lie the
liquid or gas-like SOMs, where the volume fraction is ¢ < 0.2
or alike. In the higher extreme of that continuum lies the
crystalline territory of oxometalates or crystalline POMs (for
¢ > 0.5 or alike). From such a perspective, it is possible to
understand crystallization in POMs as a phenomenon of the
assembly of single molecular colloidal oxometalate units (or
soft-atoms> of soft-matter) governed by a certain potential
(like a Baxter-type potential).>* Although such a view point is
convenient to understand how POMs crystallize, it is chal-
lenging to answer why the oxometalate units self-assemble to
form SOMs in lower densities or volume fractions? What
drives the formation of vesicle-like SOMs from symmetric
single molecules of POMs? We address this question in the
next section. To answer this question, we need to take into
account the crystal structure of POMs.

2. Understanding the formation of
SOMs from the crystal structures
of POMs

An intriguing aspect of the self-assembly of POMs into SOMs
at rather low volume fractions is what drives such assembly
from already symmetric POMs to higher order sheet-like
structures in SOMs that fold to form giant vesicle-like struc-
tures. This is so because, although the spontaneous assembly
of species like surfactants, lipids, and semiconductor
nanoparticles into higher order structures is ubiquitous in
nature, such spontaneous assembly is attributed to their
anisotropic shapes and in the case of surfactants, to their
amphiphilicity.>>>® Likewise, in the case of semiconductors
like cadmium telluride nanoparticles, their truncated tetrago-
nal shape coupled with hydrophobic and dipolar interactions
lead to the formation of sheet-like nanocrystals in CdTe
nanocrystals. Hence, in all the above cases, the tendency to
form higher order structures can be traced to the anisotropic
shapes of their constituent units and/or the directional
nature of the interactions among those units. So the obvious
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question is: what drives the formation of higher order
structures in SOMs from POMs? To answer this question,
a closer look into the crystal structure of the starting POMs
reveals that indeed there is an intrinsic anisotropy in the
mode of packing of the clusters, like that of [Mo,,Fes]
POMs> in the crystal lattice. This anisotropy stems from
the directional nature of the hydrogen bonding between
Fe-O---H-O-Fe linkages in the crystals.”* Can such anisot-
ropy in crystals hold the key to understanding the formation
of SOMs from the corresponding [Mo,,Fe;,] POMs? A simula-
tion study was performed with this end in view, where a
patchy spherical model was proposed to understand the
formation of SOMs.* Since each POM unit of the SOM has
30 Fe-O sites, a model with 30 patches was proposed where
each particle interacts with another particle by a single patch
(Fig. 2). Each such patch size was chosen such that the tran-
sition temperature corresponds to the energy scale of the
hydrogen bonding (~5-10 KT). It was also obvious from this
model that a narrow patch would induce self-assembly at a
higher attraction strength, while a wide patch would lead to
overlap of nearby patches, destroying the point symmetry of
the POM cluster or, as in this case, that of the sphere
with the patches. The patches take care of the hydrogen
bonding interaction and are represented in the model as an
orientation dependent interaction. The attractive interaction
between the particles is represented by a square well poten-
tial in combination with the above orientation dependent
interaction. Furthermore, a reduced temperature is defined
as T' = kT/e, and the simulation is performed with 30 or
50 patchy particles in a cubic box of significantly higher
length using periodic boundary conditions.* Initially, ran-
dom configurations are used at a higher reduced temperature
(T" = 0.2) and slowly the temperature is reduced using a well-
defined cooling scheme. At a higher reduced temperature, a
gas-like configuration of the patchy spheres is observed with
no order. As the temperature is reduced to 7' = 0.112, corre-
sponding to ¢ = 8.9 KT, it is observed that the patchy particles
spontaneously self-assemble into a sheet-like structure for
the SOM to be formed (Fig. 3). These sheet-like structures
are rather stable and it is envisaged that the entire 3D crystal

Fig. 2 The patchy particle, as observed from the single crystal X-ray
structure of [MoyFesol (A). The patchy particle where icosidodecahedral
patches are inserted on the sphere to emulate a [Moy,Fesol cluster (B).
Reprinted with permission from ref. 30. Copyright, 2012, AIP Publishing LLC.
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Fig. 3 The 2D sheet observed from snapshots in the simulation (A)
and that observed in the crystal formed by differential hydrogen
bonding (B). The corresponding hydrogen bonding distances between
the clusters, as seen from single crystal X-ray diffraction which is
shown on the extreme right.

is slowly formed by the self-assembly of these 2D sheets in
proper orientations, formed by the patchy particles or the
POM units. This structure, predicted by the patchy model, is
furthermore consistent with the rhombohedral crystal struc-
ture observed for [Mo,,Fe;zo], where 2D sheets stack perpen-
dicular to the C, axis, as is exactly observed to be the case
from the simulation studies. When subjected to suitable syn-
thetic conditions, these sheets furthermore fold to form SOM
spheres of [Mo;,Fe;0]. In the simulation study, more such 2D
sheets were found to be formed when a repulsive screened
Coulomb interaction was added between the patchy particles.
The reason for such an addition was that experimentally, for
the stabilization of SOM vesicles, it was said that the constit-
uent POMs should carry some charge. Being charged, these
sheets repel each other to form crystals whereas they have
ample time to fold into SOM vesicles. Such folding is also
energetically favoured as it reduces the number of dangling
bonds along the edges. The above explanation in short
explains how SOM vesicle formation can be understood by
taking a closer look at the crystal structure of the starting
POM and validating the formation by a patchy model, where
the patches are reminiscent of directional hydrogen bonding.
We now ask the question, how are these SOM vesicles stabi-
lized? Can we understand their stabilization from simple
physical principles?®' In the next section we answer this
question.

3. Properties of SOMs and their
stabilization mechanism

SOMs have certain interesting properties: 1. They scatter
light; 2. They have a diffuse or mobile boundary; 3. They are
responsive to the change in the dielectric constant of the
medium. Recently, such responsiveness has been found to be
linear: the radii of SOM-blackberries have been found to vary
inversely with the dielectric constant of the medium in the
cases of [Mo,,Fezo] and [Moy3,] as model systems (Fig. 4).*?
This observation is explained by a simple model. This model
identifies: 1. The driving force for the formation of such
SOM-blackberries to be a pair-wise additive attraction between
the constituent POMs in the SOMs; 2. It is also found that
their equilibrium size is determined by their renormalized

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 SOM-blackberry formed by three different clusters and the
variation of their sizes with changing dielectric constant. Adapted with
permission from ref. 20. Copyright, ACS, Washington, 2010.

charge density, which in turn is controlled by counter-ion con-
densation. It is also possible from this model to find the inter-
action energy (cohesive/binding energy) that glues the POM
units (each POM unit) of the SOM-blackberries together. Such
energy is found to be approximately 15 k] mol™ (at 300 K).
This cohesive/binding energy is comparable to the strength
of a moderate X---H---X type hydrogen bond and is thus
‘soft” or supramolecular in nature.*® It can also be said that
these SOM-blackberries may be justified in being called
‘soft’ not only because of their mobile, diffuse boundary but
because of the ‘soft’ supramolecular nature of the interaction
parameter, which is comparable in magnitude to that of a
moderate hydrogen bond, which in turn glues the POM units
in the SOM.

We now explain this charge regulation model in more
detail. By assuming the free energy, G, of a SOM-shell
depends on two variables that are fluctuating and dependent,
viz., the aggregation number, as manifested in the radius R,
and the effective charge Z, we can write,

GIkT = Amyr® + 4n(2K + K') + JZ°/[2R(1 + kR)] - wZ (1)

Here, k stands for the Boltzmann's constant.

In eqn (1), the first term with the surface tension, y, is
extensive in the aggregation number and it is expected not to
show up in the equilibrium equation, when we assume that
the average area occupied by a POM unit in the SOM shell
does not depend on R. The second term in eqn (1) with the
bending elastic modulus, K, and the Gaussian modulus, K, is
the curvature contribution from the Helfrich expansion of a
spherical vesicle-like object.®® The third and fourth terms,
where y denotes the zeta potential, regulate the effective
charge of the aggregate SOM. The third term originates from
the screened-Coulomb interactions on a uniformly charged
sphere in the background of an electrolyte characterized by a
Debye screening length of 1/k, within the Debye-Hiickel
approximation, see: ref. 35. This particular term is supposed

CrysttngComm, 2014, 16, 4667-4676 | 4669
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to be correct so long as we can neglect the counter ions
inside the SOM-shells i.e., the case for R < 1/k. The fourth
term determines the extent of the escape of ions from the
narrow Gouy layer surrounding the SOM-shell. This term
corresponds to a Legendre transformation from a constant
charge - to a constant potential ensemble. See also: ref. 36.

By minimizing eqn (1) with Z, we obtain the renormalized
charge on the SOM-shell as,

Z = wR(1 + kR)/A (2)

Now, on substituting eqn (2) in eqn (1) and minimizing
the free energy per unit area, we get the expression for R,

R = 161)(2K + K')/y* (3)

Since, 1 = €*/4neee KT and putting 1 = 56/¢ nm, where ¢ is
the dielectric constant of the solvent, we get Ral/e, which
explains the experimental observation of the inverse variation
of the SOM-shell radius with the dielectric constant of the
solvent (Fig. 4). Now, from Eulers theorem, we obtain for
SOM-shells, independent of their size, at least 12 monomers
on the Cs axis of the SOM-shell are required to sit next to the
predominantly present monomers on the Cg¢ axis. This in
turn implies that each SOM-shell lacks at least 12 times the
cohesive bond energy, u, that monomer pairs have on the
SOM-shell surface. Assuming this term to be the prime con-
tribution, or K’ > K, we can equate the curvature energy with
the cohesive energy,

4n(2K + K') = -12u (4)
Substituting eqn (4) in eqn (3) we get,
R = 48Ju/y* (5)

Thus u, the cohesive energy, can be obtained from the plot
of R against 1/¢ and the cohesive energy so obtained is
around 5-7 KT for the [Mo,,Fe;y] and [Mo;3,] POMs forming
the respective SOMs. This value is in close agreement with
the cohesive energy obtained from the critical aggregation
constant of the POMs and thereby implies the operation of a
charge regulation mechanism by counter-ion condensation in
the stabilization of the SOMs. This in turn implies that it is
possible to control the size of the SOMs by changing the
dielectric constant of the solvent. We ask in the next section: is it
possible to control the overall shape and topology of the SOMs?

4. Directed formation of SOMs in
dispersion: a few examples

We turn from spontaneously generated SOMs that are held
by soft, supramolecular interactions, to the numerous
examples where such soft, supramolecular interactions have
been employed to design soft oxometalates in this section.
Several design strategies have been employed. Examples
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include: the sol-gel method,*” surfactant encapsulation,*®
Langmuir Blodgett method,* layer-by-layer technique,* sol-
vent casting,’’ intercalation between layered hydroxides.**
These are only a few types. We have synthesized a class of
SOMs by exploiting the electrostatic interactions between
suitably charged colloidal templates/layered lattices/structured
surfaces and POMs. It should also be noted that a large body
of literature exploring the catalytic activity of POMs has
employed (similar) chemical means, as mentioned above, for
designing high surface area SOMs and the methods have
been known as methods for the heterogenization of POM
catalysts.”®> Some examples of such heterogenization can be
recalled using, Rh(0), Ir(0),** Au(0)** clusters, silica,’® MOFs
(Metal organic frameworks),”” dendrimer polyelectrolytes,*®
and super-critical CO, (ref. 49) as supports. The catalytic
activity of several SOMs have also been reported.**” In fact, it is
perhaps apt to say that heterogenized POMs, being dispersed
oxometalates, can be considered as soft-state oxometalates.
Thus, such heterogenized POMs can also be treated as SOMs.
More precisely, SOMs can act as model systems to understand
the phenomenon of heterogenization in catalysis involving
polyoxometalates. It has been proposed that such ‘supported
POMs’ with a large surface area could act as a ‘bridge’
between surface catalysts and the ‘pseudoliquid phase’ of
bulk catalysts.’® Likewise, the question as to how to obtain
such high-surface area POMs in a controlled way in an aque-
ous solution is important. In this section, we summarize the
use of electrostatic and hydrogen bond interactions to form
such SOMs, as has been performed in our laboratory in recent
times. We have used charged colloidal entities as structure
directing agents to control the overall shape of the SOMs. By
varying the shape of the colloidal cast, we have been able to
change the shape of the SOM. We have also shown that it is
possible to use various types of POMs to make such SOMs,
thereby demonstrating the applicability of the method with
various POMs. Here, we summarize two such cases and three
examples of SOM formation with the aid of a colloid.
Controlling the size and morphology of POMs in the
mesoscopic regime (in the range of 100-900 nm) remains a
daunting challenge. The reasons are manifold and range
from: difficulty in manoeuvring the chemistry of multiple
metal centers, control of the pH to the overall control of the
redox state of the complete system. Hence, in this regime,
techniques that bypass the complex chemical crossroad and
resort to the exploitation of the electrostatic interactions
between preformed colloidal entities as templates/scaffolds
for the design of mesoscopic architectures are more suc-
cessful. Such a technique is evidently supramolecular (in the
sense that it involves electrostatic interactions ‘beyond the
chemistry of molecules’). This method also provides a platform
to ‘glue’ molecules to form a mesoscopic supramolecular
architecture in the SOMs. We propose to call this technique
of using a colloidal template to form large surface area SOMs
‘colloidal casting’. The requirements for successful colloidal
casting are as follows: (1) Complementary charge between the
colloidal templates and the POM (e.g., positively charged

This journal is © The Royal Society of Chemistry 2014
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gibbsite platelets as templates and anionic Keggins as POMs);
(2) a common solvent (e.g., water). We further tested the
applicability of the concept by using POMs like phospho-
molybdate Keggin and [Mo,,Fe;,].>* The complementarity of
the charge between the negatively charged [Mo,,Fe;,] and
positively charged gibbsite platelets further prompted this
choice. We now explain the charge complementarity. The pH
of discrete [Mo,,Fes] clusters upon dissolving in water is
around 4.5 while the isoelectric point or the point of zero
charge of gibbsite is quite high, i.e., around pH 10.1. Conse-
quently, at a pH of around 4.5, the surface of the gibbsite
platelet is positively charged, (see the following equilibrium).
The charged gibbsite platelet in turn acts as a platform for
the attachment of anionic [Mo,,Fe;]:

Al-OH," + H,O — Al-OH + H;0"

Consequently at a pH of 4.5, the complementary charges
on gibbsite platelets and [Mo,,Fes,] clusters act as glue to
bind them together to form hexagonal platelets of [Mo,,Fes]
clusters.

It is also possible to change the templates from hexagonal
plates to spheres. For example, by using a spherical pre-
fabricated cationic vesicle as a structure directing agent, it is
possible to glue simple anionic oxomolybdates via electro-
static interactions and hydrogen bonds to form large SOM
super-spheres.®> By using this method of colloidal casting,
complexity can be deliberately induced in the resulting struc-
ture, either through the scaffold or by means of the
oxometalate. There is a high degree of control in the matter
of the size and morphology of the resulting SOMs, which
makes this method attractive from a synthetic standpoint.
For instance, it is possible to alter the SOM topology just by
changing the shape of the vesicle and similar such synthetic
avenues can be explored. This specific synthesis was per-
formed by adding an appropriate amount of heptamolybdate
to an already prepared DOTAP (a cationic fatty acid, 1,2-dioleol-
3-trimethylammonium-propane) vesicle dispersion. There is a
narrow window of heptamolybdate/DOTAP (M/D) concentra-
tion for the formation of a stable dispersion. But, beyond this
window, the dispersion becomes unstable and then it is stable
again. Such a phenomenon in the formation of a stable-
unstable-stable dispersion was followed experimentally by
electrophoretic mobility measurements, and such experiments
point to the operation of a charge inversion mechanism as the
M/D concentration is varied. This is explained as follows.

The positive charge on positively charged DOTAP (D) vesi-
cles decreases as anionic molybdates (M) are added to it and
finally instability is induced for certain concentration ratios
of M/D (1.5 > M/D > 0.6). The dispersion becomes almost
zero charge and thus becomes unstable. M has a charge of 6-
while D has a charge of 1+. Thus, if all the added Ms reside
at the Ds, this instability should manifest at M/D = 0.16. In
practice, much higher values of M/D are required to bring
about this phase instability and this indicates the presence of
free Ms in the dispersion. Hence, an extra amount of M

This journal is © The Royal Society of Chemistry 2014
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(heptamolybdate) is needed to reach the unstable regime. On
further addition of M (i.e., for ratios of 10 > M/D > 3), the
dispersion again undergoes charge inversion and is now
negatively charge stabilized. We can deduce analytically the
interface structure of an M-D SOM (molybdate-DOTAP SOM)
super-sphere from this ratio. On closer inspection of the
experimental results, we observe that the surface charge den-
sity of both the DOTAP vesicle and that of the M-D SOM
super-sphere (for M/D ~ 3 and higher) is the same but
they have opposite signs (i.e., +5 um cm V™' s™' in DOTAPs
and -5 pum ¢cm V' s7' in the composite). It is known that a
DOTAP molecule carries a unit positive charge, whereas
heptamolybdate has a charge of -6. From the experimental
results (ie., taking charge inversion at M/D =~ 3 and higher),
it follows that in the M-D SOM super-sphere for every three
DOTAP molecules, there is only one heptamolybdate. This
picture matches well with the surface area of DOTAP>® and
heptamolybdate.” So, the M-D SOM super-sphere is a vesicle
of DOTAP covered with a monolayer of heptamolybdate. The
monolayer of heptamolybdate is positioned in such a way
that every unit of the monolayer is fluxionally coordinated to
three DOTAP units of the vesicle. All these SOMs are charac-
terized by various techniques, like cryo-TEM (Transmission
Electron Microscopy), TEM/EDX (TEM with Energy Dispersive
X-Ray analyses), ATR-IR (Attenuated Total Reflection-Infra Red),
Raman spectroscopy, static and dynamic light scattering, small
angle X-ray scattering, electrophoretic mobility measurements,
potentiometric titrations, etc.

Having shown that it is possible to control the topology of
the SOMs in a directed manner in dispersions, we look back
at spontaneously formed SOMs and ask, how does a POM
interact with sound to form SOMs? We address this question
in the next section.

5. Sonication and SOMs

It has been recently demonstrated that complex and large
single-molecule POM clusters may even spontaneously form
SOMs of colloidal size (i.e., on the order of 10-100 nm).*® Of
course, complexity can lead to complexity but can simple pre-
cursors lead to complex colloidal entities? Now we address
this question: can very simple sparingly soluble salts of poly-
oxometalates, such as the ammonium salt of a phosphodo-
decamolybdate Keggin,”* show comparable SOM superstructure
formation?'°® What happens when we sonicate a dilute solution
of the Keggin? It is known that dilute solutions of this Keggin
salt tend to scatter light,>> and this points to the presence of
objects on colloidal-length scales in the solution or more cor-
rectly in the dispersion. Recently, a phosphododecatungstate
Keggin has been used in combination with AOT micro-
emulsions and also as a template to synthesize fibrous,
star-like, and other interesting architectures.® The colloidal
nature of thet Keggin is in fact not entirely unknown. Around
the 1930s, complex structure formation with “phosphatide
coacervates” was observed.>” Moreover, though it was known
that the ammonium salt of the phosphododecamolybdate

CrysttngComm, 2014, 16, 4667-4676 | 4671
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Keggin forms a colloidal dispersion in water,> the nature of
the particles of this dispersion have not been investigated
until now. However, a lot of fundamental work has been
done with the ammonium phosphomolybdate Keggin.*®”>
Extensive investigations have also been carried out to explore
the nature of POMs in solution®® "> and can be traced back to
1783 and to the efforts of Berzelius.”> However, the nature
of the colloidal objects in an aqueous dispersion of the
ammonium phosphomolybdate Keggin was not investigated.
Hence, for us to address the question of the nature of the col-
loidal objects in an aqueous dispersion of the [PMo,,] Keggin
([PM04,040]%", Keggin), we started our investigation with a
very dilute sonicated dispersion of the ammonium salt of the
POM. This investigation reveals that a sonicated aqueous col-
loidal dispersion of the [PMo,,] Keggin shows spontaneous
formation of small spheres of the [PMo;,] Keggin and its
lacunary analogues (5-50 nm radii). These nano-spheres ripen
in an Ostwald ripening-like regime and finally after 2-3
days, generate stable micrometer sized “peapod’-like meso-
scopic SOM-particles (Fig. 5). These peapods are structurally
heterogeneous and are comprised of [P,Mo] ([P,M0O;]%)
spheres sheathed by a MoO; nanorod. Upon acidification,
the spheres leech out, leaving behind only rods of MoO;.
This entire investigation was carried out using time-resolved
dynamic light scattering (DLS), transmission electron micros-
copy (TEM), and scanning TEM (STEM) with a high-angle
annular dark field detector (HAADF) for energy dispersive
X-ray (TEM/EDX) elemental analyses."*

We now speculate on why peapods are formed. It is rela-
tively easy from an energy requirement point of view to
understand the formation of a cylindrical morphology rather
than a sphere. This is because in the case of a cylinder,
unlike a sphere, there is no requirement for the generation
of 12 Cs axes and the breaking of 12 contacts therein. The
next question as to why spherical [P,Mo] forms spheres and
remains wrapped in a sheet of MoO; is yet to be answered.
The story is more interesting from a single molecule chemis-
try point of view. From such a chemical point of view, it is

E o]

Xﬂ

g

T

g ,’
260 Saw

32 33 IX]

34 35 36
log [time/mins]

Fig. 5 a) Ripening of the [PMoj,] spheres in a sonicated dispersion
into peapods with time. b) TEM image of the peapods. c) AFM image of
a peapod. d) A model of a peapod.
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intriguing to see how upon sonication, the less-soluble
ammonium salt of the two component [PMo;,] Keggin goes
back to its two starting components, a MoO; sheet and PO,
spheres, in [P,Mo] via a series of shape transitions. Though
we do not understand the exact mechanism of this shape
transition, we may still allude to an architectural concept for
stress analysis. It is known that any architecture or any struc-
ture breaks along the weaker lines of its construction when it
is subjected to a yielding force. Similarly, we may say that the
phenomenon as outlined here traces out the weaker fault
lines of the [PMo;,] Keggin's molecular construction. Need-
less to say, these fault-lines in the Keggin link the central
tetrahedral phosphate with the four surrounding [Mo;] caps.
More precisely, these are the p;-Os along which the Keggin
decomposes, forming macroscopic peapods. The reason for
the stress along this fault-line we believe is due to the two
different intrinsic curvatures preferred by two types of chemi-
cal motifs, viz., the PO, and MoO; caps. Moreover, the
Mo-O-Mo angular strain in the starting Keggin is released as
thermodynamically more stable spherical [P,Mo] species are
formed within the peapods. We also believe that this strain
on a molecular scale leads to the thermodynamic instability
of the starting Keggin and ultimately results in the formation
of a thermodynamically stable macroscopic composite, the
peapods. However, for this stress to be more active, it is
essential that the starting molecule is insoluble. Since the
phenomenon described here leads to the formation of new
shapes (on macroscopic length scales) as a result of degener-
ation (on a molecular scale), we propose naming this phe-
nomenon as “degenerative morphogenesis”. In contrast to
the larger clusters, the smaller and less-soluble salts of
POMs, such as the ammonium salt of the phosphomolybdate
Keggin discussed here, do not show spherical SOM-shell-like
superstructures, instead, they show peapod-shaped SOM
formation, as shown here. Now we ask: can we induce con-
trolled motion in these peapods, whose constitution is
known down to the last atom? In the next section we answer
this question.

6. SOMs in motion with light

Living systems use motor proteins to actively transport ingre-
dients over large distances.”* Clearly synthetically emulating
such a process would require two steps: (1) controlled genera-
tion of mesoscopic objects starting from well-defined precur-
sors; (2) using physical means to induce controlled motion in
such mesoscopic objects. This is where SOMs, especially
SOM peapods, can come into play. Being endowed with an
optical axis, it can be responsive to variations in external
optical fields. It is hence reasonable to envisage that a
SOM-peapod with a component responsive to an external
optical perturbation can be a synthetic model system, show-
ing controlled motion comparable to biological systems.
Furthermore, could we actually move the SOM in a complex
pre-designed path by known amounts? To answer this ques-
tion, we designed such a path using optical forces, and an
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optically responsive SOM-peapod was made to move along
that path in our model system. The optical forces were
exerted by optical tweezers. Optical tweezers can confine
single mesoscopic particles and can apply controlled forces
ranging from a few to several hundred pN.”® It was thus an
ideal candidate to induce controlled motion in SOMs. Trans-
lation of trapped SOMs linearly by translating the optical trap
is easy and can be done but translation along more complex
paths, which may be required to emulate biological pro-
cesses, are not simple, as shown by us. In our method, the
trapped particle is moved by changing the angle of polariza-
tion of the input trapping beam (linearly polarized). This
enables us to completely control the motion both in terms of
stopping the particle or changing its velocity. We are also
able to rotate the particles by exploiting spin-orbit interac-
tions of light affecting the distribution of the electric field
inside the sample chamber (Fig. 6).”° The enhanced spin-
orbit interaction can be induced in the sample chamber
using thicker cover-slips (thickness 250 um) than the conven-
tional ones used in optical tweezers (130-160 um). Since
peapods are asymmetric birefringent particles with a pre-
ferred optic axis, they can line up with the polarization of the
trapping beam. We have also designed a rather exotic optical
potential in our optical trap in order to induce controlled
micro-optomechanics on individual peapod SOMs. The
details on the design of optical potential are reported by us
elsewhere.”” We ask, when using a light-SOM interaction,
what else might be possible? SOMs have LMCT (Ligand-Metal
Charge Transition) transitions. Is it possible to exploit the
responsiveness of SOMs to light to self-assemble them and
write patterns using light? In the next section, we address
this question.

7. Self-assembly and patterning of
SOMs by light

The beauty of self-assembly is often the level of complexity
and high specificity that can be obtained in the final struc-
tures with a minimum dissipation of energy, thus ensuring
high efficiency. Self-assembly strategies in nature have been
extensively studied and applied by scientists on the meso-
scale for diverse applications in nano-technology,”®** molec-
ular electronics,® etc. Inducing self-assembly by an external
stimulus is especially interesting,®* as it allows control of the
final structures by alteration of the parameters of the applied
stimulus. Light, and SOMs for this reason, are an ideal choice
in this matter. This is because as an external stimulus, light
can be tuned. SOMs are responsive to light and thus the entire
light-induced SOM assembly, if generated, can be tuned
altogether. It is worth noting that light assisted self-assembly

Fig. 6 Snap shots of the rotation of peapods in an optical trap.
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has led to novel materials®*® for sensing,*® delivery,®® and
optics® applications. We were able to prepare SOM nanotubes
with LMCT transitions that enable them to be responsive to
stimulation by a laser light of 1064 nm and by exploiting
this responsiveness, we were able to pattern SOMs to form
higher ordered crystalline structures to be described here.

Before we proceed further, it is worth reviewing the litera-
ture on reversible and irreversible self-assembly by light in a
bit more detail. Our patterning of SOMs by light is an irre-
versible patterning induced by light. Induced self-assembly
has two types: reversible self-assembly (where the assembly is
lost on removal of the stimulus) and irreversible (where a
permanent self-assembled structure is formed). Concentration-
dependent reversible and irreversible assemblies of nano-
particles have been shown.”’ Multi-scale patterning using
directed fields has also been achieved recently, though con-
tinuous patterning has proven elusive.””> For instance, pat-
terned chains and networks of gold nanocrystals have been
formed. Likewise, the formation of colloidal crystals by a
directed electric field using bubble-mediated nucleation® or
more recently, single crystals of glycine® that have been
grown from solution, have been achieved due to the forma-
tion of a ‘hot spot’ or high temperature region produced by
a laser beam focused on the gold surface. We ask, is it possi-
ble to create similar hot spots and induce a bubble-mediated
SOM assembly that would ultimately self-assemble and crys-
tallize forming patterns at our volition?®”

To do so, we synthesize SOM nanotubes with LMCT transi-
tions tuned to the wavelength of our thermo-optic trapping
laser. We focus the thermo-optic trapping laser on a disper-
sion of SOM nanotubes. Due to LMCT type transitions, the
laser irradiation excites the dispersion and creates a bubble
with SOMs (Fig. 7). Due to buoyant forces, this bubble

Fig. 7 Thermo-optic trapping of SOM nanotubes: (A) focusing of the
laser in the SOM dispersion to form the hot-spot is shown (1). The
hot-spot leads to the formation of the bubble (2). Gibbs-Marangoni
convection of the SOMs from the dispersion to the base of the bubble
takes place (3). Accumulation of SOMs at the base of the bubble or on
the surface of the glass slide takes place (4). Moving the laser focus
moves the bubble to a new spot and the same phenomena as shown
in Fig. 1-4 is repeated (5). In this way, patterns can be written. The pat-
tern ‘lISER’ written on the glass slide is shown schematically (6). The
real pattern of ‘IISER’ from the experiment is shown on the right (B).
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levitates to the base of the sample chamber. Due to the differ-
ence in the surface energy between the surface and the base
of the bubble, a convection current is established, which
draws the SOM nanotubes from the bulk dispersion to the
base of the bubble. Now we move the sample chamber by
moving the microscope stage and this leads to two possibili-
ties for the bubble, viz., the generation of a new bubble or
the migration of the generated bubble with the laser. In fact
the second option is energetically more favoured and con-
sequently the bubble moves with the laser, depositing SOMs
on the base of the sample chamber which later undergo
nucleation to give crystals of oxometalates. Hence, by moving
the sample chamber, or more precisely the microscope stage,
we can write any continuous pattern we want with SOMs,
which in turn nucleates forming patterns of crystalline
oxometalates. In this way, we have formed patterns using: 1)
soft-oxometalate nanotubes®® having comparatively high
absorbance at 4 = 1064 nm resulting from a Ligand Metal
Charge Transfer (LMCT) type transition, and 2) paracetamol,
fluorescent dyes (such as perylene, where the pattern can be
illuminated under light) and carbon nanotubes (CNTSs)
loaded on the SOMs, where the SOM helps in inducing nucle-
ation. We observe that continuous patterns can indeed be
formed using the SOMs, at much lower powers than those
typically employed in laser-induced nucleation.”*™*® Patterns
are also formed using organic molecules anchored on the
SOMs, and we observe assisted nucleation by exploiting the
excitation of the SOM core due to a LMCT-type transition
when exposed to the intense trapping beam. The organic
molecules are chosen keeping in mind the presence of hydro-
gen bonding and coordination sites. This technique is much
simpler, easily controllable and fast for any optical patterning
scheme and provides a facile way for forming SOM or
oxometalate-based arrays for various catalytic and materials
science applications. In short, starting from crystalline POMs,
we can make SOMs, self-assemble them under light and write
patterns of crystalline oxometalates thereof.

8. Conclusion

To conclude, we have shown that starting from crystalline
POMs, we can transcend the crystalline boundary and enter
into the territory of liquid/soft-matter by making SOMs.
SOMs can be considered as units of oxometalates with a diffuse
boundary constituting oxometalates in a soft/liquid state. As
we increase the volume fraction/concentration/number density
of SOMs, it is possible to induce a phase transition from a
liquid to crystalline regime. In this way, we can envisage
crystallization of POMs, which is still not well-understood,
by invoking the SOM model to describe it.”> We have also
shown that at a very low concentration regime, SOMs are
self-assembled and their assembly can be understood from a
patchy model constructed from the consideration of the crys-
tal structure of the corresponding POMs. Self-assembly of
SOMs is not confined to complex POM precursors but they
can be assembled from simple POM units as well. We have
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shown the sonication-induced self-assembly of SOM peapods
and have shown their controlled motion in an optical field.
We have further shown the exploitation of SOM-light interac-
tions in making self-assembled patterns of SOMs with light,
which in turn undergo nucleation and crystallization. Starting
from crystalline POMs, we have explored the world of soft-
matter with SOMs and have patterned them with light in a
controlled way to get back to crystalline oxometalates to con-
clude our journey. Needless to say, the journey with SOMs is
just beginning.
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